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Abstract 

Induction motors have a wide range of applications due to their well-known 

advantages, like low costs and robust performances. Among many kinds of 

modern control strategies for controlling an induction motor, a DTC has gained a 

huge importance due to its excellent control strategies for torque control. 

However a conventional DTC of three phase induction motor drive has high 

ripples in electromagnetic torque, stator flux linkage, stator currents and speed 

response. In this thesis, a space vector based Fuzzy logic duty ratio controller is 

designed to reduce the ripples. 

In DTC three phase induction motor drive supplied by a voltage source inverter, it 

is possible to control the stator flux linkage and electromagnetic torque by the 

selection of the voltage space vector in the inverter. The switching states produce 

the switching status according to the output of torque and flux comparator and 

sector judgment. The output of the voltage source inverter is given to the 

induction motor which is modeled in stationary D and Q axis reference frame. A 

Fuzzy logic based duty ratio minimizes the ripples by varying the DC link voltage 

of a voltage source inverter which is limited by the conventional DTC. A 

comparison is made between a conventional DTC and Fuzzy logic duty ratio 

based DTC of three phase induction motor drive using MATLAB/Simulink. The 

use of Fuzzy logic duty ratio controller reduces the ripples by 2.2% and the 

settling time of the step speed response is 4.122 milliseconds that is better 

response by 2.713 milliseconds than the conventional DTC. The use of fuzzy 

logic duty ratio controller also reduces the speed fluctuations at step speed 

response and at different speed levels when the load torque is applied compared to 

conventional DTC . The comparison of simulation results are valid by evaluating 

the performances of the simulation results. 

Keywords: Induction Motor, DTC, Space Vector, Fuzzy Logic duty ratio controller, D and Q 

axis stationary reference frame, MATLAB/Simulink. 
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CHAPTER 1 

Introduction 

1.1 Background  

High performance drive refers to the drive systems ability to offer precise control, is 

addition to a rapid dynamic response and a good steady–state response[18].Variable 

DC drives have been used to control DC motors speed and torque for decades. It is 

simple that controlling of the armature and field winding voltages separately. The 

cost, size of the machine and the poor dynamic performances are main DC drive 

disadvantages. Due to the less maintenance requirement the wide range of variable 

speed control, good dynamic performances and etc. nowadays AC drives are used 

widely in many applications. The controlling parameters of the AC drives are 

voltage and frequency of the applied voltage /current to the motor .The grid 

supplies fixed magnitude and frequency voltage/ currents, and are thus not suitable 

for obtaining controlled operation of machines [17]. Hence, power electronic 

converters, mainly DC-AC converters are used as an interface between the grid 

supply and the electric motors. 

Induction motor is very popular in variable speed drives due to its will known 

advantages of simple construction, raggedness and inexpensive and available at all 

power ratings. The control of AC machines can be broadly classified into scalar and 

vector controls. Scalar controls are the type of induction motor drive controllers, 

that are easy to implement and offer a relatively a good steady state response, even 

though their dynamic performances are poor. On the other hand, vector control 

induction motor drive techniques are used to obtain high precision and good 

dynamic performances, as well as a steady-state response. 

One of the methods for controlling the induction motors torque and speed is direct 

torque control, which was introduced in 1985 by Japanese and German researchers 

Takahashi and Noguchi and nowadays it is an industrial standard for induction 
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motor drive [9].  In DTC, torque and flux are directly controlled by using the 

selection of optimum voltage vectors. DTC makes direct use of physical 

interactions that take place within the integrated system of the machine and its 

supply. 

The main advantages of DTC are absence of co-ordinate transformation; current 

regulator and absence of separate voltage modulation block [28]. Although the 

conventional DTC has some drawbacks, such as the torque and flux ripples thus, the 

use of Fuzzy logic duty ratio controller reduces the ripples. 

1.2 Literature Review 

To start this thesis, many prior research papers have been read about DTC (Direct 

Torque Control) of three phase induction motor drive. The various control strategies 

for the control of the inverted-fed induction motor have provided good steady state 

but poor dynamic response. From the traces of the dynamic response, the cause of 

such poor dynamic response is found to be that the air gap flux linkages deviate 

from their set values .The deviation is not only magnitude but also in phase. The 

variations in the flux linkages have to be controlled by the magnitude and frequency 

of the stator and rotor phase currents and their instantaneous phases.  

Paper [21] is presented on the design and simulation of a direct torque controlled 

induction motor drive system based on space vector modulation technique for 

electromagnetic torque ripple reduction. The basis of the SVM-DTC methodology 

is the calculation required voltage space vector to compensate the flux and torque 

errors and its generation using the SVM at each sample period. 

Paper [26] is investigated on DTC problems of at low speed operation. The 

induction motor variables and parameters estimation is performed using a recursive 

nonlinear observer known as EKF. This observer isused to estimate the stator 

currents, the rotor flux linkages, the rotor speed and the stator resistance. The main 

drawback of the EKF in this case is that the load dynamics has to be known which 

is not usually possible. Therefore, a new method based on the Model Reference 

Adaptive System (MRAS) is used to estimate the rotor speed. The two different 
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nonlinear observers applied to sensorless DTC of induction motor; are discussed 

and compared each other. 

Paper [29] is presented on the very low flux, torque ripples and almost fixed 

switching frequency. It is based on the compensation of the error flux linkage 

vector by means of space vector modulation. 

Paper [30] is presented on the speed control of three phase induction motor using 

Artificial Neural Network (ANN) controller. The ANN controller will be 

programmed to control the speed of three phase induction motor at certain speed 

level. This paper introduces proportional Integral (PI) for speed control and the 

ANN is used in place of switching vector selector of conventional DTC. 

Paper [31] is presented on the reduction of stator current and electromagnetic torque 

pulsations. The fuzzy controller is used instead of switching vector selector of the 

conventional DTC. The implementation of the applied fuzzy controller is used for 

the pulsation of the torque twice lower, the stator current, flux and the maximum 

overshoots were lowered.  

1.3 Direct Torque Control  

Direct Torque Control (DTC) is one method used in variable frequency drives to 

control the torque and thus finally the speed of Induction motor. In principle, the 

motor terminal voltages and currents are sampled and used to estimate the motor 

flux and torque .They can be controlled directly and independently by selecting 

optimum inverter switching modes. Based on estimates of the flux position, the 

instantaneous errors in torque and stator flux magnitude, a voltage vector is selected 

to restrict the torque and flux errors within their respective torque and hysteresis 

bands and to obtain the fastest torque response and highest efficiency  at every 

instant [1]. 

1.3.1 Features of Direct Torque Control 

The main features of DTC are as follows:-  

1. Direct control of flux and torque 

2. Indirect control of stator currents and voltages 
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3. Very simple control scheme and low computational time  

4. Reduced parameter sensitivity 

Advantages of Direct Torque control 

 Absence of co-ordinate transform 

 Absence of voltage modulator block, as well as other controllers such as PID for 

motor flux and torque. 

 Minimum torque response time. 

Disadvantages of Direct Torque Control 

 Difficulty to control torque and flux at very low speed. 

 High current and torque ripple. 

 Requirement of torque and flux estimators, implying the consequent parameters 

identification.  

1.4 Statement of the Problem 

In Direct Torque controlled induction motor drives, it is possible to control directly 

the stator flux linkage and the electromagnetic torque by selection of an optimum 

inverter switching state .The selection of the switching state is made to restrict the 

flux and the torque errors within their respective hysteresis bands and to obtain the 

fastest torque response and highest efficiency at every instant. Direct Torque 

control is simpler than field-oriented control and less dependent on the motor 

model, since the stator resistance value is the only machine parameter used to 

estimate the stator flux. 

High ripples in torque, stator flux linkage, stator currents and sluggish speed 

response and requirement of torque and flux estimators are the main disadvantages 

of DTC.  The use of Artificial Intelligence technique, Fuzzy logic duty ratio 

controllers reduces the ripples compared to the conventional DTC induction motor 

drive. This enables the induction motor for high performance applications like 

electric Vehicles and drives. 
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Figure 1.1 Block diagram of DTC scheme 

The state selector selects the optimum switching states of the voltage source 

inverter by taking command signals form flux linkages error, electromagnetic errors 

and angle of flux linkages. For the conventional DTC, the flux angle is divided in to 

six sectors of 600. 
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Under constant load in steady state, an active switching state causes the torque to 

continue to increase past its reference value until the end of the switching period. 

Then a zero voltage vector is applied for the next switching period causing the 

torque to continue to decrease below its reference value until the end of the 

switching period .That results in high torque ripple .A possible solution to reduce 

the torque, stator flux linkage and current ripples, is to use a high switching 

frequency or changing the voltage source inverter topology. However, a Fuzzy logic 

duty ratio based DTC can reduce the torque and current ripples to some extents. The 

theme of this thesis is to verify by simulation that Fuzzy logic duty ratio based DTC 

controller reduces the torque and current ripples compared to conventional DTC. 

1.5 Objectives of the Thesis  

1.5.1 General Objective 

The general objective of this thesis work is to study, analyze, design and 

simulation of Space Vector based Fuzzy controlled DTC of three phase induction 

motor drive. 
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1.5.2 Specific Objectives  

In line with achieving the general objective, the thesis deals with the following 

specific objectives: 

 To study the dynamic mathematical model of 3-phase induction motor  

 To study the basic concept of DTC and its simulation by using MATLAB/Simulink 

 To design a Fuzzy logic duty ratio controller  

 To study and analyze an estimator design  

 To simulate Fuzzy logic duty ratio based DTC of three phase induction motor using 

MATLAB/Simulink 

1.6 Overview of the Thesis  

 The thesis consists of six chapters. Chapter 1 is an Introduction, literature 

reviews of the thesis, some theoretical background of DTC and the technique how 

to improve the disadvantages of the conventional DTC.  

 In Chapter 2 a theoretical and dynamic mathematical description of three 

phase induction motor in stationary reference frame are presented.  

Chapter 3 introduces and explains in detail the DTC of induction motor 

drive control scheme from the basic ideas. It also introduces brief description of 

space vector voltage source inverter and the optimum switching state selection of an 

inverter by using switching table. The electromagnetic torque and stator flux 

linkage estimators are also introduces in this chapter.  

Chapter 4 presents Fuzzy logic duty ratio based DTC. In this chapter the 

general Fuzzy logic controller structures are introduced and the design of Fuzzy 

logic duty ratio is introduced in this chapter. 

Chapter 5 presents the developments  of  conventional DTC and Fuzzy logic 

duty ratio based DTC in MATLAB/Simulink and the simulation results are 

discussed. 

Chapter 6 includes conclusion and some recommendations for future work. 
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CHAPTER 2 

Three-Phase Induction Machine 

2.1 Introduction 

 The Induction Machines are asynchronous speed Machines operating below 

synchronous speed when motoring and above synchronous speed when generating. 

It is rotating based on the rotating MMF by the stator winding current like the 

synchronous machine, but unlike the synchronous machine, the induction machine 

has no reluctance difference and no excitation flux on the rotor by the permanent 

magnet or by a separate field winding [6]. They are the workhorses of today's 

industry. As motors; they are rugged and require very little maintenance. However, 

their speeds are not as easily controlled as with dc motors, they draw large starting 

currents, typically about six to eight times their full load values, and Operate with a 

poor lagging power factor when lightly loaded. 

