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Abstract: Over past years, direct torque control (DTC) has proven to be a powerful 

technique for controlling induction motors since, its simple structure, fast performance, 

and robustness. However, conventional DTC has a major problem in selecting the 

optimum voltage vector in order to provide fast torque response, due to the nature of the 

hysteresis controller. This thesis presents a new control topology for DTC, which enables 

fast torque response and reduced steady state ripple. The proposed scheme utilizes an 

optimized inverter voltage vector selection process ensuring a higher rate of torque 

increment during transient periods. Further, two nonlinear adaptation mechanisms are 

used to replace the hysteresis controllers thus obtain enhanced torque and stator flux 

regulation. One scheme is based on sliding mode theory and the other method is based on 

fuzzy logic strategy. A comprehensive simulation study has been performed to evaluate 

the performances of the proposed sector-advancing algorithm under the two nonlinear 

control methodologies. The corresponding simulation results and discussion are presented 

for each section. It is concluded that the proposed DTC algorithms with sliding mode and 

fuzzy logic strategies demonstrate better characteristics in both transient and steady state 

operation with regards to the conventional DTC. 
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CHAPTER I 
 

 

INTRODUCTION 

1.1 Background 

Induction motors are the most commonly used electric machines in the industry, which is 

an ingenious discovery of the late nineteenth century. Being a robust and rugged 

machine, three phase induction motor still maintains its incomparable popularity in 

process of electrical to mechanical power conversion. Induction motors were primarily 

used in constant speed motor drives. Earlier, dc motors were the only motor used for the 

applications which require a wide range of speed. However, the rapid development of the 

power electronic devices and control techniques has given rise to the high performance 

variable speed induction motor drives. Vector control technique which is also known as 

field oriented control (FOC) has made a major difference in terms of dynamic 

performance of induction machine [1, 2]. Vector control permits induction motor to 

control similar to the separately excited dc motor. Recent advances in artificial intelligent 

(AI) techniques, including fuzzy logic (FL), neural network, genetic algorithm, and 

expert systems have contributed to the performance improvement of the induction motor 

drives [3-5]. Speed sensorless operation of induction motor drives has also gained the 

research attention over the past years. 

1.1.1 Evolution of Motor Control and Power Electronic Devices 

The development of motor control from dc drives to various forms of ac drives has been 

motivated by the need for the high performance drives with improved quality and reliable 

operation in numerous applications. Evolution of one form to another strive to enhance 

the existing advantages while getting rid of the disadvantages. Fig. 1.1 shows the 

simplistic viewpoint of drive evolution as four steps [6].  Where V and f denote the        
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voltage and frequency. Comparison of control techniques and the controller performance 

are presented in Table 1.1. 

Speed 
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Torque 

Control
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(b) Scalar control 

 (c) Vector control

(d) Direct torque control
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AC 
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AC 
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Fig. 1.1. Evolution of electric drive control techniques. 

Moreover, power electronics and semiconductor devices have gone through a dynamic 

evolution in the recent years due to many innovations in that field. The evolution of 

power electronics can be identified as four generations: thyristor era, self-controlled 

power devices (BJT, power MOSFETs, and GTOs), the introduction of IGBT, and the 

current generation of IGCTs and MOSs [7]. These trends of power semiconductor 
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devices have been paved the way for designing high-performance motor drives. Power 

MOSFETs and IGBTs are extremely important in the field of motor drives. In particular, 

IGBTs are used for multi-level inverters since they are capable of handling high voltage 

[8, 9]. 

TABLE 1.1 

Comparison of the Existing Motor Control Methods [6] 

Control 

method 

Flux 

Control 

Torque 

control 
Advantages Disadvantages 

DC drives Direct Direct 

Simple. 

Better torque response. 

High precision. 

High maintenance. 

High motor cost. 

For higher precision an 

encoder is required. 

Scalar  

Control 
None None 

Simple. 

No encoder is required. 

Low precision. 

Poor torque response. 

Vector 

control 
Indirect Direct 

Better torque response. 

High precision. 

Encoder is always 

required. 

Direct 

torque 

control 

Direct Direct 

Excellent torque 

response. 

No encoder is required. 

Moderate precision. 

For higher precision an 

encoder is required. 

 

1.1.1 Scalar Control 

The scalar controllers are inherently simple, low cost, and low performance drives, which 

do not require complex signal processing as in vector control methods [10]. In scalar 

control, the speed of the induction motor is controlled by adjusting the magnitude or the 

frequency of the stator voltage or current. The studies of scalar control consist of open 

loop v/f control, closed loop v/f control, stator current and slip frequency control [11]. 

The variable frequency motor drives with open loop v/f control are an ideal match for the 

constant torque applications where there is no restriction upon the speed regulation[3]. 

When the drive requires precision speed or torque control with faster dynamic 

performance, it is essential to function the motor in closed loop mode.   
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1.1.2 Vector Control 

Vector controllers are relatively expensive high performance drives, in which the control 

action is obtained by controlling the magnitude, frequency, and phase of stator current. 

Vector control includes two control methods namely, field oriented control (FOC) and 

direct self control (DSC). The fundamental idea behind the FOC is to control the stator 

currents by representing them as vectors in rotating reference frame [9]. Even though 

vector control technique has many advantages, it suffers from unavoidable drawbacks 

such as, low precision due to the high computation complexity, difficulty of the indirect 

control in contrast to direct control, and multiple extra current regulators [10].  

1.1.3 Direct Torque Control 

In order to improve the accuracy and to relax the complexity of the traditional FOC, 

various novel alternative techniques have been proposed. Among them, one of the 

breakthroughs was the introduction of direct torque control (DTC) [11]. Similar to the 

FOC techniques, DTC was also initially established from the field geometry principle 

[11].  

Due to its simplicity, fast dynamics, and robustness against machine parameters and 

perturbations, DTC is attractive in contrast to the FOC and most of the other traditional 

control methods [12].  However, there are a few drawbacks in the conventional DTC 

(CDTC) methodology.  Some of the major issues are its undesirable torque ripple which 

causes noise and increased losses to the drive [13] and difficulties in selecting optimum 

voltage  vector to give desired characteristics. Nevertheless, a number of attempts have 

been made to overcome these drawbacks by introducing improved DTC algorithms. 

1.2 Review of Previous Work 

Research interest in induction motor (IM) control has grown significantly over the past 

few decades [12, 14-19]. Researchers have devoted a lot of effort to develop new control 

strategies, algorithms, and hardware for IM control. After introducing the DTC concept 

in 1986 by Takahashi and Noguchi [20], researchers have devoted a great effort to 

improve the performance of the CDTC scheme by integrating advanced control 
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techniques. Some of the recent advancements of the DTC are presented in [15-25]. 

Improvements in IM controls are briefly discussed in the following section under four 

sub categories namely, nonlinear control, intelligent control, speed sensorless control and 

predictive control. 

1.2.1 Nonlinear Control 

Nonlinear control algorithms are well suited for IM control since they capture high 

amount of system dynamics of the plant. Most popular nonlinear control methods applied 

in IM control are variable structure control (VSC), feedback linearization and 

backstepping control [16, 26, 27]. The VSC or so called sliding mode control (SMC) is 

known for its robustness and disturbance rejection in nonlinear control arena [14]. 

