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Abstract

Induction motors (IM) have been widely utilized in industry for variable speed 

drives due to some o f their advantages, such as rugged construction, low cost and 

reliable service with easy maintenance, as compared to conventional dc motors. For 

variable speed drive applications, the controller plays an important role so that the 

motor can follow the reference trajectories without any significant deviation. 

Furthermore, a controller which can provide fast speed response and handle 

uncertainties and disturbances, is absolutely necessary for high performance drive 

systems. Traditionally, fixed gain proportional-integral (PI) and some adaptive 

controllers have been utilized in industry for a long time. However, there are some 

disadvantages o f these controllers to handle uncertainties which are inherent to a 

nonlinear IM. As a result, recently researchers paid their attention to apply intelligent 

algorithms to control the IM for high performance variable speed drive applications. 

Intelligent algorithms such as fuzzy logic (FL), neural network (NN), neuro-fuzzy 

(NF), etc, have inherent advantages as compared to the conventional controllers.

In this thesis, a novel neuro-fuzzy controller (NFC) has been developed for speed 

control o f EM. For the complete drive, the indirect field orientation control is utilized 

in order to decouple the torque and flux controls. Thus, the induction motor can be 

controlled like a dc motor and hence the high performance can be achieved without 

lacking the advantage o f ac over dc motors. The proposed neuro-fuzzy controller 

incorporates Sugeno model based fuzzy logic laws with a five-layer artificial neural

11
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network (ANN) scheme. The controller is designed for low computational burden, 

which will be suitable for real-time implementation. Furthermore, for the proposed 

NFC an improved self-tuning method is developed based on the IM theory and its 

high performance requirements. The main task of the tuning method is to adjust the 

parameters o f the fuzzy logic controller (FLC) in order to minimize the square o f the 

error between actual and reference output. In this thesis, a model reference adaptive 

flux (MRAF) observer is also developed to estimate the d-axis rotor flux linkage in 

both constant flux and flux weakening regions based on motor voltage, current and 

reference trajectories for flux linkage. Thus, it provides safe operation to control the 

motor at high speeds, especially, above the rated speed. The d-axis reference flux 

linkage o f the indirect field oriented control is provided by flux weakening method. 

Furthermore, a proportional-integral (PI) based flux controller is used to provide the 

compensation for the reference flux model by comparing the flux reference and the 

observed flux from Gopinath model flux observer. A complete simulation model for 

indirect field oriented control o f IM incorporating the proposed MRAF observer 

based NFC is developed in Matlab/Simulink. In order to prove the superiority o f the 

proposed controller, the performance o f the proposed controller is compared with a 

conventional PI as well as fuzzy logic controller (FLC) based IM drives. The 

performance o f the proposed IM drive is investigated extensively at different 

operating conditions in simulation. The performance o f the proposed MRAF 

observer based NFC controller is found robust and a potential candidate for high 

performance industrial drive applications.

Ill
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Chapter 1

Introduction

Early days, only dc motors were utilized for high performance variable speed 

drive applications in industry. However, disadvantages of dc motors are apparent, 

such as high cost, high maintenance requirement and limited speed range. In order to 

overcome these disadvantages, researchers looked into ac motors for variable speed 

drive applications.

The induction motor is widely used in industry due to its ruggedness, reliability 

and easy maintenance [1-3]. The field orientation control (FOC) technology 

decouples the flux and torque control in an IM, thus makes high performance IM 

drive theoretically feasible [4-8]. With the advent o f recent power semiconductor 

technologies and various intelligent control algorithm, effective control methods 

based on vector control technology can be fully implemented in real time application, 

thus induction motors can competently be used for high performance variable speed 

drive applications.
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1.1 Induction Motors

Electric motors convert electrical energy into mechanical motion and are widely 

used in both industry and home appliances. Now-a-days, the polyphase asynchronous 

ac motor, also well-known as the induction motor (IM) is one o f the most popular 

machines employed in industrial drives, owing to its simple and rugged design, low 

cost and reliable service with easy maintenance. There are two different types o f 

induction motors classified by the rotor type, such as squirrel-cage induction motor 

and wound-rotor induction motor [1]. The rotor o f a squirrel-cage induction motor 

consists o f a bunch of conducting bars shorted at both ends by shorting rings, which 

are embedded into slots in the rotor. Fig. 1.1 shows the sectional view o f squirrel- 

cage and wound rotor IM. Instead of using conducting bars, a wound-rotor induction 

motor employs a complete set o f polyphase windings as its rotor. An advantage of the 

wound-rotor IM is indicated that various performance characteristics can be obtained 

by inserting different values o f resistance in the rotor circuit. On the other hand, there 

are some disadvantages o f wound rotor IM due to its rotor slip rings and brushes. 

However, both squirrel-cage induction motor and wound-rotor induction motor 

perform the same fundamental functions. Considering the relative advantage o f 

squirrel-cage IM due to its simple construction and easy maintenance, this motor is 

considered for the present work. In an IM, the rotor flux is produced by the rotor- 

induced voltage which depends on the slip frequency. Due to the difference in speed 

between rotor and rotating magnetic field produced by stator currents the control o f 

an IM is relatively complex and it requires sophisticated control strategy.
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Fig. 1.1: (a) Wound-rotor induction motor (b) Squirrel-cage induction motor
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1.2 Field Orientation Control

The concept o f field orientation control (FOC) was first introduced by Haase and 

Blaschke in the early seventies [4] for high performance variable speed drive 

applications. At first, their methods seemed impractical due to an insufficient means 

of implementation. However, with the advent o f recent power semiconductor 

technologies and microprocessor-based control systems, effective control method 

based on FOC technology can be fully implemented in real time application, thus 

induction motors can competently be used for high performance variable speed drive 

applications.

In a separately-excited dc motor, independent control of the torque and field flux 

is feasible by means o f controlling the current in rotor armature winding and the 

current in field winding separately. In a similar manner to that in dc machines, in 

induction motors the armature winding is also on the rotor, while the field is 

generated by currents in the stator winding. However, the rotor current is not directly 

derived from an external source but results from the electromotive force (e.m.f.) 

induced in the winding as a result o f the relative motion o f the rotor conductors with 

respect to the stator field. In other words, the stator current is the source of both the 

rotating magnetic field and rotor current, fri the most commonly used squirrel-cage 

motors, only the stator current can be directly controlled, since the rotor winding is 

not accessible. Optimal torque production conditions are not inherent due to the 

absence o f a fixed physical disposition between the stator and rotor fields, and hence
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the torque is nonlinear. In effect, independent and efficient control o f the field and 

torque is not as simple and straightforward as in dc motors.

A field orientation control (FOC) for IM emulates a separately-excited dc motor 

so that both the magnetic field and the torque developed in the motor can be 

controlled independently [5-8]. Thus, FOC-IM can competently be used for high 

performance variable speed drive applications. The block diagram of a typical FOC 

based EM drive is shown in Fig 1.2.

'cbc
'cbc

B i c

X —%

Bechical
T h e ta

Generator

InverterVector Rotator

Figure 1.2: Block diagram of a FOC based IM drive
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1.3 Literature Search

1.3.1 PI, PID and Adaptive Controllers

Traditionally industrial controls of IM utilize proportional-integral (PI), 

proportional-integral-derivative (PID) and their adaptive versions [9-14]. The 

conventional PI and PID have been used as the speed controller for the IM drive for 

the last few decades, because o f their simplicity and ease to implement in real time 

[9-10]. However, these controllers are very sensitive to parameter variations due to 

saturation, temperature variation, sudden change of command speed, load 

disturbances and other uncertainties [9]. Moreover, it is difficult to tune the controller 

parameters exactly both for online and off-line implementations. Therefore, these 

types o f controllers are not always suitable for high performance applications. As a 

result, researchers [11-14] have developed adaptive control schemes for IM drive 

systems so that the controller can adapt the controller parameters to system parameter 

variations and load disturbances. The availability o f relatively inexpensive and 

powerful digital signal processors (DSP) has encouraged researchers to apply these 

adaptive controllers for IM drives.

Recently, adaptive controllers have been used for IM drives to achieve fast 

transient response, parameter insensitivity, nonlinear load handling capability and 

high adaptability to other types o f uncertainties. Among various adaptive schemes, 

the model reference adaptive controller (MRAC) scheme is one in which the drive 

forces the response to follow the output o f a reference model regardless o f the drive
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parameter changes [11]. MRAC may be used with a PI controller to adapt the 

controller gains as a compensation to the system parameter changes. It is impossible 

to adapt the controller gains exactly, so the parameters are adapted by trial and error 

such that the error between the actual and the desired responses remains within the 

specified limit. The reference model is designed by considering the worst case system 

parameters so that the drive can physically track the reference model. Leksono,E, and 

Pratikto [11] have reported a vector control based IM drive using MRAC. In that 

work, the inner current control loops are realized with proportional and integral 

controllers while for the outer loop, the adaptive controller derivation is based on a 

class of MRAC where the reference model is chosen as first order system.