2.2 Induction Motor Construction, Principles and Operation 

2.2.1 Construction 

Most induction motors are of the rotary type with basically a stationary stator 

and a rotating rotor unlike dc machines, induction machines have a uniform air gap. 

The stator is composed of laminations of high –grade sheet steel [14] .The rotor also 

consists of laminated ferromagnetic material, with slots cut on the outer surface [14] 

.The motor winding may be either of two types, the squirrel –cage type or the 

wound-rotor type. The squirrel-cage winding consists of aluminum or capper bars 

embedded in the rotor slots and shorted at both ends by aluminum or copper end 

rings. 
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Rotor

a

a

b

bc

c

(a)

Stator

a

b
c

(b)

Figure 2.1 Three-phase squirrel-cage induction 

machines

a) Cross-sectional view

b)Star-connected stator winding

 

The three-phase stator winding ,which in practice would be a distributed winding ,is 

represented by three concentrated coils for simplicity .The axes of these coils are 

120 electrical degrees apart. Coil aa’ represents all the distributed coils assigned to 

the phase-a winding for one pair of poles. Similarly, coil bb’ represents the phase-c 

distributed winding and coil cc represents the phase c distributed winding. The 

ends of these phase windings can be connected in a star (Figure 2.1.b) to form the 

three-phase connection. If balanced three-phase currents flow through these three-

phase distributed windings, a rotating magnetic field of constant amplitude and 

speed will be produced in the air gap and will induce current in the rotor circuit to 

produce torque. 
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 2.2.2 Operation Principle of Squirrel Cage Induction Motor  

 The induction machine is rotating based on the rotating MMF by the stator 

winding current .when the rotating MMF is applied to the squirrel cage rotor  EME 

is induced at the conductors of the rotor, and EMF let the current flow in the 

conductor because the rotor is short circuited by the end rings. 

 The current in the rotor conductors, by the induced EMF, again generates a 

rotating MMF .with the interaction between the rotor current and the rotating MMF 

by stator current, the torque of the induction machine is generated. When the load 

torque applies, the flux by the load current of the rotor is canceled out by the 

additional stator current except for the leakage flux of the rotor flux. Hence, the air 

gap flux of the induction machine is constant regardless of the load condition if the 

excitation current of the stator winding is constant. So there is no armature reaction 

in the induction motor inherently. If the leakage flux at rotor and stator winding is 

neglected, then the air gap flux, the stator flux, and rotor flux are same and also in 

time. 

 The frequency of the current and Voltage of the rotor conductor of the 

induction machine is the difference between the angular frequency of the rotating 

MMF and that of the rotating speed of the rotor. 

2.2.3 Steady-State Equivalent Circuit  

 The Operation principle of the induction machine is the same as that of the 

transformer, which is that the rotor current flows through the induced voltage from 

the variation of the stator flux with regard to the rotor conductors. 
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Figure 2.2 Steady-state per phase equivalent circuit of a squirrel cage rotor induction machine[4] 

When the rotor is rotating at a steady speed of 𝑤𝑟 mechanical radians per second. 

The relative or slip speed between the rotor and synchronous rotating stator field. 

Thus the slip of the induction machine can be defined as:- 

𝑆 =
𝜔𝑒 − 𝜔𝑟

𝜔𝑒
− − − − − − − − − − − − − − − − − − − − − − − − − −(2.1) 

From the circuit, the excitation voltage, Em can be represented as:- 

𝐸𝑚 = 𝑉𝑠 − (𝑅𝑠 + 𝑗𝑥𝑙𝑠)𝐼𝑠−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−(2.2) 

If the induced voltage to the rotor circuit is 𝐸𝑟 and the turn ration between the stator 

circuit & rotor circuit is 1:1, then, 

/𝐸𝑟/= 𝑠/𝐸𝑚/− − − − − − − − − − − − − − − − − − − − − − − − − − − − (2.3) 

 If there is no slip, 𝑠 = 0 , which means that the speed of rotating MMF and 

the rotor speed is the same , then the induced  voltage to the rotor circuit is /𝐸𝑟/=

0. In this case, no current flows in the rotor conductors & no torque can be 

generated. 
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And, when 𝑠 = 1, which means that the rotor is stationary, then the induction 

machine is exactly same to the transformer. 

 In general, the equivalent circuit of induction machine can be simplified by 

omitting the ideal transformer, where all rotor parameters are evaluated at the stator 

side and moreover, the control of the squirrel cage induction machine is always 

done in the stator side. 

I
s

R
s

jx
Ir

jx
m

E
m

-

+

V
s

Figure 2-3 Simplified per-phase equivalent circuit of an induction machine

[4]

jx
Is

I
r

S

Rr

+

-

 

2.3 Dynamic Mathematical Model of 3-phase Induction Motor  

2.3.1 Introduction 

 The steady state model of induction motor which is represented by a steady 

equivalent circuit which describes only a steady state behavior of the induction 

motor. It is used when steady state analyses, such as efficiency, losses, steady state 

torque, currents are needed to be evaluated. Designing the machine drives based on 

this model will only produce a drive that normally has a poor transient performance 

when machine drives used for high performance application need to be designed, a 

model that can describe the transient as well as the steady state behavior of the 

dynamic mathematical model, which cannot be analyzed using steady state 

equivalent model ,can be predicted and studied [4]. Due to the fact that the dynamic 

model of the machine could be just a good approximation of the real plant. Such a 

model can be obtained by means of two-axis theory of electrical machines.   
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For simplicity, the induction motor considered will have the following assumptions. 

(i) the induction motor is considered as symmetrical two poles ,three phase windings 

(ii) The winding on the stator is symmetrically distributed such that the spatial 

magnetomotive force (MMF) produced is sinusoidal. 

(iii) The surface windings have negligible depth .The core is assumed to have infinite 

permeability hysteresis, eddy current and slotting effects can be neglected. 

2.3.2 Voltage Equations in Machine Variables   

 The stator and rotor voltage equations can be represented as (2.4) and (2.5) 

in vector form, respectively [6] 

 𝑉𝑎𝑏𝑐𝑠 =  𝑅𝑠 𝐼𝑎𝑏𝑐𝑠 +𝜌𝜆𝑎𝑏𝑐𝑠 V − − − − − − − − − − − − − − − − − − −(2.4) 

𝑉𝑎𝑏𝑐𝑟= 𝑅𝑟𝐼𝑎𝑏𝑐𝑟 + 𝜌𝜆𝑎𝑏𝑐𝑟𝑉 − − − − − − − − − − − − − − − − − − − (2.5) 

Where is a differential operator as d/dt in the above equations, each vector has 

following elements [6] 

 𝑉𝑎𝑏𝑐𝑠=[𝑉𝑎𝑠 𝑉𝑏𝑠 𝑉𝑐𝑠] − − − − − − − − − − − − − − − −(2.6) 

𝐼𝑎𝑏𝑐𝑠= [𝐼𝑎𝑠 𝐼𝑏𝑠 𝐼𝑐𝑠] − − − − − − − − − − − − − − − − − (2.7) 

𝜆𝑎𝑏𝑐𝑠= [𝜆𝑎𝑠 𝜆𝑏𝑠 𝜆𝑐𝑠] − − − − − − − − − − − − − − − −(2.8) 

𝑉𝑎𝑏𝑐𝑟= [𝑉𝑎𝑟 𝑉𝑏𝑟 𝑉𝑐𝑟] − − − − − − − − − − − − − − − −(2.9) 

𝐼𝑎𝑏𝑐𝑟= [𝐼𝑎𝑟 𝐼𝑏𝑟 𝐼𝑐𝑟] − − − − − − − − − − − − − − − −(2.10) 

𝜆𝑎𝑏𝑐𝑟= [𝜆𝑎𝑟 𝜆𝑏𝑟 𝜆𝑐𝑟] − − − − − − − − − − − − − − − −(2.11) 

Where [-----]T T stands for the transpose of a matrix [− − − − − −]and s subscript 

denotes Variables and parameters associated with the stator circuits, and r subscript 

denotes variables and parameters associated with the rotor circuit. 

 The flux linkages for the stator and rotor winding can be expressed as (2: 12) in 

matrix form[6] 

[
𝜆𝑎𝑏𝑐𝑠

𝜆𝑎𝑏𝑐𝑟
]=[

𝐿𝑠𝑠 𝐿𝑠𝑟

(𝐿𝑠𝑟)
𝑇 𝐿𝑟𝑟

] [
𝐼𝑎𝑏𝑐𝑠

𝐼𝑎𝑏𝑐𝑟
] − − − − − − − − − − − − − − − − − − − (2.12) 
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Where  

𝐿𝑠𝑠 =

[
 
 
 
 
 𝐿𝑙𝑠 + 𝐿𝑚𝑠

_1

2
𝐿𝑚𝑠

_1

2
𝐿𝑚𝑠

_1

2
𝐿𝑚𝑠 𝐿𝑙𝑠 + 𝐿𝑟𝑠

1

2
𝐿𝑚𝑠

_1

2
𝐿𝑚𝑠

_1

2
𝐿𝑚𝑠 𝐿𝑙𝑠 + 𝐿𝑟𝑠]

 
 
 
 
 

𝐻𝑒𝑛𝑟𝑦 − − − − − − − − − − − − − (2.13) 

Lrr= 

[
 
 
 
 𝐿𝑙𝑟 + 𝐿𝑚𝑟

_1

2
𝐿𝑚𝑟

_1

2
𝐿𝑚𝑟

_1

2
𝐿𝑚𝑟 𝐿𝑙𝑟 + 𝐿𝑟𝑟

1

2
𝐿𝑚𝑟

_1

2
𝐿𝑚𝑟

_1

2
𝐿𝑚𝑟 𝐿𝑙𝑟 + 𝐿𝑟𝑟]

 
 
 
 

𝐻𝑒𝑛𝑟𝑦 − − − − − − − − − − − − − (2.14) 

 

An assumption is made that the mutual inductances between the stator and rotor windings 

are sinusoidal functions of the rotor angular displacement, 𝜃𝑟Hence 

𝐿𝑠𝑟=

[
 
 
 
 cos 𝜃𝑟 cos (𝜃𝑟 +

2

3
𝜋) cos (𝜃𝑟 −

2

3
𝜋)

cos (𝜃𝑟 −
2

3
𝜋) cos 𝜃𝑟 cos (𝜃𝑟 +

2

3
𝜋)

cos (𝜃𝑟 +
2

3
𝜋) cos (𝜃𝑟 −

2

3
𝜋) cos 𝜃𝑟 ]

 
 
 
 

 Henry − − − − − − −(2.15) 

 The flux linkage that enters in to the air gap region, has two parts and the mutual 

inductance between the rotor and stator is depending on the rotor position (𝜃𝑟). That means 

the rotor and stator equations are depending on each other. 