Therefore, integration of VSC with the DTC can be found in the literature [12, 14-16, 28-

30]. Online adaptive VSC method for IM direct speed and flux control based on the FOC 

has been proposed in [15]. Here, the adaptive rotor flux and speed controller works under 

VSC principle with unknown, time varying load torque and rotor resistance. Employing a 

sliding mode observer based on a dual reference frame motor model, a complete VSC 

direct torque and flux control methodology has been introduced in [12] for sensorless IM 

drives. With this improved VSC-DTC mechanism, steady state torque, flux and current 

pulsation are significantly reduced compared to the CDTC. A voltage source inverter 

(VSI) based DTC have been addressed in [30] with SMC strategy to improve the 

performance of CDTC. The corresponding voltage vector has been generated by two 

methods which are the direct or the high performance hysteresis VSI and indirect or the 

space vector modulation VSI. 

Combination of feedback linearization with SMC for IM DTC has been proposed in [16]. 

Here, feedback linearization has been introduced to make a decoupled linear IM model 

with torque and speed magnitude. Based upon this model, SMC has been employed to 

obtain ripple free, robust and fast torque and flux control actions. Application of input-

output feedback linearization in space vector modulated adjustable speed sensorless DTC 

drive can be found in [17]. Here, the feedback linearization control has been utilized to 

properly select the inverter reference voltage, considering stator current and flux vectors 

as state variables in the rotating reference frame. 
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Integration of the integrator backstepping DTC has been proposed in [18] for efficiency 

optimization of IMs. Here, the model based loss minimization method combined with a 

backstepping controller has been introduced in the stationary reference frame with the aid 

of a SMC observer. A nonlinear backstepping controller has been introduced to direct 

torque and flux control of a six-phase asymmetrical speed and voltage sensorless IM 

drive in [19].  Here, Lyapunov based decoupled torque and flux controllers are obtained 

in stationary reference frame and the space vector PWM technique has been employed to 

control the drive. 

1.2.2 Intelligent Control 

In recent years, more attention has been posed to machine learning, artificial intelligence 

(AI) and autonomous control of dynamical systems [31, 32]. Hence, the integration of 

control methodologies based on AI with DTC to enhance the performance and to improve 

the robustness becomes popular [4, 28, 33-35]. Among the wide range of intelligent 

algorithms, fuzzy-logic control (FLC) is one of the simplest methodology which does not 

require extensive mathematical analysis [33].  

In order to obtain better transient and steady state performance of DTC drives, a 

proportional-integral (PI) controller and FL controller based method has been proposed in 

[4]. In this method, switching between the PI controller and the FLC is determined by the 

measured speed error of the machine. However, the switching limit depends on the type 

of the FLC which is being used, and hence the switching transition becomes more 

complex. The FLC based DTC algorithm proposed in [28] selects the bandwidth of the 

torque hysteresis controller such that it optimizes the torque ripple level. In order to 

reduce undesirable torque ripple in CDTC, authors in [34] have been proposed an FLC 

based approach to obtain optimum duty ratios of switching states using an analytical 

online algorithm. 

1.2.3 Speed Sensorless Control 

Speed sensorless control of IMs is a novel and promising research trend. Typically, all 

the IM states are not available for measurement, and hence an observer is employed to 

estimate the unknown states of the system [19, 21, 22]. In position/speed sensorless 
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control, speed or the position of the motor  is estimated based on the machine parameters 

and the terminal voltage and current measurements [3, 11]. To realize high performance 

speed sensorless control of IM drives, various novel techniques have been proposed in 

literature [21, 36]. In order to avoid the variable switching problem in DTC, a constant 

switching frequency based speed sensorless control method has been proposed in [21]. In 

this approach, speed sensorless induction motor drive based on the DTC scheme is 

developed to maintain a constant switching frequency while the stator flux components 

are treated as control variables. Based on the space vector modulation technique a 

reformed DTC scheme for IM speed sensorless drive is introduced in [36]. Sliding mode 

observer (SMO) is a good solution for the speed sensorless IM control due to its fast 

dynamic response and resistance to the disturbances [26, 27, 37]. A number of different 

SMOs for IM speed sensorless control can be found in [22, 26, 27, 37-39]. Among them, 

speed observers are the most prominent. For instance, combined DTC algorithm with the 

SMO for improved IM operations is proposed in [12] which does not require speed 

information. 

 1.2.4 Predictive Control 

Recently, Predictive control (PC) has been given great attention in research communities, 

and it has been shown that PC is one of the most promising robust control techniques for 

both linear and nonlinear systems. The notion of integrating PC with the advance IM 

control strategies such as DTC has been proposed [23, 24, 40-42]. In [23], a PC scheme 

which can be used for flux and torque control of H- bridge multilevel inverter fed IM is 

presented. The proposed method employs a proportional-integral (PI) type controller to 

achieve better steady state performance and a one-step predictive controller to obtain fast 

torque response. 

A novel predictive DTC scheme for IM drives is proposed in [40]. The control scheme 

comprised of a Kalman filter based flux estimator and a predictive speed controller 

combined with a load torque observer for speed tracking. The control algorithm improves 

the performance of the IM drive in terms of speed trajectory tracking, flux and torque 

dynamic response and disturbance rejection. In [41], a predictive torque control algorithm 
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has been established based on instantaneous flux control. The new predictive torque 

control methodology exhibits lower switching frequency and better dynamic torque 

response with compared to traditional drive control techniques. Authors in [42] have 

developed a predictive torque control scheme using discrete time state space model of the 

IM including the time varying nature of the rotor speed. In this proposed control 

algorithm, the machine model is updated at each sampling state by evaluating a cost 

function. Based on the simplified finite state predictive torque control method, a modified 

DTC controller has been developed in [24]. This newly proposed method relaxes both the 

computational burden and the number of voltage vectors to be predicted compared to the 

traditional finite state predictive torque control. 

1.3 Thesis Overview 

In this thesis, a modified control algorithm is developed based on the sector advancing 

(SA) concept combining sliding-mode (SM) and fuzzy-logic (FL) nonlinear control 

methods. The conventional SA algorithm is available in the literature with traditional 

DTC drives [43, 44]. With regard to the traditional inverter vector selection process, the 

SA strategy allow fast transient response in torque control. The combined SA and 

nonlinear adaptation mechanisms are proposed to improve the dynamic performance of 

the DTC drive. The performance of the conventional and proposed DTC schemes are 

compared with a detail simulation study.   