Backstepping control is a relatively new technique for the control o f uncertain 

nonlinear systems. The most appealing point is the use o f virtual control variables to 

make the original high order system simple, thus the final control outputs can be 

derived step by step through suitable Lyapunov functions ensuring global stability. In 

[12] the authors have reported an adaptive backstepping control method for a speed 

sensorless FOC-IM drive. Full state variable information together with exact 

parameter knowledge is needed for traditional speed control based IM drive. The aim 

of [12] is to fulfill these needs by use o f a nonlinear observer structure based on the 

backstepping principle. The authors o f [13] combined field orientation and adaptive 

backstepping approach for the control o f induction motors. Parameter uncertainties o f 

the rotor resistance and load torque disturbance are compensated using adaptive 

backstepping control techniques.
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In [14] a recursive adaptation algorithm for rotor resistance applied to nonlinear 

feedback controller is also presented. In this paper some simulation results show that 

the adaptation algorithm for rotor resistance is robust against the variation of stator 

resistance and mutual inductance. However, it is well-known that the designs of these 

adaptive controllers depend on accurate system mathematical model, which is 

impossible to develop for a nonlinear induction motor.

1.3.2 Intelligent Control

Due to the mentioned disadvantages o f conventional PI, PID and some adaptive 

controllers, recently researchers paid their attentions to applying intelligent

algorithms for motor drive applications [15-43]. There are some advantages o f

intelligent controllers as compared to conventional PI, PID and some adaptive

controllers, such as the design o f intelligent controllers are independent o f the 

detailed system model with accurate parameters, and it can handle nonlinearity o f 

arbitrary complexity. The popular intelligent algorithms utilized for motor drives are 

fuzzy logic control (FLC) [28-35], artificial neural network (ANN) [17-26], neuro- 

fuzzy control (NFC) [36-43] and genetic algorithm (GA) [15-16].

Researchers [15] applied GA for motor drive applications. However, the

computing burden with GA is really high and hence it cannot be applied on-line. The 

reported works [16] applied GA only to optimize some o f the controller parameters 

off-line.
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Some work has already been reported on the use o f artificial neural networks 

(ANNs) for dc motor drives [17-19] and induction motor drives [20-26], 

Weerasooriya and El-Sharkawi [17] have developed an ANN based dc motor drive. 

They have used the back-propagation training algorithm. In this work, two types o f 

controller topologies are developed. For both topologies two artificial neural 

networks are used. The authors in [25] presents ANN approach to the FOC of IM 

drives. It discusses the introduction o f artificial neural networks (ANNs) for 

decoupling control o f induction motors using FOC principles. Two ANNs are 

presented for direct and indirect FOC applications. The first performs an estimation 

of the stator flux for direct field orientation, and the second is trained to map the 

nonlinear behavior o f a rotor-flux decoupling controller. In [26], the authors proposed 

a robust speed control method for induction motor drives based on a two-layered 

neural network plant estimator and a two-layered neural network PI controller. The 

NN plant estimator is used to provide a real-time adaptive estimation o f the unknown 

motor dynamics. The widely used projection algorithm is used as the learning 

algorithm for these neural networks to automatically adjust the parameters of the NN 

PI controller and to minimize the differences between the motor speed and the speed 

predicted by the NN plant estimator.

In order to obtain a more flexible and effective capability o f handling and 

processing the uncertainties o f a complicated nonlinear system like IM drive, Zadeh 

[27] proposed a linguistic approach, which introduced the fuzzy set and fuzzy logic 

theory. Thus, a fuzzy logic controller (FLC) is developed. Human thinking is often 

qualitative rather than quantitative, involving the ideas like high, low, medium etc.
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Presently, researchers [28-31] have developed fuzzy logic controllers for motor drives 

to mimic human thinking as closely as possible. Some work has already been reported 

on the use o f a FLC for induction motor drives [32-35]. In [32] the authors proposed 

adaptive scheme uses a Takagi-Sugeno fuzzy controller, which allows the inclusion 

of a priori information in terms o f qualitative knowledge about the plant operating 

points or analytical conventional regulators for those operating points. The proposed 

approach performance is evaluated on an induction motor control problem. In [33] the 

authors presents a speed control scheme of an induction motor (IM) using fuzzy-logic 

control. The fuzzy-logic controller (FLC) is based on the indirect vector control. The 

fuzzy-logic speed controller is employed in the outer loop. In this work, the 

performances o f the proposed FLC-based IM drive are investigated and compared to 

those obtained from the conventional proportional-integral (PI) controller-based drive 

both theoretically and experimentally at different dynamic operating conditions such 

as sudden change in command speed, step change in load, etc.

However, either fuzzy logic control or artificial neural network has its own 

drawbacks, which cannot be avoided and neglected. A simple fuzzy controller 

implemented in the motor drive speed control has a narrow speed operation and needs 

much manual adjusting by trial and error if  high performance is wanted [16]. On the 

other hand, it is extremely tough to create a serial o f training data for ANN that can 

handle all the operating modes. The neuro-fuzzy hybrid system combines the 

advantages of fuzzy logic systems, which deal with explicit knowledge that can be 

explained and understood, and artificial neural networks, which deal with implicit 

knowledge by means of either off-line parameters training or online parameters

10
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training. Researchers [36-43] have reported some work on the use o f NFC for IM 

drive systems. In [36] the authors presented a speed control system for the induction 

motor drive based on the ANFIS (adaptive network-based fuzzy inference system) 

controller, that is, a sophisticated neuro-fuzzy controller. This ANFIS controller acts 

as a feed forward controller that provides the plant with the proper control input and 

accomplish error back-propagation algorithm through the network. However, the 

convergence o f back-propagation algorithm is slow, which could create a problem in 

real-time. The authors in [37] proposed an adaptive learning pulse width modulation 

(PWM) for a current controller which adaptively minimizes a current ripple with a 

constant switching frequency. This employs neuro-fuzzy computing philosophy as 

well as adaptive learning pattern recognition principles to overcome the problems 

concerning variations o f the system parameters. In [38] the authors applied neuro- 

fuzzy logic to induction motors condition monitoring. Two neuro-fuzzy structures are 

conceived to leam the exact input-output relation of the fault detection process for 

induction motor using measured data. The first neuro-fuzzy architecture maps the 

residuals into two classes: a one of fixed direction residuals and another one o f faults 

belonging to velocity sensor. The second adaptive neuro-fuzzy network is able to 

provide updated membership functions of the sets o f fixed oriented residuals that 

better describe the fault diagnosis map. However, the complexity and the computation 

of the algorithm are high because of the two neuro-fuzzy networks.

11
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1.4 Motivation

As mentioned earlier, an induction motor is difficult to control due to its nonlinear 

time-varying nature. Although indirect field orientation control method has been 

verified extremely successful in the high performance variable speed control o f 

induction motors, researchers are still keeping working in this area in order to 

enhance the performance o f this method [9]. In the FOC approach, state variables are 

difficult to measure. Particularly, there is no direct access to the rotor to measure the 

d and q axes components of the rotor current. Also, there always exists measuring 

error in the hall-effect current sensors, even if  it is accessible. Moreover, variation o f 

rotor resistance due to temperature change and saturation of inductances make the IM 

system more uncertain and more difficult to control to achieve high performance 

criteria. Therefore, a suitable speed control system for induction motors may be 

required to deal with a great quantity o f state variables and the non-linearities in the 

system. As mentioned in the literature search, the intelligent controller can be utilized 

to handle such nonlinearities o f IM as compared to conventional PI and adaptive 

controller.

As an intelligent controller, a neuro-fuzzy control (NFC) scheme is considered in 

this work for speed control o f IM since the NFC combined the advantages o f FLC 

and ANN. Researchers have reported some work on the application o f NFC for IM 

drive. However, the reported works did not investigate the performance o f the drive 

over a wide speed range due to either the absence o f a flux control algorithm or the 

absence o f a tuning algorithm [33-39]. Moreover, the design approach o f NFC in the

12
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present work is different as compared to the published work in terms o f selections o f 

membership functions, fuzzy rules and tuning methods. The presented work in this 

thesis can be divided as:

1. Investigate the theory o f the indirect field orientation control system and neuro- 

fuzzy control method.

2. Design an efficient neuro-fuzzy logic based speed controller for IM drive, which is 

capable o f handling high performance motor drive and needs little trial and error for 

different hp induction motors.