2.3.3 Machine Model in Arbitrary Reference Frames  

 There are three main reference frames of motion, which could be used to 

model the three phase induction machine in its three main regions of operation 

.These are the stationary reference frame for startup, the synchronous reference 

frame for equilibrium motion, and the rotor reference frame for changing speeds by 

acceleration or deceleration .The two commonly employed co-ordinate 

transformations with induction machine are the stationary and the synchronous 

reference frame. In order to obtain constant coefficients in the machine differential 

equations, the parks transform will be applied .He formulated a change of variables  

which, in effect, replaced the variables (voltages, currents and flux linkages) 
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associated with the stator windings of a synchronous machine with variables with 

findings rotating with the rotor [7]referring to figure (2.4) and deriving the 

equations for three phase induction machine in arbitrary reference frame with speed 

𝑤 in the same direction of rotor rotation. When 𝜔 = 𝑜, this means the reference 

frame does not move (stationary) and this transformation is commonly used is 

adjustable speed drives. Similarly, when the reference frame is revolving in the 

synchronous speed, the reference frame can be represented in synchronous 

reference frame. 

 By applying rotating coordinate transformations to the stator rotor voltages, 

current and flux linkage equations, which are represented in equations (2.4-2.15 ) 

those equations can be represented in simpler form by proper choice of reference 

frames. 

br

ar

as - axis

d - axis

bs

cs

wr

w

cr
q - axis

O
r

O

Figure 2-4 Relationship between abc and arbitrary QDO. [14]  

[

𝑓𝑞
𝑓𝑑
𝑓𝑜

] = [𝑇𝑞𝑑𝑜(𝜃)] [

𝑓𝑎
𝑓𝑏
𝑓𝑐

] − − − − − − − − − − − − − − − − − − − −(2.16) 
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Where can be stator or rotor voltage, current as well as a flux linkage of the stator 

or rotator of the induction machine ,located in the air gap region between stator and 

rotor tq do ( 𝜃) is the associated torque transformation matrix. 

 

𝑇𝑞𝑑𝑜(𝜃) =
2

3

[
 
 
 
 
 cos 𝜃 cos(θ_

2𝜋

3
) cos(θ +

2𝜋

3

sin 𝜃 sin(θ_
2𝜋

3
sin(θ

2𝜋

3
1

2

1

2

1

2 ]
 
 
 
 
 

− − − − − − − − − − − − − (2.17) 

The inverse of the transformation matrix obtained by matrix method and this is :- 

 

[𝑇𝑞𝑑𝑜(𝜃)] =

[
 
 
 
 

cos 𝜃 sin 𝜃 1

cos(θ_
2𝜋

3
) sin(θ_

2𝜋

3
) 1

cos(θ +
2𝜋

3
) cos(θ +

2𝜋

3
) 1]

 
 
 
 

− − − − − − − − − − − − − −(2.18) 

2.3.3.1 Stationary Reference Frame Equations 

 The stationary coordinate system (fixed to the stator) 𝐷 − 𝑄,in this case, the angular 

speed of the reference frame is zero .In this coordinate system, the dynamic mathematical 

model equation of the motor can be written as of figure 2.5 and figure 2.6 are as follows. 

Thus, stator and rotor voltages can be expressed as:- 

𝑉𝑠𝐷 = 𝑅𝑠𝑖𝑆𝐷 +
𝑑𝜆𝑠𝐷

𝑑𝑡
− − − − − − − − − − − − − − − − − − − −(2.19) 

𝑉𝑠𝑄 = 𝑅𝑠𝑖𝑠𝑄 +
𝑑𝜆𝑠𝑄

𝑑𝑡
− − − − − − − − − − − − − − − − − − −    (2.20) 

𝑂 = 𝑅𝑟 𝑖𝑟𝐷 +
𝑑𝜆𝑟𝐷

𝑑𝑡
+ 𝑝𝑤 𝑚𝜆𝑟𝑄 − − − − − − − − − − − − − − − −(2.21) 

O = 𝑅𝑟 𝑖𝑟𝑄 +
𝑑𝜆𝑟𝑄

𝑑𝑡
− 𝑝𝑤𝑚𝜆𝑟𝐷 − − − − − − − − − − − − − − − − (2.22) 

 

𝑤ℎ𝑒𝑟𝑒 𝑉𝑟𝐷 = 𝑉𝑟𝑄 =  𝑂, 𝑠𝑖𝑛𝑐𝑒 𝑡ℎ𝑒 𝑟𝑜𝑡𝑜𝑟 𝑐𝑎𝑔𝑒 𝑏𝑎𝑟𝑠 𝑎𝑟𝑒 𝑠ℎ𝑜𝑟𝑡 𝑐𝑖𝑟𝑐𝑢𝑖𝑡𝑒d. 
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Stator and rotor currents can be expressed as since the rotor cage bars are short circuited 

follows:- 

𝑖𝑠𝐷 = 𝜆𝑠𝐷

𝐿𝑟

𝐿𝑥
− 𝜆𝑟𝐷

𝐿𝑚

𝜆𝑥
  − − − − − − − − − − − − − − − − − − − − − (2.23) 

𝑖𝑠𝑄 = 𝜆𝑠𝑄

𝐿𝑟

𝐿𝑥
− 𝜆𝑟𝑄

𝐿𝑚

𝐿𝑥
− − − − − − − − − − − − − − − − − − − − − (2.24) 

𝑖𝑟𝐷 = 𝜆𝑟𝐷

𝐿𝑠

𝐿𝑥
– 𝜆𝑠𝐷

𝐿𝑚

𝐿𝑚
 − − − − − − − − − − − − − − − − − − − −        (2.25) 

𝑖𝑟𝑄 = 𝜆𝑟𝑄

𝐿𝑠

𝐿𝑥
− 𝜆𝑠𝜃

𝐿𝑚

𝐿𝑥
− − − − − − − − − − − − − − − − − − − − − −(2.26) 

where 𝐿𝑥  =  𝐿𝑠𝐿𝑟 − 𝐿𝑚
2 

R
s

L
r

L
m

Figure 2-5 D-equivalent circuit of squirrel-cage induction motor in stationary reference

frame
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Figure 2-6 Q-equivalent circuit of squirrel-cage induction motor in stationary reference frame
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The electromagnetic torque is developed by the interaction of air gap flux and rotor 

𝑀𝑀𝐹 which can be expressed in general form as:- 
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𝑇𝑒 =
3

2
𝑃(𝜆̅𝑠)(𝑖𝑟)̅̅ ̅̅ ̅ − − − − − − − − − − − − − − − − − − − − − (2.27) 

Where𝜆𝑠̅ _ 𝑠𝑝𝑎𝑐𝑒 𝑝ℎ𝑎𝑠𝑜𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑡𝑜𝑡𝑜𝑟 𝑓𝑙𝑢𝑥  

𝑖𝑟̅ –𝑠𝑝𝑎𝑐𝑒𝑝ℎ𝑎𝑠𝑜𝑟𝑜𝑓𝑡ℎ𝑒𝑟𝑜𝑡𝑜𝑟𝑐𝑢𝑟𝑟𝑒𝑛𝑡 

The torque equations can be written in stationary reference frame with corresponding variables  

𝑇𝑒=
2𝑝

3
(𝜆𝑑𝑠𝑖𝑄𝑠 − 𝜆𝑄𝑠𝑖𝐷𝑠)  − − − − − − − − − − − − − − − − − (2.28) 

=
2𝑝

3
  (𝜆𝐷𝑟 𝑖𝑄𝑟 − 𝜆𝑄𝑟 𝑖𝑄𝑟) − − − − − − − − − − − − − − − − − − − − (2.29) 

=
2

3
𝑝𝐿𝑚(𝑖𝜗𝑠𝑖𝐷𝑟𝑖𝜗𝑟) − − − − − − − − − − − − − − − − − −(2.30) 

 

 

2.3.3.2 Motion Equation  

 The equation of the dynamic rotor rotation can be expressed as :- 

𝑑𝑤𝑚

𝑑𝑡
= 

1

𝐽
[𝑇𝑒 − 𝑇𝐿 − 𝐵𝑤𝑚

] − − − − − − − − − − − − − − − − − − − − − (2.31) 

𝑤𝑒𝑟𝑒 𝑇𝑒 − 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑡𝑜𝑟𝑞𝑢𝑒 

𝑇𝐿 − 𝐿𝑜𝑎𝑑𝑡𝑜𝑟𝑞𝑢𝑒 

       𝐵 −  𝑉𝑖𝑠𝑐𝑜𝑢𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

                                             𝐽 −  𝑚𝑜𝑚𝑒𝑛𝑡 𝑜𝑓 𝑖𝑛𝑒𝑟𝑡𝑖𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑎𝑏𝑜𝑣𝑒 𝑟𝑜𝑡𝑜𝑟  

𝑈𝑠𝑖𝑛𝑔 𝑡ℎ𝑒 𝑡𝑜𝑟𝑞𝑢𝑒 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 (2.28)𝑡ℎ𝑒 𝑎𝑏𝑜𝑣𝑒 𝑚𝑜𝑡𝑖𝑜𝑛 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛  

(2.31)𝑐𝑎𝑛𝑏𝑒𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑒𝑑𝑎𝑠𝑓𝑜𝑙𝑙𝑜𝑤𝑠: 

𝑑𝑤𝑚

𝑑𝑡
= 

1

𝐽
𝑝[(𝜆𝐷𝑠𝑖𝑄𝑠 − 𝜆𝑄𝑠𝑖𝐷𝑠) − 𝑇𝐿  −  𝐵𝜔𝑚] − − − − − − − − − −(2.32) 

 The D-axis and Q-axis of the stator voltages are the input voltages of the induction motor that are 

modeled in the stationary reference frame. 

 Generally, the stator and rotor voltages and currents of the motor in stationary reference 

frame  can be expressed as:- 
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𝜈𝑠𝐷 = 𝑅𝑠𝑖𝑠𝐷 +
𝑑𝜆𝑠𝐷

𝑑𝑡
− − − − − − − − − − − − − − − − − − − − − − − − (2.37) 

𝜈𝑠𝑄 = 𝑅𝑠𝑖𝑠𝑄 +
𝑑𝜆𝑠𝑄

𝑑𝑡
− − − − − − − − − − − − − − − − − − − − − − − (2.38)        

𝑂 = 𝑅𝑟𝑖𝑟𝑑+d
𝑑𝜆𝑟𝑑

𝑑𝑡
− 𝑝𝜔𝑚 𝜆𝑟𝑄 − − − − − − − − − − − − − − − − − − − − − (2.39) 

𝑂 = 𝑅𝑟 𝑖𝑟𝑄 +
𝑑𝜆𝑟𝑑

𝑑𝑡
− 𝑝𝜔𝑚 𝜆𝑟𝐷 − − − − − − − − − − − − − −(2.40) 

𝑖𝑠𝐷 = 𝜆𝑠𝐷 
𝑙𝑟

𝑙𝑥
−  𝜆𝑟𝐷 

𝐿𝑚

𝐿𝑥
− − − − − − − − − − − − − − − − − − − −   (2.41) 

is𝑄 =  𝜆𝑠𝑄 
𝐿𝑟

𝐿𝑥
−  𝜆𝑟𝑄 

𝑙𝑚

𝐿𝑥
− − − − − − − − − − − − − − − − − − − − − (2.42) 

𝑖𝑟𝐷 = 𝜆𝑟𝐷

𝐿𝑠

𝐿𝑥
  −  𝜆𝑟𝐷

𝐿𝑚

𝐿𝑥
− − − − − − − − − − − − − − − − − − − − − −(2.43) 

𝑖𝑟𝑄 = 𝜆𝑟𝑄 
𝐿𝑠

𝐿𝑥
   −   𝜆𝑆𝐷

𝐿𝑚

𝐿𝑥 
 − − − − − − − − − − − − − − − − − − − − − (2.44) 

Where 𝐿𝑥 = 𝐿𝑠𝐿𝑟– 𝐿𝑚
2 

The motion of the dynamic rotor rotation can be expressed as: 

𝑑𝑤𝑚

𝑑𝑡
=

1

𝐽
[𝑇𝑒 − 𝑇𝐿 − 𝐵𝑤𝑚] − − − − − − − − − − − − − − − − − − − −(2.45) 

Where 

     Te =  
2

3
P (λDs iQs − λQs iDs) 

     TL – Load torque 

     B – Viscous constant 

     J – Moment of inertia 

     P – Number of poles  
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CHAPTER 3 

Direct Torque Control of Three-phase Induction Motor 

3.1 Introduction 

 A DC machine drives are simpler in control because they independently 

control flux, which, when maintained constant, contributes to an independent 

control of torque. This is made possible with separate control of field and armature 

currents which, in turn, control the field flux and torque independently.  Moreover, 

the DC motor control requires only the control of the field or armature current 

magnitudes, providing a simplicity not possible with AC machine control. Induction 

motor drives require a coordinated control of stator current magnitudes, frequencies 

and their phases, making it a complex control. As with the DC drives, independent 

control of the flux and torque is possible in AC drives. 