The rest of the thesis is organized as follows. Chapter II presents dynamic modeling of 

the induction motor including classical motor principle, reference frame theory, and two 

axes IM model in the stationary reference frame. The fundamental principle behind the 

DTC technique is illustrated in Chapter III. Further, a nonlinear control method; SMC 

and an intelligent control method; FLC techniques are discussed briefly. These two 

control mechanisms are used to improve the conventional DTC algorithm which is 

described in future chapters. Chapter IV gives the mathematical formulation of the 

proposed approach including sector advancing (SA) concept and the design procedure of 

FL and SM based torque and flux regulation for modified DTC method. Performance 

validation of the proposed scheme with respect to the CDTC algorithm and series of 

simulation test cases are provided in chapter V.  These computer simulations are carried 
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out in MATLAB/ Simulink environment. Finally, the Chapter VI concludes the thesis 

with a summary of work carried out and the possible future directions. 
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CHAPTER II 
 

 

MODELING OF INDUCTION MACHINE 

2.1 Introduction 

Unlike DC or synchronous motors, the physical arrangement of an induction motor is 

simple, as they do not require commutators, brushes, permanent magnet, etc. The name, 

induction is for the reason that the rotor voltage is induced in rotor winding without any 

external excitation method. The rotor of the induction motor can be identified as two 

ways, namely squirrel-cage rotors, which constitute a majority of induction motors and 

wound rotor type rotors which are the less common type of induction machines which are 

used only in the particular applications. The squirrel cage rotors are composed of 

conducting bars, which are shorted at the end using a ring while in wound rotors, the 

rotor windings are taken out and shorted at the slip rings using external resistors. The 

behavior of such induction motors can be reasonably approximated by an equivalent 

circuit which is discussed in this chapter. 

2.2 Dynamic Modeling of Symmetrical Three-Phase Induction Motor 

Three phase squirrel cage induction motors have been widely used in the industry since 

they are reliable, rugged in design, and economical. One of the major requirements of 

industry is to run the motor at different speeds and loads, which makes induction motor to 

be the first choice. The goal in this section is to establish a mathematical model that 

permits understanding the function of motor and employ that model in controller design 

of future chapters. 
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2.2.1 Reference Frame Theory 

In some design and analysis of electrical machines, it is more convenient to use different 

reference frame to reduce the complexity of the modeling. Transforming the parameters 

to another reference frame eliminates the rotor position dependency of inductances and 

allows ac quantities to be treated as dc quantities. This idea establishes the framework of 

most controller design.  In this transformation, all the machine variables are referred to a 

reference frame, which rotates at an arbitrary angular frequency.  

Reference frame theory had been evolving since the late 1930s. Park, Stanley, Kron and 

Brereton el at. introduced changes of variable to eliminate the time-varying inductances 

in the voltage equations of induction machine which were suitable for a particular 

application. Each of these transformations was considered separately until developing 

one general transformation in 1965 which lumped all known transformations. In this, 

general transformation, stator and rotor variables are referred to a reference frame so-

called arbitrary reference frame, which rotates at any arbitrary angular frequency or 

remains stationary. Every other transformation can be derived by setting the appropriate 

angular frequency. In this analysis, transformation of the three-phase symmetrical 

induction motor to the arbitrary reference frame is presented and then by assigning 

appropriate angular frequency the stationary reference frame model is derived [45]. Fig. 

2.1 shows the winding arrangement and corresponding parameters of the stator and rotor 

circuit.  

ωr
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Fig. 2.1 Stator and rotor winding arrangement (a) Cross sectional view (b) Stator and 

rotor circuits. 

Transformation of stationary three phase variables to the arbitrary reference frame can be 

expressed as [45],  

𝑓𝑞𝑑0𝑠 = 𝐾𝑠𝑓𝑎𝑏𝑐𝑠                                                          (2.1) 

(𝑓𝑞𝑑0𝑠)
𝑇

= [𝑓𝑞𝑠 𝑓𝑑𝑠  𝑓0𝑠]                                                     (2.2) 

(𝑓𝑎𝑏𝑐𝑠)
𝑇 = [𝑓𝑎𝑠  𝑓𝑏𝑠 𝑓𝑐𝑠]                                                     (2.3) 

𝐾𝑠 =
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 ]
 
 
 
 
 

                              (2.4) 

Transformation of rotor circuit to the arbitrary reference frame can be expressed as 

𝑓𝑞𝑑0𝑟 = 𝐾𝑟𝑓𝑎𝑏𝑐𝑟                                                             (2.5) 

(𝑓𝑞𝑑0𝑟)
𝑇

= [𝑓𝑞𝑟  𝑓𝑑𝑟 𝑓0𝑟]                                                     (2.6) 
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(𝑓𝑎𝑏𝑐𝑟)
𝑇 = [𝑓𝑎𝑟  𝑓𝑏𝑟 𝑓𝑐𝑟]                                                     (2.7) 

𝐾𝑟 =
2

3
 

[
 
 
 
 
 cos 𝛽 cos (𝛽 −

2𝜋

3
) cos (𝛽 +

2𝜋

3
)

sin 𝛽 sin (𝛽 −
2𝜋

3
) sin (𝛽 +

2𝜋

3
)

1

2

1

2

1

2 ]
 
 
 
 
 

                              (2.8) 

 

where,  

𝛽 = 𝜃 − 𝜃𝑟                                                          (2.9) 

𝜃 = ∫𝜔 𝑑𝑡                                                        (2.10) 

where, 𝜃 is the angular displacement and 𝜔 is the angular velocity of the arbitrary 

reference frame. 𝜃𝑟 is the angular displacement of the rotor with respect to the stator. In 

above equations, 𝑓 is used to represent any of these quantities such as voltage, current 

and flux linkage of the induction machine. The superscript 𝑇 denotes the transpose of the 

vector while subscripts a, b, and c use to represent the three phase quantities and 𝑞, 𝑑, 

and 0 denote the coordinates of arbitrary reference frame. The subscript 𝑠 denotes 

variables corresponding to the stator circuit and subscript 𝑟 represents the variables of the 

rotor circuit. 𝐾𝑠 and 𝐾𝑟 are the stator and rotor transformation matrices respectively. 

M

M M
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+
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Fig. 2.2 Stator winding arrangement of a symmetrical induction machine. 
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According to the Fig. 2.2, the voltage in each phase of the stationary stator circuit can be 

written as the sum of the voltages across stator inductor 𝐿𝑠 and the stator resistor 𝑟𝑠. 

𝑣𝑎𝑠 = 𝑣𝑎𝑅𝑠 + 𝑣𝑎𝐿𝑠                                                  (2.11) 

𝑣𝑏𝑠 = 𝑣𝑏𝑅𝑠 + 𝑣𝑏𝐿𝑠                                                  (2.12) 

𝑣𝑐𝑠 = 𝑣𝑐𝑅𝑠 + 𝑣𝑐𝐿𝑠                                                  (2.13) 

Stator phase voltages in the arbitrary reference frame can be written in the same manner, 

 𝑣𝑞𝑠 = 𝑣𝑞𝑅𝑠 + 𝑣𝑞𝐿𝑠                                                  (2.14) 

𝑣𝑑𝑠 = 𝑣𝑑𝑅𝑠 + 𝑣𝑑𝐿𝑠                                                 (2.15) 

𝑣0𝑠 = 𝑣0𝑅𝑠 + 𝑣0𝐿𝑠                                                 (2.16) 

The voltage across stator resistor can be expressed as 

𝑣𝑞𝑅𝑠 = 𝑟𝑠𝑖𝑞𝑠                                                            (2.17) 

𝑣𝑑𝑅𝑠 = 𝑟𝑠𝑖𝑑𝑠                                                            (2.18) 

𝑣0𝑅𝑠 = 𝑟𝑠𝑖0𝑠                                                            (2.19) 

The voltage across inductive elements of stator circuit in arbitrary reference frame can be 

derived from equations (2.1) – (2.4) 

𝑣𝑎𝑏𝑐𝑠 = 𝑝𝜓𝑎𝑏𝑐𝑠                                                       (2.20) 

𝑣𝑞𝑑0𝑠 = 𝐾𝑠𝑝[(𝐾𝑠)
−1𝜓𝑞𝑑0𝑠]                                  (2.21) 

Equation (2.21) simplifies to 

𝑣𝑞𝑑0𝑠 = 𝜔𝜓𝑑𝑞𝑠 + 𝑝𝜓𝑞𝑑0𝑠                                      (2.22) 

where, 

(𝜓𝑑𝑞𝑠)
𝑇

= [𝜓𝑑𝑠 −𝜓𝑞𝑠 0]                                           (2.23) 
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where, 𝜓 is the flux linkage and 𝑝 is the differentiation operator. 