3. Design a model reference adaptive flux (MRAF) observer, which provides 

effective flux regulation for FOC-IM.

4. Simulate the proposed MRAF observer based neuro-fiizzy speed controller for IM 

drive. Investigate the proposed neuro-fuzzy based speed controller for IM drive at 

different operating conditions in simulations.

5. Compare the performance o f proposed neuro-fuzzy controller with a conventional 

PI controller and fuzzy logic controller for IM, respectively, to prove the superiority 

of the proposed NFC.

1.5 Thesis Organization

This thesis is composed o f six chapters. The first chapter aims to clarify the 

motivation o f this dissertation.

13
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Chapter 2 introduces indirect field orientation control (FOC) o f voltage source 

inverter (VSI) fed based induction motors. Following introduction to principles and 

equations o f IM, indirect FOC o f IM is presented and discussed. A current control 

method based on VSI is also presented.

Chapter 3 presents a neuro-fuzzy speed controller for FOC-IM. The detailed 

design o f NFC and its tuning algorithm is presented. The introduction to a FLC and 

ANN controller is also presented in this chapter.

Chapter 4 shows the simulation results o f the proposed neuro-fuzzy controller 

based FOC-IM drive system. The performances o f the proposed NFC based IM drive 

are compared with PI and fuzzy logic controller.

Chapter 5 presents a model reference adaptive flux (MRAF) observer for FOC-IM. 

The progress on experimental implementation o f the proposed drive is also reported 

in this chapter.

Chapter 6 provides conclusions and recommendations for future works.

14

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 2 

Closed Loop Field Orientation 
Control of Induction Motors

Induction motors, particularly the squirrel cage IMs, are probably one o f the most 

popular motor drive systems due to their inherent advantages, such as simple 

structure, lower maintenance requirements, high efficiency and lost cost. However, 

for high performance applications, their control task is very complicated and remains 

a challenging problem by the fact that induction motors are subject to significant non- 

linearities and the parameters are o f great uncertainty. Field orientation control (FOC), 

which is also called vector control, decouples the flux and torque control in an 

induction motor drive, which is similar to a separately excited dc motor. Thus, the 

high performance control o f induction motors is theoretically feasible.
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2.1 Coordinate T ransformations

In a-b-c axis frame the machine parameters are dependent on the rotor position. In 

order to simplify the mathematical model o f an IM drive, the abcf^dq axis 

transformation theory is utilized to provide an alternate idea to formulate dynamic 

modeling of an induction motor. This theory transforms traditional three axis frame 

into two axis frame, in other words, a-b-c axis frame is mapped to d-q axis: the direct 

axis, d, and the quadrature axis, q. Basically, there are three different reference frames 

using for dynamic modeling o f an IM, which are stator reference frame, rotor and 

excitation (synchronous) reference frame.

In this thesis, d® and q® denote the d-q axes o f stator reference frame, while d® and 

q® are used for excitation reference frame. Fig.2.1 shows the relationship among a-b-c 

axis frame, stator reference frame and excitation reference frame. Since coordinate 

transformations for current, voltage and flux are similar, only the instance o f current 

is presented as follows.

The instantaneous value o f the actual phase currents is given by [4]

K = L  [cosCO" ) + j  sin(cr )]

+4.[cos(120'’) + ysin(120'’)]

+;■„ [cos(240° ) + j  sin(240° )]

1 . 1 . ^  . ,V 3  . V F . ,
(2 1)
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q*-axis

a-axis

Fig.2.1: Relative positions o f a-b-c, stator and excitation reference frame.

•s *s *s
where is the vector o f stator current in the stator reference frame, ^̂ 5 and ĝs are

components o f  the vector o f stator current in the stator reference frame, > b̂s ^ d  

les are stator phase currents.

Hence,

'■ds

q s

_  _1_ 

2

h s

i . .

(2 2)
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Assuming a three-phase balanced supply is used, and a symmetrical three-phase 

motor is considered, i.e..

(2.3)

Equation (2.1) can be expanded as

1 1 1

S 2 2
d s

s 0q s

0
2 2

1 1 1

‘Ai (2.4)

Conversely, dq-abc transformation can be derived as

‘■bs

3

3

3

0 

1 '■ds

qs
(2 5)

In contrast with stationary stator frame, excitation reference frame rotates with the 

same angular velocity co and the same direction as the stator magnetomotive force 

(mmf). The transformation d̂ q®—>d®q® from the stator reference frame to the excitation 

frame can be expressed as

h s
■e
I

_

cos{cot) sin(dyO 

-sin(<yf) cos{cot)
ds
' S

qs
(2.6)

where l^s and Iqs are components o f the vector o f stator current in the excitation 

reference frame. The inverse, d®q®—>d*q* transformation is given by
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•s
^ds
•sI

_

cos(cot) -sin(<2?0 

sm(A)f) cos(<z>0
ds
;e
qs

(2.7)

2.2 Mathematical Model of IM

The dynamic equivalent circuit o f induction motor is shown in Fig.2.2. The 

voltage equations o f an IM can be written as [4]

S

v '  = R X  i p  ~  j ^ r ) \

C2 8) 

(2.9)

where and Ir are vectors o f stator and rotor voltages in the stator reference frame,

respectively, Rs and Rr are stator and rotor resistances, respectively. A/ and A/ are

vectors o f stator and rotor flux in the stator reference frame, respectively, cOr is the 

rotor speed andp  is the differential operator. Based on the mathematical model shown 

in equations (2.8)-(2.9), the equivalent circuit o f an IM is shown in Fig 2.2. The flux 

vectors AJ and A' can be expressed in terms o f current vectors and il and the 

motor inductances as

(2 .10)
' 4 A " ' K

K . . A 4 . J r .
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where Ls, Lr and Lm are self inductance o f stator, self inductance o f rotor and mutual 

inductance, respectively. Substituting equation (2.10) in equations (2.8) and (2.9), the 

voltage equation o f the IM can be obtained as

s _
, s

y r _

p K

(P -  J^r )Lm K + ( P -  j(^r ) 4

i ls
•s

J r  _
(2 .11)

Resolving vectors in equation (2.11) into their d-q components, the voltage equation 

o f the motor can be written as

y K+PL. 0 0 i ' i '
0 R̂ +pL̂  0 pK G

Vi K+pL, G (2.12)

Vi pK R̂ +pL̂

where , ^dr and ~̂ qr are d-q axis components o f the stator and rotor voltages

in the stator reference frame, respectively, I dr and are d-q axis components o f the

Figure 2.2; Dynamic equivalent circuit o f induction motor
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rotor current in the stator reference frame, respectively. Also, the voltage and current 

equations o f the IM in the excitation reference frame can be derived in the same way

as

4 ' ^ s + P ^ s p K G “

m L ^ K + P k p K G

p K K  + P k G C2 13)

p K P k  . c .

where, '^ds , '^qs , ^dr and are d-q axis components o f the stator and rotor

•e •€
voltages in the excitation reference frame, respectively, and are d-q axis

components o f the rotor current in the excitation reference frame, respectively, cOsi is 

the slip speed o f a motor. The rotor voltage vector is normally assumed as zero

because o f the shorted rotor winding, i.e., ^dr ~  ^qr ~  ^  ■

The torque developed by the motor in stator reference frame is given by [5]

3 P
T  = O'qs^dr -  ^dsKr )

S jS
(2.14)

where P  is the number o f pole-pairs. And the torque equation in the excitation 

reference frame is similar to that in the stator frame, which is given by

3 P
T = (Z15)

Equations (2.12), (2.14) and (2.13), (2.15) represent the mathematical dynamic model 

o f an induction motor in stator and excitation reference frame, respectively.
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2.3 Field Orientation Control

The instantaneous electromagnetic torque equation using excitation reference frame 

equation (2.15) can also be expressed as

T (2 16)

where

(2.17)

and

~ ^  rPqr + ^ m ^ q s  (2-18)

where and A' are d-q axis components of the rotor flux linkage in the excitation

reference frame. The key feature o f the field-oriented control is to keep the

magnetizing current at constant rated value, which is expressed using excitation 

reference frame as

(2ri9)

=  constan t  ( 2 . 2 0 )

Substituting equations (2.19) and (2.20) in the torque equations (2.16)

T
=  i r - j T -  (2 .2 1 )

K  T ^  d r

or

T = (2.22)
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Z P  L
where Kj.  = —— ^ . Also, the current component corresponding to a given 

2

reference rotor flux can be given as [4]

C  = (2.23)
m

liV
where r,. = —  is the rotor time constant. The electrical angle 0e, which is required in 

Rr

the process o f coordinate transformation d®q®->abc, is given by

4  =  J ( ^ . /  +PC0r)dt (2.24)

and

<9̂ , = (225)
Tr /i,

where <%/ is the slip speed o f the motor in electrical rad/sec, and cOr is the mechanical 

speed o f the motor. Equation (2.22) represents an induction motor as a linear current-

to-torque converter. Equation (2.23) indicates that 4  controls the rotor flux . Thus,

the rotor torque and flux can be controlled separately through iqs and ids, respectively, 

which is analogous to a separately-excited dc motor. There are two types o f FOC-IM 

drive such as direct and indirect FOCs. In a direct FOC, the angular position de is 

measured directly using air gap flux sensors, whereas the indirect FOC approach is 

based on the calculation of the slip speed cosi to obtain the angular position 6e. In a 

popular indirect FOC-IM scheme, the torque reference Te* is generated from the 

speed error via the speed controller, while the flux reference /I* is kept constant in
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'■dx
'■abc

> Speeü 
Controller

B x

Figure 2.3: Closed loop indirect FOC scheme 

each operating period. A typical closed loop indirect FOC scheme for an IM is shown 

in Fig.2.3.