 Direct torque control of three phase induction motor drive is one of the most 

excellent strategies of torque control in induction motor.  It controls the torque and 

flux effectively. In this drive, the decoupling of the torque and flux components is 

accomplished by using hysteresis comparators which compares the actual and 

estimated values of the electromagnetic torque and stator flux. The DTC drive 

consists of torque and flux estimator, optimum switching vector selector, hysteresis 

controllers and a voltage source inverter. 

3.2 Basic Principle of Direct Torque Control of Induction Motor 

 The DTC of induction motor drive is more used in controlling the induction 

motor because it is considered as a simple and robust method. On the basis of the 

errors between the reference and the estimated values of torque and flux, it is 

possible to directly control the inverter states to reduce the torque and flux errors 

within prefixed band limits. In spite of its simplicity, DTC allows for good torque 

control in steady – state and transient operating conditions. 
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 The stator EMF depends on the stator flux, so the magnitude of the EMF 

depends on the stator voltage hence, 𝜆𝑠=∫(𝑉𝑠 − 𝑅𝑠  𝑖𝑠)dt and the torque, by 

definition is the cross product of the stator flux and the rotor flux. As a result, the 

magnitude of the stator flux and the developed electromagnetic torque can be 

adjusted by selecting the state of the inverter of space vectors of the stator voltage 

[3] , [13] 

     Figure 3.1 shows the schematic diagram of simple form of the DTC induction 

motor drive, employing a VSI. In this scheme the stator flux is the controlled flux, 

thus it will be referred to as a stator – flux – based DTC induction motor drive. 

Figure 3.1Siplified Block Diagram of DTC Scheme [3] 

In figure 3.1 a voltage source inverter is a six – pulse inverter – fed stator 

flux – based DTC induction motor drive shown direct torque control involves the 

separate control of the stator flux and torque through the selection of optimum 

inverter switching modes. In figure 3.2, the reference value of the stator flux – 

linkage space vector modulus,|λ̅sref| ,  is compared with the actual modulus of the 

stator flux – linkage space vector,|𝜆̅𝑠| ,   and the resulting error is fed into the two 

level stator flux hysteresis comparator. 

 Similarly, the reference value of the electromagnetic torque (𝑇𝑒  𝑟𝑒𝑓) is 

compared with its actual value (Te) and the electromagnetic torque error signal is 

fed into the three – level torque hysteresis comparator. 
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Figure 3.2 Block diagram of the DTC drive system [3] 

The output of the flux and torque comparators (Δ𝜆𝑠,ΔTe) are used in the inverter 

optimal switching table, which also uses the information of the position of the stator 

flux – linkage space vector. 

The flux – linkage and electromagnetic errors are restricted within their respective 

hysteresis bands, which are 2Δ𝜆𝑠 and 2ΔTe wide respectively. The flux hysteresis 

band mainly affects the stator – current distortion interms of low-order harmonics, 

and torque hysteresis band affects the switching frequency and thus the switching 

losses. The DTC scheme requires flux – linkage and electromagnetic torque 

calculators. Thus each parts of the DTC will be discussed in detail in the following 

sections. 
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3.3 Direct Torque Control of a Voltage Source Inverter Fed 

Induction Motor 

The basic premises and principles of the direct torque control (DTC) method 

proposed by Takahashi and Noguchi in 1985[3]. In DTC induction motor drive, 

supplied by a voltage source inverter, it is possible to control directly the stator flux 

linkage and the electromagnetic torque by the selection of optimum inverter 

switching modes. The selection is made to restrict the flux and torque errors with 

respective flux and torque hysteresis bands, to obtain fast torque response, low 

inverter switching frequency, and low harmonic losses. DTC allows very fast torque 

responses and flexible control of and induction motor.  

 In a symmetrical three-phase induction motor the instantaneous 

electromagnetic torque is proportional to the cross - vectorial product of the stator 

flux – linkage space vector and the stator – current space vector. 

𝑇
𝑒=

3

2

𝑃𝜆̅𝑠 × 𝑖𝑠̅ − − − − − − − − − − − − − − − − − − − − − − − − − − − − (3.1) 

Where 𝜆̅𝑠 is the stator flux – linkage Space vector and 𝑖𝑠̅ is the stator – current space 

vector. 

In equations (3.1), both space vectors are expressed in the stationary reference 

frames. By considering that  

𝜆̅𝑠= |𝜆̅𝑠| exp(j < λs), where < λs is the angle of the stator flux linkage space vector 

with respect to the direct axis of the stator reference frame and  

𝑖𝑠̅ = |𝑖𝑠|exp (𝑗 × 𝑠), where 𝑥𝑠 is the angle of stator current space vector with respect 

to the direct axis of the stator reference frame. We can put equations (3.1) into the 

following form: 

𝑇
𝑒= 

3
2
𝑃|𝜆̅𝑠||𝑖𝑠̅| sin(𝑥𝑠−<λs) 

      =
3

2
𝑃|𝜆̅𝑠||𝑖𝑠̅| sin 𝑋----------------------------------------------------------------------- (3.2) 
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where X=𝑥𝑠-< 𝜆𝑠 is the angle between the stator flux –linkage and stator – current 

space vector. The relationship between the stator flux linkage and stator current 

space vectors is shown in figure (3.1)  

s
s

s


si


SD

SQ

Figure 3-3  Stator flux linkage and stator current space vectors [8]

 

Form the motor voltage equation (2.19), for the omitted voltage drop on the stator 

resistance, the stator flux can be expressed as: 

𝑑𝜆̅𝑠

𝑑𝑡
= 𝑣̅𝑠 -----------------------------------------------------------------------(3.3) 

Taking into consideration the output voltage of the inverter in the above equation it 

can be written as: 

𝑣̅𝑠=∫ 𝑉𝑘𝑑𝑡
𝑡

0
--------------------------------------------------------------------(3.4) 

where 

𝑣̅𝑘= {
3

2

0
𝑣𝑑𝑐𝑒

𝑗 (𝑘−1) 𝜋
3⁄   , k = 1-----6    -------------------------------(3.5)            , 

k = 7,8 

Equation (3.4) describes eight voltage vectors which correspond to possible inverter states. 

3.3.1 Voltage Source Inverter 

There are many topologies for the voltage source inverter used in DTC 

control of induction motors that give high number of possible output voltage 
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vectors [9]_[12] but the most common one is the six step inverter. A six step 

voltage inverter provides the variable frequency Ac voltage input to the induction 

motor in DTC method. The DC supply to the inverter is provided either by a dc 

source like a battery, or a rectifier and the so-called dc link, composed of a 

capacitor, c, and inductor, L supplied form a three phase (or a single phase) AC 

source Figure (3.4)shows a six step voltage source inverter. The inductor L is 

inserted to limit shot through fault current. A large electromagnetic capacitor C is 

inserted to stiffen the dc link voltage. 

The switching devices in the voltage source inverter bridge must be capable 

of being turned off and on Insulated gate bipolar transistors (IGBT) are used 

because they have this ability in addition; they offer high switching speed with 

enough power rating. Each IGBT has an inverse parallel-connected diode. This 

diode provides alternate path for the motor current after the IGBT is turned off [2]. 

 

Figure 3.4 Voltage Source Inverter 

The inverter produces six non-zero active-switching space vectors (𝑣̅1, 𝑣̅2, − − − −

𝑣̅6) and two zero space vectors (𝑣̅7, 𝑣̅8). These eight switching states are shown in 

figure (3.5). 

The six active inverter- switching vectors can be expressed as  

𝑣̅𝑠 = 𝑣̅𝑘 =
2

 3
𝑣𝑑𝑐𝑒𝑥𝑝 [𝑗 (𝑘 − 1)

𝜋

3
] ------------------------------------------------------- (3.6) 

Where 𝑉𝑑c is the DC link voltage and k=1, 2, -------- 6. For k=7 and 8,𝑉̅𝑘=0 holds for the 

two zero – switching states where the stator winding are short circulated, and 𝑉̅𝑠 = 𝑉̅𝑘=0 
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Figure 3.5 Eight Switching States of the PWM VSI inverter [8] 
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Figure 3.6 Eight corresponding switching space vectors [8] 

Voltage source inverter are so controlled that one switch in each leg is on 

and the other leg is off. In this way, the turned-on switch connects one of the input 

terminals to the output terminal, and potentials of all three output terminals are 

always known. To avoid the so-called shot-through, that is, potentially damaging 

simultaneous condition of both switches in the same leg, turn-on of a switch is 

delayed a little with respect to turn-off of the other switch. This delay, on the order 

of few microseconds, is called a dead time or blanking time.  

3.3.1.1 PWM Voltage Source Inverter Switching States and Space Vectors 

A six- pulse PWM VSI-fed inverter is shown in figure (3.7). 