By combining equations (2.14) - (2.19) and (2.22), the voltage equations of stationary 

three phase circuit in the arbitrary reference frame can be obtained as 

𝑣𝑞𝑠 = 𝑟𝑠𝑖𝑞𝑠 + 𝜔𝜓𝑑𝑠 + 𝑝𝜓𝑞𝑠                                        (2.24) 

𝑣𝑑𝑠 = 𝑟𝑠𝑖𝑑𝑠 − 𝜔𝜓𝑞𝑠 + 𝑝𝜓𝑑𝑠                                         (2.25) 

𝑣0𝑠 = 𝑟𝑠𝑖0𝑠 + 𝑝𝜓0𝑠                                                       (2.26) 

Similarly, voltage equations of rotor circuit in arbitrary reference frame can be expressed 

as 

𝑣𝑞𝑟 = 𝑟𝑟𝑖𝑞𝑟 + 𝜔𝜓𝑑𝑟 + 𝑝𝜓𝑞𝑟                                      (2.27) 

𝑣𝑑𝑟 = 𝑟𝑟𝑖𝑑𝑟 − 𝜔𝜓𝑞𝑟 + 𝑝𝜓𝑑𝑟                                       (2.28) 

𝑣0𝑟 = 𝑟𝑟𝑖0𝑟 + 𝑝𝜓0𝑟                                                     (2.29) 

There are several other reference frames, which are commonly used in electrical 

machines and power systems analysis such as stationary, rotor, and synchronous 

reference frame. The voltage equations for each reference frame can be derived from the 

aforementioned arbitrary reference frame. Table 2.1 provides the information regarding 

the reference frame interpretation and the speed.  

TABLE 2.1 

Commonly Used Reference Frames 

Name Interpretation Reference frame speed 

Arbitrary 
Circuit variables referred to the arbitrary 

reference frame 

𝜔 

(can be any value) 

Stationary 
Circuit variables referred to the stationary 

reference frame 
0 

Synchronous 
Circuit variables referred to the 

synchronously rotating reference frame 
𝜔𝑒 
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Rotor Circuit variables referred to a reference 

frame fixed in the rotor 

𝜔𝑟 

 

where  𝜔𝑒  is the synchronous electrical angular frequency and 𝜔𝑟  is the rotor angular 

frequency. 

 2.2.2 Two Axes Model 

Three-phase symmetrical induction motor dynamical model in stationary reference frame 

has been used throughout this thesis. Transformation of variables to the stationary 

reference frame was developed by E. Clarke, thus it is also known as Clarke’s 

transformation. The notations used in the derivation of the arbitrary reference frame 𝑓𝑞, 

𝑓𝑑, and 𝑓0 change to  𝑓𝛼, 𝑓𝛽, and 𝑓0 in stationary reference frame [45, 46]. 
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-
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+-+
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iβs iβr

 

Fig. 2.3 Stationary reference frame equivalent circuit of three-phase symmetrical 

induction motor. 

The mathematical model of the induction motor in the stationary reference frame, with 

direct axis attached to the stator phase ‘a’ which denoted by subscript ‘α’  and quadrature 

component denoted as subscript ‘β’ is given by [4].  
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𝑑𝜓𝛼𝑠

𝑑𝑡
=  −𝑟𝑠𝑖𝛼𝑠 + 𝑣𝛼𝑠                                                (2.30) 

𝑑𝜓𝛽𝑠

𝑑𝑡
=  −𝑟𝑠𝑖𝛽𝑠 + 𝑣𝛽𝑠                                                (2.31) 

𝑑𝜓𝛼𝑟

𝑑𝑡
=  −𝑟𝑟𝑖𝛼𝑟 − 𝜔𝑟𝜓𝛽𝑟                                         (2.32) 

𝑑𝜓𝛽𝑟

𝑑𝑡
=  −𝑟𝑟𝑖𝛽𝑟 + 𝜔𝑟𝜓𝛼𝑟                                         (2.33) 

𝑑𝜔

𝑑𝑡
=  

1

𝐽
 ⌈𝑇𝑒 − 𝑇𝐿⌉                                                    (2.34) 

𝜔𝑟 = 𝑛𝑝𝜔                                                              (2.35) 

where, 𝜓,  𝑖, 𝑣, 𝜔 and 𝜔𝑟 denoted the flux linkage, current, applied voltage components, 

mechanical speed and rotor electrical angular speed respectively. Subscripts s and r stand 

for stator and rotor components. 𝑟𝑠 and 𝑟𝑟 are the stator and rotor resistances and 𝑛𝑝 is the 

number of pole pairs while 𝐽 is the inertia of the motor. 𝑇𝑒 and 𝑇𝐿 denote electromagnetic 

torque and load torque respectively. The magnitude of the generated electromagnetic 

torque can be obtained as, 

𝑇𝑒 =
3

2
𝑛𝑝

𝐿𝑚

𝐿𝑟𝐿𝑠
′
 |𝜓𝑟|   |𝜓𝑠|  sin (𝛾)                                (2.36) 

where, 𝐿𝑠
′ = 𝐿𝑠𝐿𝑟 − 𝐿𝑚

2 , 𝛾 is the angle between stator and rotor flux vectors , 𝐿𝑟 and 𝐿𝑠 

are the rotor and stator inductance respectively and 𝐿𝑚 is the mutual inductance. The 

relationship between flux and currents can be approximated by linear equations as 

follows. This is done without considering the magnetic saturation. 

𝜓𝑠 = 𝐿𝑠𝑖𝑠 + 𝐿𝑚𝑖𝑟                                                    (2.37) 

𝜓𝑟 = 𝐿𝑟𝑖𝑟 + 𝐿𝑚𝑖𝑟                                                   (2.38) 

Stator and rotor direct and quadrature component currents in terms of stator flux 

components and the inductances can be obtained as, 

𝑖𝛼𝑠 =
𝐿𝑟

𝐿𝑠
′
𝜓𝛼𝑠 −

𝐿𝑚

𝐿𝑠
′

𝜓𝛼𝑟                                           (2.39) 
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𝑖𝛽𝑠 =
𝐿𝑠

𝐿𝑠
′
𝜓𝛽𝑠 −

𝐿𝑚

𝐿𝑠
′

𝜓𝛽𝑟                                                 (2.40) 

𝑖𝛼𝑟 =
𝐿𝑠

𝐿𝑠
′
𝜓𝛼𝑟 −

𝐿𝑚

𝐿𝑠
′

𝜓𝛼𝑠                                                (2.41) 

𝑖𝛽𝑟 =
𝐿𝑠

𝐿𝑠
′
𝜓𝛽𝑟 −

𝐿𝑚

𝐿𝑠
′

𝜓𝛽𝑠                                                (2.42) 
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CHAPTER III 
 

 

CONTROL OF INDUCTION MOTOR DRIVES 

3.1 Introduction 

Over the past decades, numerous control strategies have been developed for IM control to 

ensure high precision and less complexity. Most of the previous developments were built 

using the fundamentals of electric machine theories and classical control theories. Fig. 