2.4 Voltage Source Inverter

Three phase inverters play a very important role in variable speed IM drive 

systems [10, 44-46]. They supply voltages and currents o f adjustable frequency and 

magnitude to the IM stator. Voltage source inverters (VSI) constructed with BJT’s are 

often used in drive industry rather than current source inverters, due to the fast 

transient response. A diagram of the power circuit o f a three-phase VSI is shown in 

Fig 2.4. The circuit has bridge topology with three branches (phases), each consisting 

of two power switches and two freewheeling diodes. An uncontrolled, diode-based 

rectifier is used to supply the inverter, via a dc. link which contains an LC filter. 

Three-phase power is supplied to the induction motor via the middle o f each branch 

of switches, as illustrated in Fig 2.4. The power switches in a given branch are
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A C Supply
Rectifier . D C Link

Inverter

J S B J  SC A
6

SB1 SCI
c |

Load
HCl!Sïl*"

Fig 2.4: Circuit diagram of a three-phase VSI

forbidden to be in the ON-state simultaneously. On the other hand, the status that 

both the switches are in the OFF-state should also be avoided; otherwise the potential 

of the corresponding output terminal is unknown to the control system of the inverter. 

Therefore, a VSI is working in such a way that, in a given branch (phase), one switch 

must be ON and the other must be OFF; in other words, only two combinations o f 

states of the switches in each branch are allowed. Assuming a switching (logic) 

variable is assigned to each phase o f the inverter, eight logic states are composed for 

the whole power circuit as shown in Table 2.1.
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State

(abc)2

Phase A 

(LA)

Phase B 

(LB)

Phase C 

(LC)

Operating

Modes

Voltage

Phaseor

SA SAl SB SBl SC SCI

0 0 1 0 1 0 1 Freewheeling VO

1 I 0 0 1 0 1 Active VI

2 0 1 1 0 0 1 Active V2

3 1 0 1 0 0 1 Active V3

4 0 1 0 1 1 0 Active V4

5 1 0 0 1 1 0 Active V5

6 0 1 1 0 1 0 Active V6

7 1 0 1 0 1 0 Freewheeling V7

Table 2.1 : Conduction modes o f the VSI under current control

The switching variables are defined as

LA= 0 if  SA is OFF and SAl is ON 

1 if  SA is ON and SAl is OFF 

LB= 0 if  SB is OFF and SBl is ON 

1 if  SB is ON and SBl is OFF 

LC= 0 if  SC is OFF and SCI is ON 

1 if  SC is ON and SCI is OFF 

The line-to-neutral voltages o f the inverter are given by

V ^ = ^ ( 2 L A - L B - L C )

(2.26)

(2.27)

(2.28)

(2.29)
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= ^ { 2 L B - L C - L A )

V ^ = - ^ ( 2 L C - L A - L B )

(2.30) 

C2 31)

Equations (2.29)-(2.31) indicate that line-to-neutral voltage can assume anyone of 

five values at each logic states: -2/3Vdc, -l/3Vdc, 0, 1/3Vdc, 2/3Vdc- Performing the 

abc-dq transformation:

1 - -  

2

0 ^  
2

2

A
2

(232)

output voltages can be represented as space vectors in the stator reference frame, each 

vector corresponding to a given state of the inverter. Fig 2.5 illustrates the space 

vector diagram o f line-to-neutral voltages o f a VSI. From states 1 to 6 , the magnitude 

of the vector in stator reference frame is equal to Udc and the phase angle is 

0,60,.. .,300, respectively, while in states 0 and 7, the stator voltage vectors are zeros.

V3V2

VOV6

Vdc

V4

VS

Fig.2.5: Space vectors o f output voltages o f a VSI
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2.5 Speed Controller

The speed controller processes the error between command and actual speeds and 

generates the command torque. The small change in speed Acor produces a 

corresponding change in torque ATg and taking the load torque Tl as a constant. In a 

traditional PI controller based IM drive, the control algorithm can be written as,

7 ; ' =  Ad), +  7Î:, A d ) /^  (2.33)

where Kp is the proportional constant, Kj is the integral constant and Ac0r=®r*-C0r is the 

speed error between the command speed cOr* and the actual motor speed cOr. In Laplace 

domain, equation (2.33) can be written as,

(2.34)

 ̂ _  2  ^1 — z  * ^
Substituting for ^ ~  in equation (2.34) where z'* represents one sample

1 +  z

delay and Ts is the sampling period, or by differentiating equation (2.33) and then 

replacing the continuous terms by their finite differences, the discrete form of the PI 

algorithm can be written as,

r* {k) = T \ k - \ )  + Kp[ho)^ (k) -  A<u, ( k - l ) ]  + K^T^Aco  ̂(k) (2.35)

where T * ( k )  is the present sample o f command torque, T * ( k - 1 )  is the past sample o f 

command torque, A c O r ( k )  is the present sample o f speed error and A o O r ( k - l )  is the past 

sample o f speed error. Equation (2.35) can be easily implemented using a DSP if the 

values o f Kp, Kj, T, and the command speed are chosen properly.
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2.6 Hysteretic current control

Hysteretic current control is one o f the most effective and simple control methods. 

A typical three-phase hysteretic current control fed VSI is shown in Fig 2.6. Current 

error signals Aia, Aib, and Aig are generated by comparing the output currents o f the 

inverter and the reference current ia*, iy* and i*. Switching signals a, b and c fed to 

VSI are generated by operating current error signals Aia, Aiy, and Aig in the hysteretic 

current controller. Fig 2.7 presents the input-output characteristic o f one phase in 

hysteretic current controller. The tolerance bandwidth for the current controller is 

denoted by h shown in Fig 2.7. In each operating loop, if  the current error Ai is 

greater than h/2, the switching variable is set to 1; conversely, if  the current error Ai is 

less than h/2 , the switching variable is set to 0 ; otherwise, the switching variable 

keeps the same status o f last loop. It’s been obvious that the bandwidth h affects the 

switching frequency o f the inverter. The narrower is the h, the more frequent 

switching operates and the higher quality o f output o f the inverter. In a typical VSI 

fed FOC-IM, the three-phase current command ia*, iy* and ig* are compared with the 

actual current ia, iy and ig to generate PWM signals, which will fire the three-phase 

voltage source inverter to produce the actual voltages to the motor.
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vac

J T

J T

Fig 2.6: Block diagram o f a current-controlled VSI for IM drive

-h/2 h/ 2

Fig 2.7: Input-output characteristic o f a hysteretic current controller
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2.7 Summary

In this chapter, the transformation between a-b-c and d-q frame of a phasor 

quantify is discussed in detail. The step-by-step derivation o f d-q axis mathematical 

model o f IM is presented. The derivation of FOC theory based on d-q axis IM model 

is discussed. The circuit scheme and operational process o f VSI is presented in detail. 

A traditional PI based speed controller for FOC-IM drive is discussed. A hysteretic 

current control method is also introduced. Thus, this chapter gives a good idea about 

FOC o f IM and the pertinent mathematical equations.
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Chapter 3 

Development of Neuro-Fuzzy 
Controller

Artificial intelligence (AI) has been applied in industrial applications since the 

early 1960s [49]. In the beginning, AI was used mostly in the area of expert 

knowledge-based decision making for the design and monitoring o f industrial 

products or processes [50]. Over the last two decades, researchers have applied some 

AI algorithms for electric motor drives. The application o f AI has been enhanced with 

advances in computer technology and the advent of powerful personal computers. 