 Space Vector Based Fuzzy Controlled DTC of three phase induction 
Motor Drive 

 

28 
Addis Ababa University, AAiT,SECE                                                            MSc Thesis by Dawit M. 

Vd

+

-

S1

S4 S6

S3

S2

S5

a b c

=

Vd

+

-

SB SC

SA

SA=1

SA=0 SB=0

SB=1

SC=0

SC=1

SB SC

SA

Figure 3.7 Schematic of PWM VSI inverter [8] 
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3.3.2 Stator Flux Vector Estimation 

 In the DTC induction motor drive the stator – flux – linkage components 

have to be estimated due to two reasons. First, these components are required in the 

optimum switching vector selection and secondly, they are also required for the 

estimation of the electromagnetic torque. It follows directly from the stator voltage 

equation in the stator reference frame that: 

𝜆𝑠𝐷=∫(𝑉𝑠𝐷 − 𝑅𝑠𝑖)dt --------------------------------------------------------------- (3.7) 

𝜆𝑠𝑄=∫(𝑉𝑠𝑄 − 𝑅𝑠𝑖)dt --------------------------------------------------------------- (3.8) 

Since 𝜆̅𝑠 = 𝜆𝑆𝐷+𝑗𝜆𝑆𝑄, the stator flux angle (< 𝜆𝑠) can be determined by using the 

estimated values of the direct and quadrature – axis stator flux linkages in the 

stationary reference frame (𝜆𝑆𝐷,𝜆𝑆𝑄); thus 

< 𝜆𝑠 = tan−1(𝜆𝑆𝑄 /𝜆𝑆𝐷)-------------------------------------------------------------- (3.9) 

Alternatively 

< 𝜆𝑠 = cos−1(𝜆𝑆𝐷/𝜆𝑠̅) --------------------------------------------------------------- (3.10) 

Can also be used, where |𝜆̅𝑠| = (𝜆𝑆𝐷
2 + 𝜆𝑆𝑄

2)1/2 

Or the expression 

< 𝜆𝑠 =sin−1(𝜆𝑆𝑄  /|𝜆𝑠|) --------------------------------------------------------------- (3.11) 

3.3.3 Electromagnetic Torque Estimation 

 For instantaneous torque control it is necessary to have a very accurate 

electromagnetic torque estimator.  There are many possibilities for estimating the 

electromagnetic torque, for example, it can be obtained by using the estimated flux 

linkages and monitored stator currents. 

𝑇𝑒 = 
3

2
𝑃(𝜆𝑆𝐷𝑖𝑆𝑄 − 𝜆𝑆𝑄𝑖𝑆𝐷) ---------------------------------------------------------- (3.12) 
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3.3.4 Hysteresis Controllers 

 DTC of induction motor drives requires two hysteresis controllers. The drive 

performance is influenced by the width of the hysteresis bands in terms of flux and 

torque ripples, current harmonics and switching frequency of power electronics 

devices. 

3.3.4.1 Flux Hysteresis Controller 

 The flux hysteresis controller is a two level controller. Thus the flux control 

loop has two digital outputs. The stator flux error Δ𝜆𝑠 is given to the flux hysteresis 

controller and the output is flux error status (𝑑𝜆𝑠) which can have two values and 1 

The width of the hysteresis band is 2Δ𝜆𝑠.flux error status is given to the switching 

table for the optimum voltage vector selection for the voltage source inverter. 

 

sref sd
s

s

s2

+

        -

1

0

Figure 3.8 Flux hysteresis controller 

 Stator flux error, 2Δ𝜆𝑠. = 𝜆𝑠 𝑟𝑒𝑓 − |𝜆𝑠| ------------------------------------- (3.13) 

|𝑑𝜆𝑠|=1 if|𝜆𝑠| < |𝜆𝑠𝑟𝑒𝑓| − |∆𝜆𝑠|: flux to be increased ----------------------------(3.14) 

|𝑑𝜆𝑠|=0 if|𝜆𝑠| < |𝜆𝑠𝑟𝑒𝑓| + |∆𝜆𝑠|: flux to be decreased -------------------------- (3.15) 
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3.3.4.2 Torque Hysteresis Controller 

 The torque hysteresis controller is a three level controller. It means the 

torque control loop has three levels of digital outputs. The torque error ∆Te is given 

to the torque hysteresis controller and the output is torque error status (dTe) which 

can have three values -1,0 or 1.The width of the hysteresis band is 2∆Te. Torque 

error status is given to the switching table for optimum voltage selection for the 

voltage source  inverter. 

Torque error,∆𝑇𝑒 = 𝑇𝑒𝑟𝑒𝑓 − 𝑇𝑒 − − − − − − − − − − − − − − − − − − − −(3.16) 

𝑑𝑇𝑒/= 1 𝑖𝑓 /𝑇𝑒 < /𝑇𝑒𝑟𝑒𝑓/−/∆𝑇𝑒/: 𝑇𝑜𝑟𝑞𝑢𝑒 𝑡𝑜 𝑏𝑒 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒𝑑 − − − −   (3.17) 

/𝑑𝑇𝑒/ =  −1 𝑖𝑓 >/𝑇𝑒𝑟𝑒𝑓/+/∆𝑇𝑒/: 𝑇𝑜𝑟𝑞𝑢𝑒 𝑡𝑜 𝑏𝑒 𝑑𝑒𝑐𝑟𝑒𝑎𝑠𝑒𝑑 − − − − − − − (3.18) 

/𝑑𝑇𝑒/= 0 𝑖𝑓 /𝑇𝑒 = /𝑇𝑒𝑟𝑒𝑓/: 𝑇𝑜𝑟𝑞𝑢𝑒 𝑟𝑒𝑚𝑎𝑖𝑛  𝑢𝑛𝑐ℎ𝑎𝑛𝑔 − − − (3.19) 

3.3.5 Controlling Torque and Flux through Hysteresis 

 During every sampling period, we select switching vectors to keep the stator 

flux linkage errors within the required tolerance  band and the torque error. The 

upper limit is one Δ above the reference and the lower limit is one Δ below. In 

terms of low order harmonics, the flux hysteresis band mainly affects the stator 

current distortion. The torque Hysteresis band affects the switching frequency and, 

thus, the switching losses. This scheme requires the use of flux linkage and torque 

estimators. 
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Figure  3.10  Control of the stator flux linkage space vector: Stator flux linkage space 

vector:stator flux linkage space vector locus and inverter switching errors. [8] 

The objective is to keep the modulus of the stator flux linkage space vector /𝜆𝑠̅  / 

within the hysteresis band, denoted by the two circles whose width is 2Δ𝜆𝑠, as 

shown in figure (3.10). Due to the six-step inverter, the locus of the flux linkage 

space vector is divided into the six sectors shown in figure (3.10) If the stator flux 

linkage space vector is initially at point po(sector one) and rotating 

counterclockwise, then the stator flux linkage is at the upper limit and must be 

reduced. As shown in figure (3.10) applying𝜈3̅ achieves reduction. The stator flux 

linkage space vector moves from po to p1 (sector2) and, once again, reaches the 

upper limit Once again (when rotating counterclockwise) applying the switching 

vector 𝑣̅4 reduces the stator flux linkage appropriately Now,𝜆̅5 moves from p1 to p2 

(still in sector2). If at point p1, the rotation of the stator flux linkage space vector 

must be stopped, then a zero switching vector, either 𝜈7̅ (111)or𝜈8̅ (000), has to be 

applied. Since the last switching vector applied was 𝜈3̅ (010), then 𝜈8̅is used 

because only the switching of the second switch from 1 to 0 is required .The 
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switching vector that requires the minimum amount of switching should always be 

chosen [8] 

 As discussed above, stopping the rotation of the stator flux linkage space 

vector corresponds to the case when the electromagnetic torque does not have to be 

changed when it has to be changed. in either the clockwise or counterclockwise 

direction, then the stator flux linkage space vector has to be rotated in the 

appropriate direction. When the stator flux linkage rotates counterclockwise and if 

an increase in torque is required (ie, the stator flux linkage space is at point p1 

where the flux linkage is at its upper limit)then the increase in torque is required but 

the flux linkage is at the lower limit and must be increased, then this is achieved by 

applying switching vector v1 because this moves the stator flux linkage space 

vector in the clockwise direction (or in the direction of negative torque) and also 

increases the flux linkage.  

 In order to make more comprehensive controlling of torque and flux through 

hysteresis, he can see the following analysis. For the stator flux vector laying in 

sector 1 (figure 3.11) in order to increase its magnitude the voltage vectors𝜈1̅, 𝜈2,̅̅ ̅̅̅can 

be selected Conversely, a decrease can be obtained by selecting, 𝜈3̅, 𝜈4,̅̅ ̅̅ ̅ 𝜈5̅By 

applying one of the zero vectors 𝑣8 𝑜𝑟𝑣7 the integration in equation (3,4) is 

stopped .The stator flux vector is not changed. 

 For the torque control between stator and rotor flux is used .Therefore, to 

increase motor torque the voltage vectors 𝜈2,̅̅ ̅𝜈3,̅̅ ̅𝜈4̅can be selected and to decrease 

the torque 𝜈1̅, 𝜈5,̅̅̅̅ 𝜈6̅can be selected .The above considerations allow construction of 

the selection table as discussed in the next section 
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Figure 3-11  Selection of the optimum voltage vectors for the stator flux vector in sector 1 

3.3.6 Optimum Switching Vector Selection  

 The locations of the various stator flux linkage vector, if the stator flux 

linkage space vector is in one of the six sectors are shown is figure (3.12) 
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Fig. (3-19)  Position of various stator flux linkage space vectors and section of the optimum switching

      vectors: FI: flux increase; FD: flux decrease; TI: torque increase; TD: torque decrease [8]



 Space Vector Based Fuzzy Controlled DTC of three phase induction 
Motor Drive 

 

36 
Addis Ababa University, AAiT,SECE                                                            MSc Thesis by Dawit M. 

 

 The table (3.1) given below gives the optimum selection of the switching vectors 

for all the possible stator flux-linkage space-vector positions (six positions, corresponding 

to the six sectors shown is figure (3.10), where sector 1 is in the range of (1) , sector 2 is 

the range of 𝛼(2) --------- sector 6 is in the range of α(6) and the desired control inputs 

(which are the reference values of the stator flux-linkage modulus and the electromagnetic 

torque respectively) 

 If a stator flux is required then d𝜆𝑠 = 1 , 𝑖𝑓 a stator flux-linkage decrease is required 

d𝜆𝑠 = 𝑂The notation Corresponds to the fact that the digital output signals of a two-level 

flux hysteresis comparator are d𝜆𝑠𝑤ℎ𝑒𝑟𝑒 

/𝑑𝜆𝑠/= 1 𝑖𝑓 /𝜆̅𝑠/< /𝜆̅𝑠𝑟𝑒𝑓/−/∆𝜆𝑠/− − − − − − − − − − − − − − − − − − (3.20) 

/𝑑𝜆𝑠/= 0 𝑖𝑓 /𝜆̅𝑠/ >//𝜆̅𝑠𝑟𝑒𝑓/+/𝛥𝜆𝑠/− − − − − − − − − − − − − − − − − (3.21) 

If a torque increase is required then 𝑑𝑇𝑒 = 1, if a torque decrease is required then 

𝑑𝑇𝑒 =-1 and if no change in the torque is required then dTe =0  

The notation corresponds to the fact that the digital output signals of a three-level 

hysteresis comparator are 𝑑𝑇𝑒, where for anticlockwise rotation (forward rotation) 

/𝑑𝑇𝑒/= 1 𝑖𝑓/𝑇𝑒/  /< /𝑇𝑒𝑟𝑒𝑓/ − /∆𝑇𝑒/− − − − − − − − − − − − − − − (3.22) 

/𝑑𝑇𝑒/ = 0 𝑖𝑓  /𝑇𝑒/= /𝑇𝑒𝑟𝑒𝑓/ − − − − − − − − − − − − − − − − − − − − (3.23) 