3.1 illustrates the  basic structure of a typical induction motor control system which 

composed of the controller, inverter, sensors, the induction motor, and the load [11].   

Controller Inverter

Power Supply

IM

Load

Commands Voltage & 

current 

sensors

Speed or 

Position 

sensors

 

Fig. 3.1. Control system of an induction motor. 

According to [47] an induction motor operation can be characterized by a fifth order 

nonlinear differential equations with three inputs and two state variables which are 

measurable. Machine parameter uncertainties and random disturbances further 

complicate the induction motor control systems. Nevertheless, there is a vast number
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of control techniques available for induction motor control and new strategies continue 

emerging. 

In this chapter, the fundamental theory behind the conventional direct torque control 

(CDTC) principle and two other nonlinear control mechanisms: sliding mode, and fuzzy 

logic control are discussed. Next, the sliding mode and fuzzy logic methods are combined 

with the proposed direct torque control mechanism. 

3.2 Conventional Direct Torque Control  

 3.2.1 Direct Torque Control Basis 

The principle behind the DTC method is to independently control the estimated torque 

and flux of the machine, using optimum switching vector table. Unlike in vector control, 

DTC does not control the flux and the torque of the motor by controlling the motor 

current. The direct torque control method also differs from vector control in a way, that it 

employs the stator flux instead of the rotor flux as in the vector control. Direct vector 

control and direct self control are two other variations of the DTC scheme.   

 3.2.2 Conventional Direct Torque Control Topology 

The basic idea behind the DTC concept is to achieve decoupled control of both flux and 

torque by properly selecting the stator voltage analogous to the torque and flux errors. A 

block diagram of CDTC based induction motor drive is shown in Fig. 3.2 [20].  

As depicted in the Fig. 3.2, a CDTC drive comprised of mainly four modules: an  

estimation block, a flux controller, a torque controller and the switching logic. 

For the DTC scheme, estimated stator flux can be derived from (2.28) and (2.29) as, 

�̂�𝛼𝑠 = ∫( 𝑣𝛼𝑠 − 𝑟𝑠𝑖̂𝛼𝑠) 𝑑𝑡                                               (3.1) 

�̂�𝛽𝑠 = ∫( 𝑣𝛽𝑠 − 𝑟𝑠𝑖�̂�𝑠) 𝑑𝑡                                               (3.2) 

�̂�𝑠 = √(�̂�𝛼𝑠)
2
+ (�̂�𝛽𝑠)

2
                                                (3.3) 
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𝜃𝜓𝑠 = tan−1 [
�̂�𝛽𝑠

�̂�𝛼𝑠

]                                                           (3.4) 

The electromagnetic torque can be estimated as, 

�̂�𝑒 =
3

2
𝑛𝑝(�̂�𝛼𝑠𝑖�̂�𝑠 − �̂�𝛽𝑠𝑖̂𝛼𝑠)                                           (3.5) 

Where 𝜃𝜓𝑠 is the stator flux angle. 
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Fig. 3.2.  Control structure of the CDTC 

ψs

Decrease ψs

_

_

Increase ψs

Decrease Te

Increase Te

V1

V2

V3

V2

V5

V6

S1

S2

d

q

θψs

_

_

_

_
_

 

Fig. 3.3.  Control principle of the CDTC in complex plane  
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In Fig. 3.3,  𝑉𝑖 for 𝑖 = {0,1, … ,6} denotes the active voltage vectors and  𝑆𝑥 for 𝑥 = {1,2} 

represents the first two sectors in complex plane. The estimated stator flux and torque 

values are calculated according to (3.3) and (3.5) are compared with their corresponding 

reference values ψs
* and Te

* respectively. As illustrated in Fig. 3.2, the error between Te
* 

and �̂�𝑒 is the input of a three-level hysteresis controller used in torque control loop. The 

error between ψs
* and �̂�𝑠 is the input of a two-level hysteresis controller which is used in 

stator flux control loop. Outputs from the two-hysteresis controllers together with the 

stator flux sector are used to select switching logic in CDTC method as described in the 

Fig. 3.3. 

3.3 Sliding Mode Control 

Sliding mode control (SMC) is one of the most popular discontinuous feedback control 

methods which is been extensively explored by many authors in various applications [12, 

14, 26]. SMC has gained its popularity in the field of the nonlinear control system, due to 

its low sensitivity for the model parameter variation and disturbance as well as its order 

reduction property. SMC can also be treated as an extension of the classical hysteresis 

control, with the advantage of strict stability [14] which has been extensively considered 

in this study. In this section, the basic theory behind the sliding mode concept is 

discussed. 

 3.3.1 General Theory 

The complete sliding mode operation can be divided into two stages [29].  The first stage 

is known as the reaching phase in where, SMC directs the control trajectory toward the 

sliding manifold, or sliding surface (ζ = 0) regardless of the initial conditions. The second 

stage of the control process, which is known as sliding phase, starts as the trajectory 

reaches the sliding manifold. Thereafter, the control action ensures that the trajectory 

stays on the sliding surface, and simultaneously directed toward the required equilibrium 

point. The control method employs the sliding surface as the reference path and SMC 

makes the control trajectory to follow the reference path and ultimately reach the steady-

state. The graphical representation of the control trajectory with SMC is illustrated in Fig. 

3.4. 
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Feedback trajectory S at 

an arbitrary location

Sliding 

manifold

 ζ = 0 

0

trajectory S moving on 

the manifold and arriving 

at 0

Sliding 

manifold

 ζ = 0 

0

 

 (a) (b) 

Fig. 3.4. Sliding mode control for ideal case [29] (a) Reaching phase (b) Sliding phase  

 

Fig. 3.4 shows the behavior of the control trajectory for sliding mode process under ideal 

condition. Nonideality of the switching affects during the sliding phase and causes the 

trajectory to oscillate around the sliding manifold while simultaneously reaching toward 

the equilibrium point at 0. In addition, once it reaches equilibrium, the trajectory may 

become trapped in a periodically oscillating state as shown in Fig. 3.5 [29].    

 

trajectory S chatters 

along the manifold and 

moves toward 0

Sliding 

manifold

 ζ = 0 

0

trajectory S is trapped 

at a periodically 

oscillating state near 0
0

high frequency 

oscillation

Sliding 

manifold

 ζ = 0 

 

(a)                                                             (b) 

 Fig. 3.5. Sliding mode control for non-ideal case [29] (a) Sliding phase (b) Steady state  

 

 3.3.2 Mathematical Formulation 

A non-linear, time varying switching system can be defined as [29] 

�̇�(𝑡) = 𝑔(𝑥(𝑡)) + 𝜑(𝑥(𝑡))𝑢(𝑡)                                   (3.6) 

where, 𝑥(𝑡) is state vector with n-dimension, 𝑔(. ) and 𝜑(. ) are two vector fields in the 

same space, and the discontinues control function 𝑢(𝑡) can be expressed as 
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𝑢(𝑡) = {
𝑈+ 𝑖𝑓 𝑆(𝑥, 𝑡) > 0

𝑈− 𝑖𝑓 𝑆(𝑥, 𝑡) < 0
                                         (3.7) 

where 𝑈+ and 𝑈− can be either constant values or functions of 𝑥(𝑡) and 𝑆(𝑥, 𝑡) is the 

instantaneous control trajectory. 