Thus, many approaches o f intelligence have been realized. Among different 

intelligent computational algorithm based control approaches, fuzzy logic control 

(FLC), artificial neural network (ANN) and neuro-fuzzy control (NFC) are the most 

popular intelligent control methods. In the last two decades, fuzzy logic received a 

high boost in industry, and fuzzy logic control (FLC) gradually became a significant 

approach in industrial control field [49]. However, there are several inconveniences in 

the approach o f traditional/pure fuzzy logic control:
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1. Difficulties in determination of practical fuzzy set parameters in fuzzification 

and/or defuzzification employed by an FLC.

2. Difficulties or inability to learn how to control the systems with a rapidly changing 

systems or systems performing complicated input/output mappings, and thus the 

controller’s inability to formulate the fuzzy model o f such a process.

Above reasons have motivated researchers to develop the fuzzy self-tuning 

models. The method of neuro-fuzzy (NF) networks is one o f such approaches. The 

neural networks can be trained on the basis of the input/output measurements o f the 

modeled system. A fuzzy model can be presented in the form of a special neural 

network and one of the training methods can be applied to model parameter tuning.

3.1 Fuzzy Logic Control

Fuzzy logic controller is mainly based on fuzzy logic theories introduced by 

Zadeh in 1965 [27]. A general fuzzy logic controller consists of three modules: fuzzy 

inference engine, fuzzification and defuzzification modules. Fig.3.1 shows a general 

block diagram of a fuzzy logic controller. Input crisp numbers are converted into 

fuzzy values with the fuzzification block. The fuzzy inference engine determines how 

the fuzzy logic operations are performed; in other words, it performs fuzzy IF-THEN 

rules together with knowledge base. Defuzzification block is used to combine and 

convert those outputs o f rules to crispy values.
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IN PU T F uzzification
Fuzzy
In feren ce
E n gine

D efu zzification O U T P U T

K N O W L E D G E
B A SE

Fig. 3.1 Block diagram of fuzzy logic control

3.1.1 Fuzzification

Fuzzification is the process o f transferring crisp input values o f the FLC into 

fuzzy numbers through membership functions. In the practice o f fhzzy numbers, 

many various types of membership functions such as triangular, trapezoidal, 

rectangular, Gaussian and sigmoid membership functions are applied. Figure 3.2 

shows a system o f fuzzy sets for an input with triangular membership functions. 

There are three membership functions which indicate the speed as slow, middle and 

fast, respectively. A certain crisp number is mapped by all three membership 

functions, thus a fuzzy number with three components is obtained. For example, the 

crisp number 70 (rad/s) is converted into a fuzzy number as 0.3 degree o f SLOW, 0.7 

degree o f MIDDLE and 0 degree o f FAST, as shown in Fig.3.2.

S l o w M i d d l e F a s t

700

Fig.3.2: The example of membership function and fuzzification
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3.1.2 Fuzzy Inference Engine

A fuzzy inference engine consists of a set of expert rules, which reflect the 

knowledge base and reasoning structure of the solution of any problem. A typical 

fuzzy rule can be composed as

IF A is AI AND B is  B1 OR C is C l (3.1)

THEN U is U1

where A, B, C and U are fuzzy variables, A I, B l, C l and U1 are fuzzy linguistic 

values (membership functions), “AND”, ”0 R ” are connectives o f the rules. The 

above rule is known as Mamdani type rule, whose antecedent and consequent parts 

are both expressed using linguistic labels. Another form is Sugeno rules in which the 

consequent part is expressed as an analytical expression or equation. Fig. 3.3 shows 

an example o f expressing a set of rules in FLC.

3.1.3 Defuzzification

The output decision o f a fuzzy logic controller is a fuzzy value and is represented 

by a membership function. Because only the crisp number can be utilized in industry 

systems, the control inference must be defuzzified for practical purposes. Several 

methods are available for defuzzification o f a fuzzy control inference such as centroid 

method, mean o f maxima and threshold methods. An example o f defuzzification is 

also shown in Fig. 3.3, which demonstrates max-min inferencing and centroid 

defuzzification method. In this case, rule outputs are combined, and the gravity of the 

combined shape is indicated as the defuzzification result.
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A
ru le 1: IF x IS A THEN n  IS D; /  \

/  \
/

rule 2: IF y IS B THEN n  IS E; /

rule 3: IF z IS C THEN n  IS F; /

DEFUZZIFICATION

CENTROID DEFUZZIFICATION 
USING MAX-MIN INFERENCING

c risp  value = n

Fig.3.3; The example o f expressing a set o f rules and defuzzification.

3.2 Neural Network

The fundamental processing element of a neural network is a neuron, which 

receives input from some other units, or perhaps from an external source [50]. Each 

input o f a neuron has an associated weight w, which can be modified for
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tuning/learning reason. Then an activation function /  is applied to the weighted sum 

of its inputs:

jy, =  M/ÿ-y, ) (3.2)
j

The activation functions may be exponential, sigmoid, and etc. Figure 3.4 shows a 

typical structure o f an artificial neural network. It consists o f three layers, which are 

input layer, hidden layer and output layer. The layer o f input neurons receive the data 

either from input files or electronic sensors in real-time applications. The hidden layer 

contains many o f the neurons in various interconnected structures. The output layer 

sends information directly to the outside world. There are a number o f approaches for 

training neural networks. However, they are mostly classified as two modes such as 

supervised/offline learning and unsupervised/online learning. In offline learning.

N od es k 
(Output)

N od es j 
(Hidden)

N od es i 
(Input)

Fig 3.4: The example of a typical structure o f neural network
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the purpose o f a neural network is to change its weights according to the inputs and 

outputs samples. After a network has established its input/output mapping with a 

defined minimum error value, the training task has been completed. An important 

factor o f the offline training is that the training set should be comprehensive and 

cover all the practical areas o f applications of the network. Obviously, offline training 

method based ANN isn’t competent for the control of IM drives which possesses a 

great quantity o f uncertainties. In an online learning based ANN, weights between 

neurons are updated in each operating cycle without any inputs/outputs samples.

The most popular algorithm for adjusting weights during the training phase is 

called back-propagation method [51]. Since the initial configuration of ANN is 

arbitrary, the result o f presenting a pattern to the ANN is likely to produce incorrect 

output. The errors for all input patterns are propagated backwards, from the output 

layer towards the input layer. The corrections to the weights are selected to minimize 

the residual error between actual and desired outputs. The algorithm can be viewed as 

a generalized least squares technique applied to multiplayer perceptron. Generally, a 

learning equation for a back-propagation method can be written as

Aŵ =-7—  (3 3)

where "q is the learning rate, E is the error defined as E = ^ { y - d f , where y is the 

desired output and o is the actual output.
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3.3 Design of a Specific Neuro-fuzzy 
Controller

As mentioned earlier in chapter 1, the FLC and ANN have their own advantages 

and drawbacks. In order to get the advantages from both FLC and ANN, researchers 

developed NFC for motor drive applications [36-43]. The proposed neuro-fuzzy 

controller (NFC) incorporates fuzzy logic algorithms with a five-layer artificial 

neural network (ANN) structure as shown in Fig.3.5. The proposed fuzzy logic 

algorithm is based on Sugeno method [52]. In the five-layer ANN structure the first 

layer represents for inputs, the second layer represents for fuzzification, the third and 

fourth layers represent for fuzzy rule evaluation and the fifth layer represent for 

defuzzification. A tuning block is utilized to adjust the parameters o f only 4̂*’ layer 

in order to correct any deviation of control effort and decrease computational burden.

I f  T h e n
F u z z i f i c a t io n

I n n u t

% (A ül)

r' 1

^  A

^  1
j

Tu ning

D e fu z z i f ic a t io n

Fig 3.5: Structure of the NF controller.
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3.3.1 Detailed Structure o f NFC

The function of each layer o f the proposed NFC is briefly described as follows;

Layer I: In this layer normalized speed error and the rate o f change o f actual 

speed are calculated. These are the inputs of the proposed NFC, which are given by,

O /  = F u z z y  I n p u t l  = —  ; r ^ ^ * 1 0 0 % (3 ,4 )

0 [  -  F u zzy  I n p u t l  = — — *100%  (3 .5)

where O /  and O2 are the outputs o f the layer for input 1 and 2, respectively, T is 

the sampling time, m / is the command speed, cor(n) is the present sample and oor(n-l) 

is the previous sample of the actual speed.