/𝑑𝑇𝑒/=  −1 𝑖𝑓 /𝑇𝑒/ > /𝑇𝑒𝑟𝑒𝑓/ + /∆𝑇𝑒/ − − − − − − − − − − − − − − −(3.24) 
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Table 3.1 Optimum voltage switching vector look-up table [8] 

 𝛼(1)            𝛼(2)         𝛼 (3)           𝛼(4)           𝛼(5)               𝛼(6) 

 Sector 1         Sector 2          Sector 3           Sector 4         sector5              Sector 6 

dTe 

dλs 

1 

1 

0 

-1 

𝜈2̅ 

𝜈7̅ 

𝜈6̅ 

𝜈3̅ 

𝜈8̅ 

𝜈1̅ 

𝜈4̅ 

𝜈7̅ 

𝜈2̅ 

𝜈5̅ 

𝜈8̅ 

𝜈3̅ 

𝜈6̅ 

𝜈7̅ 

𝜈4̅ 

𝜈1̅ 

𝜈8̅ 

𝜈5̅ 

 

 

0 

1 

0 

-1 

𝜈3̅ 

𝜈8̅ 

𝜈5̅ 

𝜈4̅ 

𝜈7̅ 

𝜈6̅ 

𝜈5̅ 

𝜈8̅ 

𝜈1̅ 

𝜈6̅ 

𝜈7̅ 

𝜈2̅ 

𝜈1̅ 

𝜈8̅ 

𝜈3̅ 

𝜈2̅ 

𝜈7̅ 

𝜈4̅ 

 

 

Active switching vectors 𝜈1̅(100) ;  𝜈2̅ (110) ; 𝜈3̅(010) ; 𝜈4̅(011) ; 𝜈5̅ (001) ; 𝜈6̅ (101) 

Zero switching vectors:    𝜈7̅ (111);   𝜈8̅ (000) 
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CHAPTER 4 

Fuzzy Controlled Direct Torque Control of Induction 

Motor Drive 

4.1 Introduction 

 Traditionally mathematical-model-based analysis techniques have always 

been for the steady-state and transient analysis of electrical machines. There are 

many techniques, but they mainly differ in their complexity and the many 

assumptions used. The main advantages of using AI (Artificial Intelligence) are the 

design does not require a mathematical model of the plant and to reduce the tuning 

efforts associated with the controllers and also to obtain improved responses [8]. 

 However, it is possible to perform the simulations and also implementations 

of estimators, controllers etc in real time by using artificial intelligence based 

techniques (e.g Artificial Neural Networks (ANN), Fuzzy-logic Systems, Fuzzy-

Neural Networks, etc), which does not require a mathematical model of the 

machine and drive system [8]. Such a system is not restricted by the many 

assumptions used in conventional electrical machine and linear control theories. It 

can also yield the results more quickly than by using the conventional approach. 

 Among the different artificial intelligence techniques either fuzzy logic or 

neural network can be selected as in the case of Direct Torque Control of induction 

motor drive. And both show the best control strategies in conventional Direct 

Torque Control drawbacks. Thus, in this thesis fuzzy logic controller is selected to 

design the switching vector selection of the conventional Direct Torque Control. 

The main features of the selection of fuzzy logic controller are: 

 Fuzzy logic controller incorporates ambiguous human logic into computer 

programs. It suits control problems that cannot be easily represented by 

mathematical models. For instance, weak mathematical model, parameter 

validation problem, unavailable or incomplete data, very complex plants, 
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with these difficulties. Fuzzy logic controller has good qualitative 

understanding of plant or process operation. 

 Because of its unconventional approach, design of such controllers leads to 

faster development or implementation cycles. 

 It is comfortable in implementation like FPGA 

4.2 Fuzzy Logic Controller 

 Fuzzy logic is a technique to embody human like thinking into a control 

system. It can be designed to emulate human deductive thinking, that is, the process 

people used to infer conclusions from what they knew [17]. 

 There are many types of fuzzy-logic controllers. The most used are Takagi-

Sugeno(T-S) and mamdani type of fuzzy-logic controller. Mostly for controllers, 

the fuzzy mamdani type is used and so does for the conventional Direct Torque 

Control of Induction Motor Drive. 

 Figure 4.1 shows the basic configuration of Fuzzy-Logic Controller [8], 

which comprises four main parts: fuzzifier, knowledge base, inference engine and 

defuzzifier two of which perform transformations. 
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Figure 4.1 Schematic block diagram of a control system containing a mamdani type of 

fuzzy logic controller 

The fuzzifier is the input part of Fuzzy-Logic Controller which performs 

measurement of the input signals (input variables, real variables), scale mapping 

and fuzzification (transformation1). Thus all the monitored input signals are scaled 

and fuzzification means that the measured signals (crisp input quantities which have 

numerical values) are transferred into fuzzy quantities (which are also referred to as 

linguistic variables). This transformation is performed by using membership 

functions. The number and shapes of membership functions are initially determined 

by the user. A membership function has a value between 0 and 1 and it indicates the 

degree of belongingness of a quantity to a fuzzy set. The membership function can 

take many forms including triangular, Gaussian, bell-shaped, trapezoidal etc. the 

Knowledge 
base

Fuzzifier
(Transforation 1)

Defuzzifier
(Transforation 2)

Inferene 

engine

Controlled
System

(Fuzzy)(Fuzzy)

(Crisp)
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initial forms of the membership function can be obtained by using expert 

considerations or by clustering the input data. 

 The knowledge base consists of the database and the linguistic-control rule 

base. The database provides the information which is used to define the linguistic 

control rules and the fuzzy data manipulation in the Fuzzy-Logic Controller. The 

rule based specifies the control goal actions by means of a set of linguistic control 

rules. The Fuzzy-Logic Controller looks at the input signals and by using the expert 

rules determines the appropriate output signals. The rule base contains a set of IF-

THEN rules. The main methods of developing the rule base are modeling the 

control action of the operator and modeling the process. 

 The inference engine is the kernel of a Fuzzy-Logic Controller and has the 

capability both of simulating human decision-making based on fuzzy concepts and 

of inferring fuzzy control actions by using fuzzy implication and fuzzy-logic rules 

of inference. In other words, once all the monitored input variables are transformed 

into their respective linguistic variables, the inference engine evaluates the set of if-

then rules and thus a result is obtained which is again a linguistic value for the 

linguistic variable. This linguistic result has then to be transformed into a real 

output value of the Fuzzy-Logic Controller and that is why there is a second 

transformation in the Fuzzy-Logic Controller. 

 Defuzzification decides the crisp output from fuzzy output of the inference 

section. It is the second transformation which performs scale mapping as well as 

defuzzification. The defuzzification yields a non-fuzzy, real control action from the 

inference fuzzy control action by using membership functions. There are many 

defuzzification techniques, but due to the simplicity of its implementation and 

simpler training algorithms, the center of gravity method is adopted here. 

Physically, this corresponds to taking a weighted average of the control action 

contributions from each of the various fuzzy rules. 
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4.3 Design of Fuzzy-Logic Based duty-ratio Controller 

 4.3.1 Introduction 

In the DTC induction motor drive, there are torque and flux ripples, since 

none of the inverter switching vectors is able to produce the desired changes in the 

electromagnetic torque and stator flux linkage in most of the switching instances. 

However, the ripples in electromagnetic torque and stator flux linkages can be 

reduced by using various techniques, some of which do not involve high switching 

frequency and change of inverter topology like duty ratio control. 

In a DTC induction motor drive, increased switching frequency is desirable 

since it reduces the harmonic content of the stator currents, and also leads to reduce 

torque harmonics. However, if high switching frequency is used, this will result 

insignificantly increased switching losses which leads to reduce efficiently and 

increased stress on the semiconductor devices of the inverter. Furthermore, in the 

case of high switching frequency, a fast processor is required since the control 

processing time becomes small. When an alternative inverter topology is used, it is 

possible to use an increased number of switches, but this also increases the cost. 

However, if instead of applying a voltage vector for the entire switching period, it is 

applied for a portion of the switching period, then the ripple can be reduced. This is 

defined as duty ration control in which the ration of the portion of the switching 

period for which a non-zero voltage vector is applied & the complete switching 

period is known as the duty ratio (𝛿). 

4.3.2 Fuzzy Logic Based Duty Ratio Control 

In the conventional DTC a voltage vector is applied for the entire switching period, 

and this causes the stator current and electromagnetic torque to increase over the whole 

switching period. Thus for small errors, the electromagnetic torque exceeds its reference 

value early during the cycle, and continues to increase, causing a high torque ripple. This is 

then followed by switching cycle in which the zero switching vectors are applied inorder to 

reduce the electromagnetic torque to its reference value. 
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The ripple in the torque and flux can be reduced by applying the selected 

inverter vector not for the entire switching period, as in the conventional DTC 

induction motor drive, but only for a part of the switching period. The time for 

which a non-zero voltage vector has to be applied is chosen so as to increase the 

electromagnetic torque to its reference value. When the electromagnetic torque 

reaches its reference value, a zero voltage is forced on the machine on the machine, 

and thus the electromagnetic torque is almost constant, it only decreases slightly. 
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Figure 4.2 shows a DTC induction motor drive with a fuzzy logic based duty-ratio 

controller. The average input DC voltage to the motor during the application of 

each switching vector is 𝛿VdC. By varying the duty ratio between zero and one, it is 

possible to apply any voltage to the motor with an average value between 0 and Vdc 

during each switching period. This increases the choice of the voltage vector, which 

is limited by the number of switching vectors in the conventional DTC induction 

motor drive. The duty ratio is selected to give a voltage vector whose average over 

the switching cycle gives the desired torque change, thus resulting in reduced torque 

ripples. 

The duty ratio of each switching state is a non-linear function of the 

electromagnetic torque error, stator flux linkage error and the position of the stator 

flux-linkage space vector. Thus, it is difficult to model this non-linear function. 

However, by using a fuzzy-logic based DTC system, it is possible to perform fuzzy-

logic based duty ratio control, where the duty ratio is determined during every 

switching cycle. In this fuzzy-logic system, there are two inputs, the 

electromagnetic torque error eTe = Te ref. – Te and the stator flux-linkage 

position∠𝜆−𝑠.The output of the Fuzzy Logic Controller is the duty ratio (𝛿). 

The Fuzzy-Logic Controller shown in figure 4.2 above is a mamdani type of 

controller and contains a rule base, but this comprises two groups of rules, each of 

which contains nine rules. The first group is used when the stator flux linkage is 

smaller than its reference values and the second group of rules is used when it is 

greater than its reference values. 

4.3.3 Fuzzy Variables 

The fuzzy logic controller is designed to have two groups of rules and each have 

two fuzzy state variables and one control variable for achieving direct torque control 

induction motor drive drawbacks. Thus, there are two input variables in fuzzy controller: 

electromagnetic torque error and angle of stator flux linkage and the output of each fuzzy 

controller is the duty ratio. 
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4.3.3.1 Electromagnetic Torque Errors 

The error of the electromagnetic torque is the difference between the 

reference and estimated values of electromagnetic torque. 

Electromagnetic Torque errors, ΔTe = Te ref. - Te 

The number of fuzzy sets of electromagnetic torque errors can be 

represented by three fuzzy sets: small, medium and large. 