A system with aforementioned structure needs to meet three conditions to exhibit sliding 

mode property, namely hitting, existence and stability conditions. The intention of the 

hitting condition is to guarantee that the control trajectory reaches the sliding manifold 

regardless of the initial condition. The necessary and sufficient condition for a system to 

satisfy the hitting condition is that the control action 𝑢(𝑡) must generate state-vector 𝑥(𝑡) 

and as result control trajectory should satisfy the following inequality [14, 29], 

𝑆
𝑑𝑆

𝑑𝑡
< 0             (𝑓𝑜𝑟 𝑡 > 0 𝑎𝑛𝑑 |𝑆| ≥ 𝛿)              (3.8) 

where, 𝑑 𝑑𝑡⁄  is the time derivative and 𝛿 is the width of the sliding surface. 

The second criteria, which is the existence condition, ensures that the control trajectory 

near the sliding manifold such that 0 < |𝑆| < 𝛿, is always directed toward the sliding 

manifold. This can be validated by checking the local reachability condition of the 

equation (3.8) as [29], 

lim
𝑆 → 0

𝑆
𝑑𝑆

𝑑𝑡
< 0                                                               (3.9) 

The stability condition is used to ensure that the trajectory in the sliding manifold always 

directed toward the equilibrium steady state point. This is done by selecting the control 

action and the sliding coefficients to comply with stability criteria.  

 

 3.3.3 Hysteresis Function 

The implementation of the sliding mode through hysteresis function is commonly used in 

control applications. Direct implementation of the sliding mode in control action creates 

problems such as high switching frequency and undesirable chattering problems. These 

problems can be avoided by employing hysteresis function to restrict the range of the 

switching frequency. The switching function in equation (3.7) can be redefined with the 
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incorporation of hysteresis concept as, 

𝑢(𝑡) = {
𝑈+ 𝑖𝑓 𝑆(𝑥, 𝑡) > ∆

𝑈− 𝑖𝑓 𝑆(𝑥, 𝑡) <  −∆
𝑃𝑟𝑒𝑣𝑖𝑜𝑢𝑠 𝑠𝑡𝑎𝑡𝑒 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

                                         (3.10) 

where, ∆ is an arbitrary value. With the introduction of hysteresis bandwidth of 2∆, the 

control trajectory bounds in between ±∆ ensuring the controllable chattering as a 

function of ∆. Fig. 3.6 demonstrates the sliding mode operation through hysteresis 

function. 

trajectory S chattering within 

boundary + Δ and -Δ 

Sliding manifold

 ζ = 0 

0

controlled oscillation

 ζ = + Δ

 ζ = - Δ

 

Fig. 3.6. SMC with hysteresis control 

 

3.4 Fuzzy Logic Control 

As discussed in section 3.2, DTC in its basic configuration employs two hysteresis 

controllers in torque and flux control loops. However, these hysteresis controllers create 

two major issues for DTC drives. They are: 1) variable switching frequency and 2) high 

torque ripple. These issues lower the performance and add losses to the drives. Numerous 

control approaches have been proposed in literature to overcome these problems 

associated with the CDTC drives [48, 49]. 

In this study, the adaptive nature of the fuzzy logic control (FLC) has been incorporated 

to enhance the dynamic performance of the DTC drive by replacing the hysteresis 

controllers with fuzzy logic based controllers. The proposed approach is discussed in 

chapter IV. This section is devoted to an exposition of the fundamental of the FLC 
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technique and its implications in the feedback regulation of the nonlinear systems. 

 3.4.1 Fuzzy Set 

The notion of the fuzzy set is derived as an extension of the classical set theory. 

However, as in the classical set, the fuzzy set does not have a sharp boundary. It is an 

object in a classical set can either belong to a set or not belong to a set.  Yet, an object in 

a fuzzy set can be categorized into more than one subset simultaneously, as its boundaries 

are smooth or vague. In other words, the fuzzy sets employ a universe of discourse as its 

base and take account of an infinite number of degrees of membership in a set. The 

universe of discourse is the range of all possible values for an input to a fuzzy system. 

Representation of classical and fuzzy set is shown in Fig. 3.7.  

LOW MEDIUM HIGH

0 30 70 120

1

0F
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0 30 70 120

1

0F

 

 (a) (b) 

Fig. 3.7. Illustration of set [50] (a) Classical (b) Fuzzy  

Analogous to the classical set operations, the primary fuzzy set operations contain 

intersection, union and complement which can be defined as [50] 

 

Union:    𝐴 ∪ 𝐵 = 𝜇𝐴(𝑥) ∪ 𝜇𝐵(𝑥) = max(𝜇𝐴(𝑥), 𝜇𝐵(𝑥))                    

Intersection:      𝐴 ∩ 𝐵 = 𝜇𝐴(𝑥) ∩ 𝜇𝐵(𝑥) = min(𝜇𝐴(𝑥), 𝜇𝐵(𝑥)) 

Complement:     𝐴𝑐 = 𝐹\𝐴 

 

where, A and B are two fuzzy sets, x is an element in the universe of discourse and 𝜇 is 

the membership function. The graphical representation of above fuzzy set operation is 

shown in Fig. 3.8.  
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Fig. 3.8. Fuzzy set operation [50] (a) Union (b) Intersection (c) Complement  

 3.4.2 Fuzzy Inference System 

In contrast to the standard control strategy, which is a point-to-point control, fuzzy logic 

control is a range-to-point or range-to-range control [50]. The  process of formulating the 

mapping from a given input to an output using fuzzy logic is referred to as fuzzy 

inference  [11]. The structure of a basic fuzzy inference system (FIS) is demonstrated in 

Fig. 3.9. A FIS generally comprises of three major sections namely, a fuzzifier, a fuzzy 

inference engine, a defuzzifier [33].  

Input
Fuzzify Fuzzy reasoning Defuzzify

Output

Fuzzy Inference System

 

Fig. 3.9. A basic fuzzy inference system [11] 

3.4.3 Fuzzification  

Fuzzification is the first step in FIS. This involves converting crisp or classical variables 

into fuzzy variables and thereafter apply fuzzy inference procedures to obtain the desired 

output. Typically, fuzzification includes two steps, first generate membership function for 

input and output variables and carefully assign them with linguistic variables. This 

procedure is related to the mapping of a classical set to a fuzzy set with variable degrees.  
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In reality, there are several different types of membership functions, for instance 

triangular waveform, trapezoidal waveform, Gaussian waveform, bell-shaped waveform, 

sigmoidal waveform and S-curve waveform [50].The shape of the membership function 

is selected to match with the application requirements. The systems that require fast 

dynamic variation with smaller time laps, a triangular waveform is the best choice while 

a Gaussian or S-curve waveform is selected obtain precise control.  