Layer II: This is the fuzzification layer where the crisp value o f each input is 

transformed to the fuzzy number through the membership functions. In the 

fuzzification process two choices of membership functions are taken for two inputs, 

which are shown in Fig 3.6. One choice is the three membership functions (which are 

m fl, mf2 and mf3) scheme as shown in Fig. 3.6(a) and the other is two membership 

functions (which are m fl and mf2) scheme as shown in Fig. 3.6(b). Although more 

choices are available but to keep the computational burden low only these two cases 

are considered. Gaussian function and sigmoid function are chosen as the 

membership functions in this proposed NFC, which are shown in Fig. 3.6.
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( b )

Fig 3.6: Membership functions o f inputs: (a) 3 membership functions scheme, and (b) 

2 membership functions scheme

The node equations for Gaussian membership function in layer II is given as,

O -  ̂ = e ^ '  (3.6)

where and x/^ denote the output and input for i-th node in layer II, respectively, c 

is the center o f Gaussian function, and a  is the curvature o f Gaussian function.
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Layer III: This is the first step of fuzzy rule evaluation. For rule evaluation in this 

proposed hfFC the multiplication method is chosen to implement the ‘AND’ logic. 

Since there are two inputs with each having three membership functions, nine nodes 

are assigned in this layer covering all cases, while there are four nodes for the two- 

membership functions scheme. The node equation in layer III can be specified as,

o r  = n  x f x r  =  x "  (3.7)

where denotes the output for i-th node in layer III, and are components 

of fuzzy numbers from Aco and dm/dt, respectively, which denote inputs for i-th node 

in layer III, and denotes the input for i-th node in layer IV.

Layer IV: This is the final step o f fuzzy rule evaluation. As mentioned earlier, 

Sugeno mode is adopted in this proposed NFC, which utilizes crisp numbers instead 

o f fuzzy numbers as the rule’s results. Therefore, the computational burden is 

alleviated, because it doesn’t have the complicated defuzzification process that can be 

found in the Mamdani mode [52]. The node equation in this layer can be specified as.

o r  = z r x ' r =v (3.8)

where x/^, and denote the input and output for i-th node in layer IV, respectively, 

Zi^ is the adaptive weight factor for the i-th node and x,^ denotes the input for the i-th 

node in layer V.
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Layer V: This is the defuzzification layer, which is the final layer o f the network. 

For defuzzification the center o f gravity method is used to determine the output o f the 

NFC. The node equation in this layer can be specified as.

s  o ,™  (3.9)

where is the output o f layer V, which is the final output of the controller. 

Substituting Eqns (3.7) and (3.8) in Eqn (3.9), the output of the NFC can be rewritten 

as.

Z  o ' "  I  o ' "  (3 ‘°(

For the proposed NFC based IM drive this control output represents the q-axis 

command current o f the stator, iq* in synchronously rotating frame. This current is 

responsible to force the motor to follow a reference speed trajectory.

3.3.2 Tuning Method

Since it is almost impossible to determine desired iq as the training data, a new 

method is developed to update the weight based on the error between reference 

model and actual motor speed accelerations. A reference model o f motor speed ©r and 

corresponding speed slope (d©/dt)* is designed according to the specific 

requirements o f IM drive as shown in Fig. 3.7. The corresponding equation is given 

by,
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y  = ( l -  ) )  * 1 0 0 0 *  sign(co)  ( 3 . 1 1 )

where y denotes the reference speed slope (d©/dt)*. Thus, the error for neuro-fuzzy 

network can be defined as the difference between desired speed slope (d©/dt)* and 

actual speed slope d©r/dt, which is given by

E  = j ( y  -  = j ( y  -  o ‘ y  (3.12)

The parameter Z/^ in the 4* layer is updated in order to minimize this error. Since the 

torque current component iq is proportional to the acceleration d©/dt, the relation 

between and can be written as,

O 2 =  k O ^  (3.13)

where k is a proportionality constant. Based on Eqns. (3.10) and (3.11) the updated 

laws can be written as.

Using Eqns (3.10), (3.13) and (3.14), the self-learning algorithm is obtained as,

Z f  {n) = Z f '  (3.15)

where r|=k*ri', is the learning rate which is set to 0.07 in this controller. The r\ can be

obtained either by trial and error or self-tuning method. In this proposed NFC, p is
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designed by trial and error method which is explained in Fig.3.8. Figure 3.8 shows 

simulation results of steady-state speed response, current response and torque 

response for different values of rj. Three simulation result sections with different 

values o f r\, which are 0.07, 3 and 0.005, respectively, are put together in order to 

make an explicit comparison. It can be found that large IM current, torque and high 

speed deviation occurred in the case of large value of p. On the other hand, NFC with 

relatively small r\ cannot retain the IM speed at its reference of 180 rad./sec. 

constantly.

( d c o /d t ) '

%Aw

limitation

Fig.3.7: Design reference of dco/dt.
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Learning rate ,0.005
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Fig.3.8: Comparison o f current ia, torque and steady-state speed response, 

respectively, under conditions of different x] : (a) current ia, (b) torque, and (c) speed.
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Chapter 4 

Simulation of NFC based FOC of 
IM Drive

A key step towards studying and testing NFC based FOC-IM is to implement the 

complete drive system in software simulations. The simulation o f the proposed IM 

drive system has been carried out using MATLAB/Simulink software and power 

system toolbox [55].

4.1 Drive System

Based on the control schemes described in chapters 2 and 3, the schematic 

diagram o f the NFC based FOC for IM drive system is shown in Fig.4.1. The rotor 

speed is measured and compared with the reference speed. Rotor speed error, A® is 

applied to the neuro-fuzzy based speed controller, which yields reference torque Te*, 

or reference current i q *  directly. Generally, reference flux Xr* can be generated in three 

ways: assigned a constant, formed from flux weakening regulation or flux controller. 

In this proposed IM drive, a constant is used to as the reference flux X*. Therefore,
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Fig 4.1 : Proposed NFC based IM drive

both d-q axes reference currents i q *  and i d *  are obtained. Vector rotator is used to 

transfer currents from d-q axis to a-b-c axis components. The actual phase currents ia, 

i b  and ic, are compared with the corresponding three-phase command currents i a * ,  iy* 

and ic* and then the current errors are processed through the current controllers to 

generate six PWM logic signals. The three independent hysteresis regulators are used 

as current controllers in this work. The PWM logic signals are used to fire the 

switches o f the three-phase voltage source inverter to produce the actual voltages to 

the motor.

4.2 Simulation Results and Discussion

In order to demonstrate the high performance o f the proposed NFC, numerous 

simulation tests were performed under different operating conditions such as a sudden 

change o f command speed, a sudden change of load, parameters variations, etc.
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Furthermore, in order to prove the superiority o f the proposed NFC, comparisons 

between the proposed NFC and the traditional PI controller, as well as a fuzzy logic 

controller (NFC), are also presented. Simulations were built on a 50 hp induction 

motor model indicated in the appendix and three membership functions scheme 

illustrated in Fig.3.2 (a) if  there is no special explanation. Sampling time is set to 5e-5 

sec. Sample significant simulation results are presented below.

Fig.4.2 shows the starting speed, current ia, torque response and stator frame id 

versus iq response o f the proposed NFC based IM drive at no load and rated speed 

conditions. It is found that the NFC based IM drive has small settling time without 

any overshoot/undershoot and any steady state error. Moreover, the motor current is 

small during the steady state. The plot o f stator frame id versus iq shown in Fig.4.2(d), 

which shows the global stability o f the complete drive. Starting speed and current 

responses o f the proposed NFC based IM drive at full load (TL=150N.m) and 

different command speed conditions such as 180 (rad./sec.), 100 (rad./sec) and 30 

(rad./sec.) are also shown in Figs. 4.3-4.5, respectively. The results show that the 

drive follows the command speed very quickly without any overshoot and nearly zero 

steady-state error at any command speed conditions. The current responses at 

different command speed conditions are sinusoidal and balanced. Thus, it is found 

that the performances o f the proposed drive for a wide speed range are satisfactory 

and globally stable.

The ability to withstand disturbances is another important feature o f the proposed 

NFC based control system. The change o f load is a typical external disturbance and 

also for a high performance drive, the load change is a very common situation. The
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speed and torque responses for the proposed drive under the operating conditions o f 

sudden load disturbance are shown in Fig. 4.6. The motor is started without load and 

at t=l second the load is suddenly increased to full load Tl= 150 N.m. It is evident 

from this figure that the proposed NFC is capable o f handling the load disturbance 

with a negligible amount o f speed deviation. A comparison among the conventional 

PI controller, FLC and the proposed NFC is also presented in order to prove the 

superiority o f the proposed NFC. The PI controller parameters were designed by trial 

and error in order to have fast speed response and minimum settling time so that it 

can be comparable with the proposed controller. The detailed design and structure o f 

FLC can be found in [33]. Figures 4.7-4.8 show the speed responses for the PI 

(Gain_P=20, Gain_I=150) and FLC based IM drive under the operating conditions o f 

sudden load disturbance, respectively. It can be found that the PI based drive system 

suffers a big speed drop and long recovery time, while the FLC based drive system 

suffers too much speed vibrations, which are not acceptable for high performance 

applications.