The three membership functions for the electromagnetic torque errors can be 

constructed according to the particular machine used here in this thesis. It can vary 

with the electromagnetic torque and the constant values shown for the torque 

depend on the specific machine used.  

 

Comparator
Fuzzy Logic Controller

(mamdani)

Stator flux linkageEstimated Electromagnetic

Torque

Electromagnetic

Torque

Reference Electromagnetic

Torque Error

Duty ratio

δ

Figure 4.3  Fuzzy Logic Controller duty-ratio estimator
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ΔTe
0 0.9 2.2

1

-0.4

Figure 4.4  The fuzzy membership functions for Electromagnetic Torque

 

4.3.3.2 Angle of  Stator Flux Linkage 

The angle of flux linkage is the angle of the stator flux linkage space vector with 

respect to the direct axis of the stator reference frame. 

The actual stator flux angle to the fuzzy logic controller is the difference between 

the original stator flux angle to the new stator flux angle which is formulate by π/3. 

The number of fuzzy sets of stator flux linkage angles can be represented by three 

fuzzy sets: small, medium and large. 
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0 30 60

1

Figure 4.5  The fuzzy membership functions for angles of flux linkage

 

4.3.3.3 Duty Ratio 

The control variable is the duty ratio that varies from zero to one. The number of 

fuzzy sets of the duty ratio can be represented by three fuzzy sets: small, medium and large. 
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Figure 4.6 The fuzzy membership functions for duty ratio
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4.3.4 Fuzzy Control Rules 

A fuzzy control rule is the heart of the Fuzzy-Logic Controller. It has a rule 

base and contains individual rules (sub rules). In general, these linguistic rules are 

in the form of IF-THEN rules. For a given numerical values of the measured scaled 

inputs to the FLC, several rules can be activated simultaneously. This follows from 

the fact that a given numerical values can be a member of more than one fuzzy set 

(this is determined by the membership functions.) 

Although several rules are fired simultaneously, only a single control action 

must be performed. So the main task is to combine an appropriate manner the 

contribution of each rule is to obtain the duty ratio. The developments of the fuzzy 

rules are basically difficult. Among the different methods of developing the fuzzy 

rules, the experience and knowledge of an expert for the application and the 

control goals are used here. Each rule can be formulated using the state variables 

(ΔTe and ∠𝜆𝑠). 

The duty ratio is proportional to the torque error, since the torque rate of 

change is proportional to the angle between the stator flux and the applied voltage 

vector, the duty ratio depends also on the flux position within each sector. 

The duty ratio is selected proportional to the magnitude of the torque error. 

The fuzzy rules are then adjusted and tuned to reflect the effects of the flux linkage 

vector position and torque error. The fuzzy rules are then adjusted and tuned to 

reflect the effects of electromagnetic torque and stator flux position. If the torque 

error is medium and stator flux angle lies in sector k with a magnitude greater than 

its reference value then the voltage vector Vk+2  is selected. If the flux position is 

small that means there is a large angle between the flux and the selected voltage 

vector more effective in increasing the torque so the duty ratio is set as small. The 

fuzzy rule is stated as:-  

If ΔTe, is small and ∠𝜆𝑠 is small then δ is medium 

If ΔTe, is small and ∠𝜆𝑠 is medium  then δ is medium 

If ΔTe, is small and ∠𝜆𝑠 is large then δ is small 
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• 

• 

• 

The rule base comprises two groups of rules each of which contains 9 rules. 

The first group (table 4.1 a)is used when the stator flux linkage is smaller than its 

reference value and the second group (table 4.1 b) of rules is used when it is 

greater than its reference value. Center of gravity method is used for 

deffuzification. 

Table 4.1 Tables a and b are Fuzzy rules  

duty ratio 1 

∠𝜆𝑠 
 

ΔTe  

small medium large 

small medium 

δ 

medium 

δ 

small 

δ 

medium medium 

δ 

medium 

δ 

large 

δ 

large large 

δ 

large 

δ 

large 

δ 

    (a) 

duty ratio 2 

∠𝜆𝑠  
 

ΔTe  

Small medium large 

small Small 

Δ 

small 

δ 

medium 

δ 

medium Small 

Δ 

medium 

δ 

large 

δ 

large Medium 

Δ 

large 

δ 

large 

δ 

(b) 
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CHAPTER 5 

Simulation and Result Discussion 

5.1 Introduction 

 In the design and implementation of AC drives, a dynamic model is required 

to design a controller to control the various parameters. In order to design the 

controller of a DTC of three phase induction motor drive, the machine should 

exhibit the proper working condition in steady state as well as in transient 

conditions.  

 The electromagnetic torque, stator flux trajectory, (D and Q axis of stator 

flux in stationary reference frame), three-phase stator currents and speed waveforms 

at different speed variations, obtained from simulation of conventional DTC of 

three phase induction motor drive, it is cleared that all waveforms has high ripples. 

These ripples are the main drawback of conventional DTC. In order to overcome 

the mentioned drawbacks, the use of fuzzy controlled DTC minimizes the ripples. 

Since the main task of the thesis is minimizing the ripples, simulation of fuzzy 

controlled DTC that shows the improved mentioned parameters that are simulated 

using MATLAB/Simulink at last. 

5.2 Simulation of Conventional DTC of three phase Induction 

Motor Drive Using MATLAB/Simulink 

 The complete model of the conventional DTC using MATLAB/Simulink is 

developed based on the main sub-blocks of the basic DTC scheme as shown in 

Figure 3.1. The model is simulated and waveforms for the selected induction motor 

electromagnetic torque, stator flux trajectory, three phase stator currents and speed 

response at different speed variations, which is obtained from simulation of 

MATLAB program is presented and verified with simulink waveforms.  

 The reference torque and the magnitude of stator flux are compared with the 

estimated instantaneous torque and stator flux. The difference between the 
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estimated and the desired, the error, is controlling the parameters. Flux error and 

Torque errors are then input to a two-level and three-level hysteresis controllers 

respectively. These controllers can be represented using the relay function block. If 

the torque error is bigger than the upper limit, the output will become 1. The output 

will become -1 if the error is less than the lower limit. Otherwise the output is 0 if 

the error is in between the upper and lower limit. This is order of error torque to 

maintain in the hysteresis bandwidth. Then the level digital output will be the input 

to the switching table.  

 The optimum switching vector selector which is explained in section (3.3.6)  

is used to produce the switching states of the voltage source inverter to generate 

PWM three phase voltages to feed the induction motor. The inputs to the switching 

vector are electromagnetic torque comparator, stator flux magnitude comparator 

and stator flux angle. The switching vector is defined for a flux position in a 

bandwidth of  
𝜋

3
 radians. There are only six sectors considered. 

 The switching vector selector selects the optimum switching states of the 

inverter based on table 3.1. The outputs of three phases VSI, which is the stator 

voltages of the machine, should be changed to three -phase to two-phase voltages in 

stationary coordinate reference frame. Thus, the D and Q-axis of the stator voltages 

are inputs to the motor which is modeled in stationary coordinate reference frame 

that the angular speed of the frame is zero. The D and Q axis of the transformed 

voltages are:- 

[
𝑉𝑠𝐷

𝑉𝑠𝑄
] =[

2
3⁄

−1
3⁄

−1
3⁄

0 −1
√3

⁄ 1
√3

⁄
] [

𝑉𝑎𝑠

𝑉𝑏𝑠

𝑉𝑐𝑠

] − − − − − − − − − − − −(5.1) 

where Vas, Vbs, and Vcs are the rms (root mean square) value of the grid voltage supply. 

 The stator and rotor voltages and currents of the motor used for developing 

the machine in MATLAB/Simulink in stationary reference frame can be expressed 

by the equations from ( 2.37  to 2.45 )  
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 The stator flux-linkage components can be estimated from the D and Q-axis 

of voltage and currents in stationary coordinate reference frame. It is required for 

the estimation of the electromagnetic torque and for the optimum switching vector 

selection table. These estimated electromagnetic torque and flux magnitude again 

compared with the reference values. The switching vector selects the switching 

states of the voltage source inverter by considering the changed in electromagnetic 

torque, flux magnitude and the stator flux sector. Figure 5.1 shows the overall 

MATLAB/Simulink model of the conventional DTC of three phase induction motor 

drive. 

 

Figure 5.1 MATLAB/Simulink model of conventional  DTC of three phase Induction 

Motor Drive 

5.3 Simulation of Fuzzy Controlled DTC of three phase 

Induction Motor Drive Using MATLAB/Simulink 

 In the conventional implementation of the DTC drive, the electromagnetic 

torque, stator flux trajectory, three-phase stator currents have high ripples and it has 

speed fluctuations and sluggish speed response at low speed in different speed level 

and step speed input. However, these ripples and the speed problems can be reduced 
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by using Fuzzy controlled duty ratio, δ. The input voltage to the induction motor 

during the application of each voltage switch vector is δVdc. Vdc is the DC link 

voltage of the inverter. By changing the duty ratio between 0 and 1, it is possible to 

apply any voltage between 0 and Vdc during each switching period. If the switching 

state selected in accordance with the position of flux within each bandwidth, 

improved controller responses can be obtained. 

 The overall MATLAB/Simulink model of Fuzzy controlled DTC drive is 

modeled by the addition of fuzzy duty ratio apart from the model of conventional 

DTC as shown in Figure 5.2 

 

Figure 5.2 MATLAB/Simulink model of Fuzzy controlled DTC of three phase Induction 

Motor Drive 

 The two groups of rules, each of which contains nine rules. The first group, 

duty 1 is used when stator flux linkage vector is smaller than its reference value and 

the second group, duty 2, of rules is used when the stator flux linkage vector is 

greater than its reference value. 
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 The mamdani type inference engine is used in the simulation. The 

membership functions and the fuzzy rules are adjusted until an optimal ripples 

reduction is achieved. 

 The MATLAB Fuzzy Logic designer is used to implement the two groups 

of membership functions for the inputs, the torque error and the flux position and 

the output, the duty ratio as shown in Figure 5.3 (a and b) and the two sets of fuzzy 

rules can also be shown in Figure 5.4 (a and b) .The surface viewer also shown in 

Figure 5.5 (a and b). 

 

(a) duty ratio 1 
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(b) 

duty ratio 2 

Figure 5.3 (a and b) Membership functions of Fuzzy Controlled DTC 

 

(a) duty ratio 1 
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(b) duty ratio 2 

Figure 5.4 (a and b) Rule viewer of Fuzzy Controlled DTC 

(a) 

duty ratio 1 
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(b) duty ratio 2 

Figure 5.5 Surface Viewer of Fuzzy Controlled DTC 

5.4 Simulation Results 

 The Simulation results are carried out for different reference torques and 

fluxes under different conditions. The load torque varied in steps. At t=0 second, 

motor is no loaded,  at t=0.3 seconds  the load torque is 4 Nm, at t=0.5 seconds the 

motor is no loaded and at t=0.7 seconds the load torque is 4 Nm. The corresponding 

variations in stator currents, the estimated electromagnetic torque and stator flux 

linkage are observed. It is also observed that the step speed response  and the 

variation of the speed response at different speed level. PI controller is used to 

control the speed of the motor then in turn to control the electromagnetic torque.  