 

 3.4.4 Fuzzy Rule Base 

The second step of the FIS is to define control rules to create the control output.  The 

control rules can be treated as the core of FIS. These rules are associated with the 

sequence of if-then conditions, generating an algorithm to express the series of action 

should be taken with respect to the current observations. ‘If’ part captures the information 

of the observed input and ‘then’ part employed to generate output conclusion.  

 3.4.5 Defussification 

As the final step in FIS process, control action selected from the previous step should be 

converted from the linguistic variables back to crisp or classical variables, to use in the 

control objective. In practice, there are three defuzzification techniques are used Mean of 

Maximum method, Center of Gravity method and the Height method [50].  
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CHAPTER IV 
 

 

METHODOLOGY 

4.1 Sector Advancing Strategy 

 4.1.1 Overview of Sector Advancing Concept 

Numerous developments of the basic DTC algorithm have been evolving over the past 

few years in order to enhance the dynamic performance and the efficiency of the motor 

drives as well as to improve the quality of stator current [4, 12, 21, 22, 24-26, 28, 34, 36, 

43, 51-53]. As such, an interesting concept that is being used to improve the dynamic 

operations of DTC based induction motor drive is “sector advancing (SA)” which is also 

known as sector shifting [44]. This notion is employed in drives so that fast torque 

response can be achieved which is a key indicator of drive quality of dynamic 

performance. 

The fundamental structure of the DTC algorithm with SA concept is similar to the CDTC 

method, which is illustrated in Fig. 3.2. However, the selection procedure of the voltage 

vector 𝑣𝑖 for 𝑖 = {0,1, … ,6} has been altered to incorporate the SA strategy [44]. In the 

conventional method, 𝑣𝑖 is selected from the basic switching look-up table as given in 

Table 4.1, considering the feedback error of both estimated torque and flux.  

 4.1.2 Selection of Voltage Vector  

In CDTC, at each sampling state the required voltage vector is selected based on the error 

between estimated and reference stator flux.  However, in the SA strategy, the voltage 

vector selection process has been modified allowing induction machine to achieve fast 

torque response.  The underlying principle behind the SA scheme is illustrated in this 

section.
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If the rotor flux remains constant when stator flux is changed incrementally by applying 

stator voltage with corresponding variation of the angle 𝛾 (∆𝛾), then the incremental 

electromagnetic torque, ∆𝑇𝑒 can be derived as, 

∆𝑇𝑒 =
3

2
𝑛𝑝

𝐿𝑚

𝐿𝑟𝐿𝑠
′  |𝜓𝑟|   |𝜓𝑠 + ∆𝜓𝑠| sin(∆𝛾)                               (4.1) 

It can be seen that higher torque increment can be achieved by properly adjusting either 

∆𝜓𝑠 or ∆𝛾. In this thesis, a rapid torque increment is obtained via ∆𝛾, which is by changing 

the angle between the rotor and the stator flux vector rapidly, for a time increment of ∆𝑡. 

Depending on the place where 𝜓𝑠 lies, in one of the six sectors of the α-β reference 

frame, 𝑣𝑖 has different influence for the stator flux and the electromagnetic torque. If a 

particular 𝑣𝑖 in one sector of the complex plane is employed to increase the stator flux, 

the same voltage vector can be used to decrease the stator flux in the next sector. This 

idea is incorporated to develop a new switching control strategy with SA concept. 

d

q

A’

B’
C’

D’E’

Ψs
* 

ωe

Ψs
 

Ψr
 

π/3 
2HBΨ 

S1

S2S3

S4

S5
S6

d

q

A

B

Ψs
* 

ωe

Ψs
 

Ψr
 

π/3 
2HBΨ 

S1

S2S3

S4

S5
S6

CD

(a) (b)
 

Fig. 4.1.  Trajectories of stator flux vector (a) Conventional DTC (b) DTC with SA 

strategy [44, 54] 

 

Consider, for example, an operation in sector 2 as depicted in Fig.4.1 (b) at point B, flux 

is high and torque is low, that is 𝐻𝜓 = −1 and  𝐻𝑇𝑒 = 1. According to the switching 

strategy established in Table 4.1, voltage vector 𝑉4 is applied to the drive in order to keep 

flux and torque within their hysteresis band, 2𝐻𝐵𝜓, thus creating the trajectory up to 
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point C. Thereafter, at point C,  𝐻𝜓 = 1 and 𝐻𝑇𝑒 = 1, that is both flux and torque need to 

be increased and this will generate 𝑉3 from the Table 4.1, according to the conventional 

method as depicted in Fig. 4.1 (a) trajectory C’D’. However, in SA approach, instead of 

selecting 𝑉3 from the look-up table, it makes flux space vector to function as it is in the 

sector 3. If the flux vector is at the sector 3, and feedback signals are 𝐻𝜓 = 1 and 𝐻𝑇𝑒 =

1, then the voltage vector should be applied is 𝑉4. Thus 𝑉4 will apply until the flux vector 

touches the upper bound of the hysteresis controller as illustrated by trajectory CD in Fig. 

4.1 (b). It can be observed that stator flux trajectory follows a different path in contrast to 

the ordinary trajectory described in Fig. 4.1 (a) which is bounded by the hysteresis 

bandwidth of 2𝐻𝐵𝜓.  

TABLE 4.1 

Switching Strategy of Conventional DTC 

𝐻𝜓 𝐻𝑇𝑒 𝑆1 𝑆2 𝑆3 𝑆4 𝑆5 𝑆6 

1 

1 𝑉2 𝑉3 𝑉4 𝑉5 𝑉6 𝑉1 

0 𝑉0 𝑉7 𝑉0 𝑉7 𝑉0 𝑉7 

-1 𝑉6 𝑉1 𝑉2 𝑉3 𝑉4 𝑉5 

-1 

1 𝑉3 𝑉4 𝑉5 𝑉6 𝑉1 𝑉2 

0 𝑉7 𝑉0 𝑉7 𝑉0 𝑉7 𝑉0 

-1 𝑉5 𝑉6 𝑉1 𝑉2 𝑉3 𝑉4 

 

In CDTC the stator flux vector travels along the circular trajectory at a constant speed 

determined by the applied DC voltage of the voltage source inverter. However, with the 

SA technique the stator flux vector follows a shortcut path and reaches the next location 

within a shorter time compared to the original locus. Flux vector trajectory following a 

different path yields a sudden increment of the angle between the stator and rotor flux 

vectors and rapid torque increment. This concept, which is used to separate the stator flux 

vector from rotor flux vector in larger angle, is referred to as sector advancing. In this 

research, the SA technique [44] is applied to the CDTC algorithm together with the 

proposed fuzzy logic and sliding mode control methods to get better dynamic 
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performance from the drive.  

In Fig. 4.1, 𝑑 and 𝑞 represent the direct and quadrature axes in complex plane while 𝜔𝑒 is 

the angular frequency of the stator flux. In Table 4.1, 𝐻𝜓 and 𝐻𝑇𝑒 represent levels of 

digital outputs of flux and torque control loops. 𝑆𝑖 for 𝑖 = {0,1, … ,6} represents the sector 

number. 

4.2 Proposed Control Algorithms for DTC 

In this section, complete design procedure of SM and FL based torque and stator flux 

controllers are described. These two algorithms are combined with the SA algorithm 

discussed in section 4.1. 