Figures 4.9-4.11 show the speed responses o f the IM drive with a sinusoidal 

reference speed at full load (TL=150N.m) for the proposed NFC, conventional PI 

(Gain_P=500, Gain_I=l), and conventional FLC, respectively. As shown in Figs. 4.9- 

4.11, the proposed NFC can follow the sinusoid speed reference without any error, 

whereas the PI and FLC show some speed deviations.

The comparison between the proposed NFC and the conventional FLC based IM 

drive for command speed reversal is also investigated. Figs. 4.12-4.13 show speed, 

torque, and speed error responses of the proposed NFC based IM drive for command
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speed reversal at full load (TL=150N.m), respectively. It is shown in figure 4.12 that 

the drive can follow the command speed quickly without overshoot/undershoot and 

zero steady state error even if  the command speed is changing in the opposite 

direction. Fig 4.14 (a)-(c) show speed, torque, and speed error responses o f the 

conventional FLC based IM drive for command speed reversal. It can be found that 

the FLC based IM also suffers some speed deviations.

The ability to withstand the motor parameter variations is another important 

criterion o f the control system, particularly for the IM drive where the motor 

parameters are affected by saturation and temperature effects. The speed and the 

corresponding actual phase current responses are shown in Figs 4.15 (a) and (b), 

respectively, where mutual inductance Lm is increased by tow-fold, under full load 

(TL=150N.m) and rated speed conditions. It is shown that the drive can follow the 

command speed even after a change o f mutual inductance. Figs 4.16(a) and (b) show 

the speed and the corresponding phase current responses of the NFC based IM drive, 

respectively with doubled rotor inertia and full load (TL=I50N.m) conditions. The 

results show that the drive follows the rated command speed smoothly even with 

doubled rotor inertia. Because o f increased inertia the time to reach the steady state is 

slightly greater. The speed and the corresponding actual phase current responses are 

shown in Figs. 4.17(a) and (b), respectively, where rotor resistance Rr is increased 

twofold, under full load and rated speed conditions. It can be found that the drive 

follows the command speed with only some negligible dent. Hereby, it is shown that 

the proposed NFC based IM drive is capable o f handling the variation o f parameters.
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In order to prove that the proposed NFC doesn’t need precise IM drive model, Fig. 

4.18 shows the starting speed response, current response and torque response of a 3 

hp IM drive model based on the proposed NFC. Only learning rate r\ and torque 

limitation o f the proposed NFC have been readjusted for the new motor and found 

that the performance o f the proposed NFC based 3 hp IM is almost similar to the 

previously considered 50 hp motor. Thus, the proposed NFC is found to be easy-build 

for various size o f motor drive.

Fig. 4.19 shows the starting speed and current response of the proposed NFC based 

IM in the case o f only two membership functions for each input. Though a tiny 

oscillation occurs in the speed response at beginning o f steady state, the proposed 

NFC based IM drive still exhibits small settling time without any overshot and steady 

state error. Therefore, the three membership function based NFC is recommended. 

The proposed NFC based IM drive has been found robust for high performance 

industrial drive applications.
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Fig 4.2: Simulated starting responses of the drive with the proposed NFC: (a) speed, 

(b) current ia, (c) torque and (d) stator frame id versus iq response.
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Fig 4.3: Simulated starting responses of the drive with NFC at full load (150 N.m) 

and rated speed (180 rad./sec.) conditions: (a) speed, and (b) steady-state actual a- 

phase current.
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Fig 4.4: Simulated starting responses o f the drive with NFC at full load (150 N.m) 

and (Or*=100 rad./sec.: (a) speed, and (b) current ia.
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Fig 4.5: Simulated starting responses o f the drive with NFC at full load (150 N.m) 

and low command speed (30 rad./sec.) conditions: (a) speed, and (b) current ia.
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Fig.4.6: Simulated responses of the drive with NFC for a step increase in load ( ON.m 

-> 15ON.m): (a) speed, and (b) torque.
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Fig.4.7: Simulated speed responses of the drive with PI controller for a step increase 
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Fig 4.10: Simulated speed response of the drive at full load with PI controller for a 

sinusoidal speed reference.
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Fig 4.11 ; Simulated speed response of the drive at full load with FLC for a sinusoidal 
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Fig 4.12: Speed response of the proposed drive at full load for speed reversal.
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Fig.4.13: Simulated responses of the NFC based drive at full load for speed reversal: 

(a) torque, and (b) Aco.
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Fig.4.14: Simulated responses o f the FLC based drive at full load for speed reversal; 
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62

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



200

180

150

1X»
2

100

îOT

0.2 0.6
Time (sec)

(a)

t

I
0.4 0.6

Time (sec)

(b)

Fig.4.15: Simulated speed response of the proposed NFC based drive at rated load for 

doubled magnetizing inductance: (a) speed, and (b) current ig.
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Fig.4.16; Simulated speed response o f the proposed NFC based drive at rated load for 

doubled Jm: (a) speed, and (b) current ia.
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Fig.4.17: Simulated speed response o f the proposed NFC based drive at rated load for 

doubled rotor resistance: (a) speed, and (b) current ia.
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Fig.4.18: Simulated starting responses of the proposed NFC based 3HP IM drive 

without load: (a) current la, (b) torque, and (c) speed.
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Fig.4.19: Simulated starting responses of the drive with 2 membership functions NFC 

without load: (a) current (b) torque, and (c) speed.
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4.3 Summary

A complete FOC-IM drive incorporating the proposed NFC has been presented in 

this chapter. The simulation results show encouraging performances o f the proposed 

drive. The NFC can adjust itself with different operating conditions such as load 

change, parameter variations and step change of command speed. Therefore, the NFC 

can be a good substitute for the conventional fixed gain PI or conventional fuzzy- 

logic controllers. However, in this chapter the motor was controlled only up to the 

rated speed since the rotor flux was assumed constant. If the speed increases above 

rated speed, then the voltage and current ratings of motor and inverter exceeds the 

rated limit. In order to control the motor above the rated speed within the safe 

operating area, the flux must be weakened. Moreover, if  the flux is not estimated 

properly below the rated speed, there will be torque pulsations and hence vibrations, 

which are not acceptable for high performance drives. Therefore, a rotor flux 

estimation method is developed which will be discussed in the next chapter.
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Chapter 5 

Design of Model Reference 
Adaptive Rotor Flux Observer

As mentioned in the summary o f chapter 4, in order to control the motor at high

speed conditions (above the rated speed), good rotor flux estimation for flux 

weakening is required. Particularly, the rotor flux, which cannot be measured directly, 

needs to be estimated properly. Otherwise, the motor and converter voltages and 

current will exceed the rated limits. Furthermore, there will be torque pulsations and 

hence speed vibrations which is not acceptable for high performance drives. The 

rotor flux can be estimated based upon open loop voltage model and current model 

[56-57]. Their advantages and disadvantages are well known. In order to combine the 

advantages o f both models a closed loop Gopinath flux observer model has also been 

reported [58]. However, the existing flux observer methods just estimate the rotor 

flux based on voltage, current and speed, but they do not force the motor to follow the 

reference flux trajectory. In this thesis, a model reference adaptive flux (MRAF) [59]
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observer is presented based on a reference flux model and a closed loop Gopinath 

model [54], rvhich combines current and voltage model flux observers.

5.1 Closed Loop Flux Observer Model

Sensors o f flux and speed or position of the rotor spoil the ruggedness o f IM drive 

systems. Therefore, there is tendency to replace them with observers which convert 

the stator voltage and current signals into the required information concerning other 

variables o f the motor. Flux observers used in vector control systems are either of an 

open-loop or closed-loop type. Basically, there are two types o f open-loop flux 

observers which are current model and voltage model. Equation (2.10) can be 

rewritten as [4],

(5.1)
A

and

- i . ; ; )  (5.2)
A  

1}
where a  denotes the so-called total leakage factor, defined as cr = 1 -

LsL.

Substituting equations (5.1) and (5.2) in equations (2.8) and (2.9), the expression of 

voltage and current model flux observer can be obtained as

p K = ^ ( y : - ( .R ,+ < ^ i - ,p ) 0  (5.3)
m

and
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p K  -  ( 7^  — ) K
r (5.<0

The well-known closed loop Gopinath flux observer model is based on open loop 

voltage model and current model flux observers as shown in Fig.5.1. As the voltage 

model flux observer works better for high speeds and current model flux observers 

works better for low speeds, the combined closed loop flux observer model works for 

both nominal and low speeds.