The simulation time is one second. The parameter of the motor which is found from 

MATLAB. 
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Table 5-1Induction motor parameters 

DC link voltage Vdc = 400V 

Rated power 1.1 KW 

Frequency 50 Hertz 

Stator resistance Rs= 7.608 ohm 

Rotor resistance Rr= 3.7 ohm 

Stator inductance Lls= 0.6015ohm 

Rotor inductance Llr= 0.6015ohm 

Mutual inductance Lm= 0.5796 ohm 

Moment of inertia J= 0.0017Kg.m2 

Number of poles P= 2 

 

5.4.1 Simulation Results of Conventional DTC 

 The following simulation results are the conventional DTC of the selected 

three phase induction motor. 

 The simulation results of the D and Q axis of stator flux linkages in the 

stationary reference frame are based on equations (3.7) and (3.8). It can also 

possible to show the stator flux linkage space vector trajectory using the estimated 

values of the direct and quadrature axis of stator flux linkages in the stationary 

reference frame (λSD,λSQ) from the simulation of DTC of three phase induction 

motor drive.  From the simulation results in figure (5.6) shown below, it can be seen 

that the stator flux linkages have high ripples. 
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Figure 5.6 D and Q axis of Stator flux waveforms 

 The output of the motor , which is modeled in the stationary reference frame 

of  D and Q axis of  reference frame, is the stator currents. These currents are 

changed to two-phase to three-phase by using inverse park transformation. The 

simulation results of the three phase stator currents are shown in figure (5.7) below. 

At t=0 second, there is no load torque. The motor draws 3 Amperes until the load 

torque applied at t=0.3 seconds, the 4Nm load torque is applied to the motor. The 

motor draws 4 Amperes up to t=0.5 seconds.  Thus, the motor draws 3 Amperes 

when there is no load torque and it draws 4   Amperes when the 4Nm load torque is 

applied to the motor. From the simulation results, it can be seen that, the three phase 

stator currents show high ripples.  
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Figure 5.7 Three phase Stator Current waveforms 

 The simulation result of the electromagnetic torque is based on equation 

(2.45) shown in figure (5.8) below. The 4Nm load torque is applied at t=0.3 seconds 

and t=0.7 seconds. At t=0 second and t=0.5 seconds there is no load torque. The 

estimated electromagnetic torque shows high ripples since none of the inverter 

switching vectors is able to generate the exact stator voltages required to produce 

the desired changes from no load to 4Nm load torque in the electromagnetic torque 

in most of the switching instants. The simulation results show that, the estimated 

electromagnetic torque has high ripples. 
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Figure 5.8 Electromagnetic Torque waveform 

 The control of speed during start up and speed variations are the other task 

of the thesis apart from minimization of the above mentioned ripples. The 

simulation results of  the speed variations at different speed level is shown in figure 

(5.9) below. The reference speed is constant, 50 rad/sec at t=0 second and it starts to 

increase suddenly at t=0.3 seconds until the speed becomes 100 rad/sec. From the 

simulation results, it can be seen that there is a sluggish speed response at start up 

and has some speed fluctuations when the speed changes from 50 rad/sec to 100 

rad/sec at t=0.3 seconds and when the 4Nm load torque is applied at t=0.3 seconds, 

t=0.5 seconds and t=0.7 seconds respectively. 
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Figure 5.9 The Variation of the speed at different speed level 

 The speed fluctuations when the 4Nm load torque is applied at t=0.3 

seconds, t=0.5 seconds and t=0.7 seconds, some peak overshoot and slight sluggish 

speed response are the drawback of the step speed response of the conventional 

DTC. The settling time of the step speed response is 6.835 milliseconds and its peak 

overshoot is 2.352%. The simulation results of step speed response is shown in 

figure (5.10) below. 
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Figure 5.10 Step response of speed 

5.4.2 Simulation Results of Fuzzy controlled DTC 

 The following simulation  results are  Fuzzy controlled DTC of the selected 

three phase induction motor.  

 Figure (5.11), (5.12) and (5.13) shows fuzzy logic duty ratio controller 

based DTC of stator flux linkage, three phase stator currents and electromagnetic 

torque waveforms respectively. It can be seen that, the ripples are minimized when 

the simulation results of fuzzy logic based DTC compared to the conventional DTC. 

FFT (Fourier Fast Transfer) is one method to compare the ripples of conventional 

DTC and fuzzy logic based DTC by calculating the THD (Total Harmonic 

Distortion) of the ripples. 
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Figure 5.11 Stator flux linkage waveforms 

 

Figure 5.12 Three phase stator current waveforms 
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Figure 5.13 Electromagnetic Torque waveform 

 The use of fuzzy logic duty ratio controller decreases the speed fluctuations 

remarkably when the 4 Nm load torque is applied than the conventional DTC. And 

it has fast speed response when the speed changes from 50 rad/sec to 100 rad/sec 

suddenly  and at the start up speed response. The simulation results of fuzzy logic 

based DTC speed variations at different speed level is shown in figure (5.14) below. 

 

Figure 5.14 The variations of the speed at different speed level 

 The use of fuzzy logic duty ratio controller removes the step speed response 

of speed fluctuations when the 4 Nm load torque is applied, remarkably than the 
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conventional DTC. And it has fast step speed response when it is compared with the 

conventional DTC. The settling time is 4.122 milliseconds  and its peak overshoot 

is 1.531 %. The simulation results of step speed response using fuzzy logic duty 

ratio controller is shown in figure (5.15) below. 

 

Figure 5.15 Step Response of  Speed 

In order to compare the ripples of the simulation results of the conventional DTC 

and fuzzy logic duty ratio controller based DTC of the selected three phase 

induction motor drive, an FFT (Fourier Fast Transfer) is made. This is done by 

using the estimation of THD using  MATLAB/Simulink. Total Harmonic Distortion 

(THD) is the summation of all harmonic components of the torque or current 

waveform against the fundamental component of the torque or current waveform. 

THD should be kept as low as possible. Lower THD means less ripples and higher 

efficiency. 
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Figure 5.16 FFT analysis of conventional DTC 

 

Figure 5.17 FFT analysis of Fuzzy based DTC 
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CHAPTER 6 

Conclusion and Recommendations 

6.1 Conclusion 

 Direct Torque Control has a better dynamic performance for driving a three 

phase induction motor. Its main principles have been discussed and deeply 

explained. It is also demonstrated in this thesis that the method of DTC allows the 

independent and decoupled control of motor torque and stator flux linkage. A 

simulink model has been fully developed. From the results, it is apparent that DTC 

strategy is simpler to implement than flux vector control method because voltage 

modulators and coordinate transformations are not required. Although, it introduces 

some disadvantages, being the mentioned ripples are the worst. 

 From the obtained simulations result of conventional DTC and Fuzzy logic 

based DTC, the ripples of stator flux linkage, the estimated electromagnetic torque 

and stator currents are reduced by 2.2% which is evaluated by using MATLAB FFT 

analysis. It also seen that, the speed response at different speed variations and the 

step speed response, is better when Fuzzy logic based DTC is used. The settling 

time of the step response of the speed is 6.835 milliseconds and 4.122 milliseconds 

of conventional DTC and Fuzzy logic based DTC respectively. This shows that the 

Fuzzy logic based DTC has fast speed response. The peak overshoot of  the step 

speed response is 1.531% and 2.352 % of fuzzy logic based DTC and conventional 

DTC respectively. Thus it is cleared that fuzzy logic based DTC minimizes the 

ripples and gives a better speed response at different speed level and at step speed 

response. 

6.2 Recommendations 

 It is recommended to the future that:- 

• Minimization of the ripples of conventional DTC not only with fuzzy duty ratio 

controllers but also with multilevel inverters, which means changing the three phase 

voltage source inverter topology. This makes the  witching states very fast. 
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• Apply different Fuzzy logic controller to minimize the ripples of conventional 

DTC.  

• Different Fuzzy logic controllers that are implemented in FPGA ,reduces the 

ripples of conventional DTC as well as it enhances the overall performance of the 

system. 
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Appendix 

 

1. Induction Motor Parameters and Switching state selector 

clear all 
%Induction motor parameters% 
Pn=1100; 
Un=400; 
p=2; 
nn=2840; 
Ls=0.6015; 
Lr=0.6015; 
Lm=0.5796; 
Rs=7.608; 
Rr=3.7; 
J=0.0017; 
Tr=0.1626; 
s=0.0715; 
T=1/100000; 
fsw=100000; 
L1s=Ls-Lm; 
L1r=Lr-Lm; 
%%%%%%%%Mathematical model of Motor%%% 
Lss=s*Ls; 
Ra=Rs+Rr*Ls/Lm; 
Ta=Lss/Ra; 
Tr=Lr/Rr; 
Psisz=1; 

  
%%%The Selection of Switching State%% 

  
Twp=0.0002; 

  
Tpi=Ta; 
Kpi=Ta*Ra/Twp; 
Kp=Kpi; 
Ip=Kpi/Tpi; 

  
Pp=Kpi; 
Sp=Kpi*T/Tpi; 

  
%%%%%%%%%%%% 

  
Twt=0.05; 

  
cit=[Kp*Lss (Ra*Kp+Ip*Lss-Rs*Kp) (Ra*Ip-Rs*Ip)]; 
men=[Lss Ra+Kp (Ip+Rs/Tr+Kp/Tr) Ip/Tr]; 
cit1=roots(cit); 
men1=roots(men); 
zos=cit(1)/(men(1)); 
ncit=[1 -cit1(2)]*zos; 
nmen=[1 -men1(1)-men1(3) men1(1)*men1(3)]; 
ncit1=ncit/(nmen(3)); 
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nmen1=nmen/(nmen(3)); 

  
Rt=ncit1(2); 
Tt=nmen1(2); 
Tpt=Tt; 
Kpt=Tpt/(Rt*Twt); 

  
Pt=Kpt; 
St=Kpt*T/Tpt; 

  
Twm=0.002; 

  
Tpm=0.0008;                                                                                                                                                                                                                                                                                                   
Kpm=Tpm/(1.7619*Twm); 

                                                             
Pm=Kpm; 
Sm=Kpm*T/Tpm; 

  
Twr=0.03; 

  
Tpr=0.03; 
Kpr=0.6; 

  
Pr=Kpr; 
Sr=Kpr*T/Twr; 

  
kr=Lm/Lr; 
Mmax=11;          
Imax=12; 
Umax=280; 

  
HF=0.01; 
HT=0.4; 

  
tabstav(:,:,1)=[5 6;3 2]; 
tabstav(:,:,2)=[6 1;4 3]; 
tabstav(:,:,3)=[1 2;5 4]; 
tabstav(:,:,4)=[2 3;6 5]; 
tabstav(:,:,5)=[3 4;1 6]; 
tabstav(:,:,6)=[4 5;2 1]; 

  

  
fuzzy duty1; 
fuzzy duty2; 
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2. Stator Voltage Transformation 

 

3. Stator Flux Sector Selector 
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4. Switching States of conventional DTC 

 

5. Stationary reference frame D and Q axis stator currents to three phase stator currents 
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6. Dynamic simulink model of the induction Motor in stationary Reference Frame and 

Electromagnetic Torque and Stator flux linkage estimator. 
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7. Fuzzy duty ratio controller simulink model 
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