5.2 MRAF Rotor Flux Regulation

In order to achieve high speeds, the stator current frequency is increased. The 

stator voltage is directly proportional to the motor flux and the angular speed. In

rp   ►Q"

Voltage mode!
Current Model

Fig.5.1: Closed loop Gopinath flux observer.
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normal condition the motor flux is kept constant. A maximum stator speed is reached

with the limit output voltage of the power converter. To reach a higher speed the flux

is reduced as an invert of the angular speed in order to keep the stator voltage 

constant and equal to its maximum. The reference flux model is built with this well- 

known constant flux and flux weakening methods, which are given by,

^ref -  ^rat , whcn (Or < ®rat (5.5)

^ref -  ^rat * ^rat  ̂ , when COr> ®rat (5.6)

The block diagram of the proposed MRAF observer is shown in Fig.5.2. It is 

mainly composed o f reference flux model, closed loop Gopinath rotor flux observer 

model and a PI compensator for the reference model. This model is proposed in this 

thesis in order to follow a reference rotor flux trajectory X  instead o f just 

estimating the flux X based on voltage, current and speed. Thus the command d-axis 

rotor flux linkage is calculated X J from the proposed MRAF observer.
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Fig.5.2: Proposed MRAF observer

5.3 Simulation of the MRAF Observer 
Based NFC for IM Drive.

In order to investigate the performance o f the proposed MRAF based NFC, 

numerous simulation tests were performed under different operating conditions in 

Matlab/Simulink [53]. Sample simulation results are shown here.

Figure. 5.3 shows the starting speed, torque, rotor flux and stator current 

responses o f the IM drive with the proposed MRAF based NFC. The motor was 

started with 150 N.m load and a step speed command of 150 rad./sec. It is found from 

Fig. 5.3(a) that the NFC based IM drive has a small settling time without any 

overshoot/undershoot and any steady state error. The estimated flux linkage of the 

closed loop flux observer is tracking the reference rotor flux as shown in Fig. 5.3(b).

In order to investigate the performances o f the drive in flux weakening region, 

speed, torque and flux responses for a high command speed o f 300 rad./sec with a
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nonlinear load (TL=0.1*cOr+0.01*cOr''2+5 N.m) and a constant load (100 N.m) are 

shown in Fig. 5.4 and 5.5, respectively. It is found from both Fig. 5.4(a) and Fig. 

5.5(a) that the NFC based IM drive can follow a high-speed trajectory without any 

overshoot/undershoot and any steady state error. Also, the estimated flux linkage can 

follow the flux-weakening trajectory very well as shown in Fig 5.4(c) and Fig 5.5(c). 

The performance of the proposed IM drive incorporating the MRAF observer based 

NFC is found satisfactory in terms of speed tracking and flux estimation.

5.4 Experimental Setup

In order to implement the control scheme in real time the DSP board DS1I04 is used. 

The board is installed in an Intel PC with uninterrupted communications through dual 

port memory. The DS1104 board is mainly based on a 64-bit floating-point MPC8240 

processor with PPC603e core. The DSP is supplemented by a set o f  on-board 

peripherals used in digital control systems including analog to digital (A/D), digital to 

analog (D/A) converters, digital I/O, serial interface and incremental encoder 

interfaces. Also, it is equipped with a TI 16-bit micro controller TMS320F240 DSP 

that acts as a slave processor and provides the necessary digital I/O ports and 

powerful timer functions such as input capture and PWM generations. The block 

diagram of the hardware schematic is shown in Fig. 5.6. The actual motor currents are 

measured by the Hall-effect sensors and then fed back to the DSP board through the 

A/D channel. Rotor position is sensed by an optical incremental encoder.
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Fig.5.3; Simulated starting responses o f the proposed MRAF based NFC for IM drive 

with Tl=150 N.m; (a) speed, (b) flux, (c) current ia., and (d) torque.
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Fig.5.4: Simulated responses o f the drive o f MRAF based NFC for a high speed 

command of 300rad/s with a nonlinear load; (a) speed, (b) torque, and (c) flux.
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Fig.5.5: Simulated responses o f the drive o f MRAF based NFC for a high speed 

command o f 300rad/s with load^lOO N.m; (a) speed, (b) torque, and (c) flux.
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mounted at the rotor shaft and is fed back to the DSP board through the encoder 

interface. The outputs o f the DSP board are six PWM signals that are sent directly to 

the base drive circuit o f the inverter.

The control algorithm is implemented in real time by using Matlab Simulink and 

real-time toolbox. A real-time Simulink model is developed for the complete drive 

which is shown in Appendix B.7. The program is downloaded to the DSP Control- 

desk. As the position encoder and other encoder circuits are not fully integrated, the 

experimental results are not obtained due to time constraint.

D S P 1 1 0 4

N FC

S p e e d
C alcu la to r

Switch
S ignalC o o rd in ato r

T ransfo rm ation
C urren t
Control

Inverter

M RAF

C u rren t S e n s o rs

V o ltag e  S e n s o rs

E n c

Fig.5.6: Block diagram o f the hardware schematic o f the VSI-fed EM drive.

78

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 6

Conclusion

In chapter 1 the review o f IM with various control techniques has been provided. 

This identifies the problems o f controlling the electric motors in high performance 

variable speed drive applications. Problems of controlling the speed accurately for an 

IM with different dynamic operating conditions have been identified and the NFC has 

been proposed to overcome these problems.

In chapter 2 the mathematical model o f the IM was derived in the excitation 

reference frame. Coordinates transformation was used to convert the conventional a- 

b-c parameters to the d-q axes frame. It was clear that the q-axis current controlled the 

torque, and the d-axis current controlled the flux. Thus, the FOC based IM drive 

mathematical model is formed and presented. The working principles o f a VSI and a 

hysteretic current controller are also presented in order to make sure that the actual 

motor phase currents ia, iy and ic can follow the corresponding command currents ia*, 

ib* and ic*.

79

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 3 briefly described the fundamentals of the fuzzy logic controller and 

neural network. The basic ideas o f fuzzy logic, fuzzy sets, membership functions, 

fuzzy inference engine and defuzzification have been presented. The development of 

a neuro-fuzzy logic speed controller incorporating FLC to ANN has been presented in 

details.

In chapter 4, a complete FOC-IM drive using the proposed NFC has been 

developed. The performance o f the proposed NFC has been investigated through 

extensive simulations. The starting performances at various speed, sudden speed 

changes and parameter variations o f the proposed drive have been investigated in this 

chapter. The NFC can adjust itself with different operating conditions such as load 

change, parameter variations and step change o f command speed. Thus, the 

simulations results show encouraging performance of the proposed drive.

In chapter 5, a MRAF for the proposed NFC based IM drive is presented, so that 

the drive system can follow command speed trajectory over rated speed. Sampling 

simulation results o f the proposed drive system are also shown in this chapter.

6.1 Achievements of the Thesis

Throughout the work the accomplishments are listed below:

• A neuro-fuzzy speed controller for FOC-IM drive has been developed.

• A complete NFC based IM drive has been built in Matlab/Simulink.
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• Performances o f the proposed NFC based IM drive have been extensively 

investigated in simulations. Comparisons between the proposed NFC and FLC, 

as well as the PI controller have been provided.

• The MRAF observer for the NFC based IM drive has been developed.

• Performances o f the proposed MRAF observer for the NFC based IM have 

been investigated.

• Real-time Simulink model for the complete drive has also been developed.

6.2 Future Scope of the Work

As can be seen in Chapter 5, the real time implementation o f the complete drive 

system has not been completed yet due to time constraints. As a future scope, the first 

step should be the real-time implementation, which has been carrying on. Also, a 

speed sensorless approach can be integrated with the proposed control scheme. This 

will eliminate the position encoder. It can be found in Chapter 3, that the learning rate 

T| o f the proposed NFC is decided by trial and error. To find out a self-tuning method 

for learning rate t| is another challenge for future works.
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Appendix A

IM Parameters

1)

Number o f phases = 3

Number o f poles =4

Rated Frequency = 60 Hz

Rated power = 5 0  HP

Rated input line-to-line voltage = 460 V

Stator resistance = 0.087 0 ,

Stator self inductance = 0.8 mH 

Rotor resistance = 0.228 Q 

Rotor self inductance = 0.8 mH 

Mutual inductance = 34.7 mH 

Rotor inertia = 1.662 kg.m^
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2)

Number o f phases = 3

Number o f poles =4

Rated Frequency = 60 Hz

Rated power = 3 HP

Rated input line-to-line voltage = 220 V

Stator resistance = 0.435 ,

Stator self inductance = 2 mH 

Rotor resistance = 0.816 0  

Rotor self inductance = 2 mH 

Mutual inductance = 70 mH

Rotor inertia = 0.089 kg.m^
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Appendix B

Simulink Simulation
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