4.2.1 Sliding Mode in DTC  

SMC is used to achieve a robust and fast dynamic performance for IM drive. SMC 

enforces the system to stay on the pre-defined sliding surface by adaptively adjusting the 

structure of the controller. Fig. 4.2 shows the proposed integral type sliding mode DTC 

(SMDTC) scheme. The drive employs a proportional-integral (PI) speed controller, stator 

flux, torque and speed observers. The control objective of the drive is to control the stator 

flux magnitude and the torque of the machine. 

The controllers are constructed to enforce the stator flux and torque to follow their 

command values. The sliding surfaces for stator flux magnitude and electromagnetic 

torque are designed to impose SM operation with first order dynamics.  We define the 

sliding surfaces as 𝑆𝜓𝑠  for the flux controller and 𝑆𝑇𝑒 for torque controller as 

𝑆𝜓𝑠 = 𝑒Ψs + 𝑘Ψs ∫𝑒Ψs 𝑑𝑡                                               (4.2) 

𝑆𝑇𝑒 = 𝑒Te + 𝑘Te ∫𝑒Te 𝑑𝑡                                                 (4.3) 

𝑒𝜓𝑠 = 𝜓𝑠
∗ − �̂�𝑠 is stator flux error, 𝑒𝑇𝑒 = 𝑇𝑒

∗ − �̂�𝑒 is torque error, 𝑘Ψs and 𝑘Te are design 

constants. The control laws are selected such that system states to stay on the surfaces 

 𝑆𝜓𝑠 = 0 and 𝑆𝑇𝑒 = 0 [12]. First order linear dynamics of the stator flux error and torque 

error are given by 

𝑑𝑒𝜓𝑠

𝑑𝑡
= −𝑘𝜓𝑠𝑒𝜓𝑠                                                                  (4.4) 
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𝑑𝑒𝑇𝑒

𝑑𝑡
= −𝑘𝑇𝑒𝑒𝑇𝑒                                                          (4.5) 

In this case, the design constants are chosen to have desired dynamics for the control 

errors. Then, the switching controls for the flux and torque controllers can be written as 

𝑢𝜓𝑠 = 𝑈0𝑠𝑔𝑛(𝑆𝜓𝑠)                                                    (4.6) 

𝑢𝑇𝑒 = 𝑈1𝑠𝑔𝑛(𝑆𝑇𝑒)                                                     (4.7) 

The constants 𝑈0  and 𝑈1 are derived from the Lyapunov stability condition as in (53) 

and (54) [35]. 

𝑆𝜓𝑠�̇�𝜓𝑠 < 0                                                               (4.8) 

𝑆𝑇𝑒�̇�𝑇𝑒 < 0                                                               (4.9) 
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Fig. 4.2.  SM based control scheme for DTC 

Switching signals 𝑢𝜓𝑠 and 𝑢𝑇𝑒 are used to select proper voltage vector for the Voltage 

Source Inverter (VSI). 

4.2.2 Fuzzy Logic in DTC  

Integration of intelligent control techniques, including fuzzy logic, neural networks, and 

genetic algorithm is becoming more popular along with the rapid development of the 

power electronics. This thesis deploys a fuzzy logic strategy to improve the dynamic as 

well as steady-state performance of the DTC drives. In conventional DTC, the higher 

ripples in torque and flux pose a real problem for IM drive applications. In this section, 

the proposed FL approach is employed to reduce the inherent problem in CDTC. The 

target is achieved by replacing the hysteresis controllers in classical method with two 
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FLCs, one in stator flux control loop and the other one in electromagnetic torque control 

as depicted in Fig. 4.3. 

In order to obtain better performance, two PI type FLCs are introduced in both flux and 

torque control loops. Compared to the traditional PI type controller, a FL based PI 

controller has lower steady state error. In this approach, fuzzy controllers are designed to 

have one input and two outputs separately as shown in Fig. 4.3. 
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Fig. 4.3.  FL based control scheme for DTC 

 

In traditional PI controller, proportional gain 𝐾𝑝 and integral gain 𝐾𝑖 are constant. In the 

proposed approach, these gains are varied in accordance with the error to enhance the 

better performance of the controller. This has been achieved by varying 𝜇𝑝 and 𝜇𝑖  which 

are based on the defined fuzzy rules. The percentage variation of 𝜇𝑝 and 𝜇𝑖 are 

determined by the absolute value of the error between command values (Te* and ψs*) and 

the estimated values (�̂�𝑒 and �̂�𝑠) during the operation. Then, the 𝐾𝑝 and 𝐾𝑖 for FL based 

PI controller can be defined as 

𝐾𝑝 = 𝑊𝑘𝑝
𝜇𝑝                                                           (4.10) 

𝐾𝑖 = 𝑊𝑘𝑖
𝜇𝑖                                                             (4.11) 

where, 𝑊𝑘𝑖
 and 𝑊𝑘𝑝

 are the weighting factors. 

Similar structure is used for both stator flux and torque control loops. In stator flux 

control loop, the absolute value of the error between command stator flux, ψs* and the 

estimated stator flux, �̂�𝑠 is taken as the input. Two gain values are placed in the controller 
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loop where, 𝜇𝑝 and 𝜇𝑖 are the two outputs of the fuzzy controller. The absolute error 

between reference torque, Te*  and the estimated torque, �̂�𝑒  is used as the input to the 

fuzzy torque controller. The controller produces the corresponding gain values based on 

the defined fuzzy rules.  

e(t)

1

0 0.1 0.5 0.6 0.9 1

0.5

Z S L

D
eg

re
e 

o
f 

m
em

b
er

sh
ip

(a)

D
eg

re
e 

o
f 

m
em

b
er

sh
ip

0.5

1

0 0.1 0.5 0.9 1

Z S L

µp , µi

(b)
 

Fig. 4.4. Fuzzy membership functions (a) Input error (b) Output gains, μp and μi 

 

Designed MFs of the two controllers are shown in Fig. 4.4. Triangular MFs are used 

except at the extreme ends. The fuzzy inference rules used for the controllers are defined 

as in [11, 33] 

Rule 1:  if abs 𝑒(𝑡) =L then 𝜇𝑝= L and 𝜇𝑖 = L 

Rule 2:  if abs 𝑒(𝑡) =S then 𝜇𝑝= L and 𝜇𝑖  = Z 

Rule 3:  if abs 𝑒(𝑡) =Z then 𝜇𝑝= L and 𝜇𝑖 = S 

Where 𝑒(𝑡) is torque or stator flux error, L for large, S for small and Z for zero. Input of 

the controller maps to the two outputs based on the defined rule base. The gains of the 

controller are adjusted adaptively considering the absolute value of the 𝑒(𝑡).   Finally, the 

outputs of the torque and flux control loop together with sector number are used to obtain 

the best voltage vector for VSI. 
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CHAPTER V 
 

 

SIMULATION RESULTS 

Computer simulation is a powerful tool for analyzing an induction motor control system. 

In computer simulation environment, all the parameters and states of the model can be 

readily observed, and parameters can be changed easily to understand the effect on the 

model, thereby permitting a flexible design of the control system. This chapter is mainly 

composed of two parts. In the first section, characteristics of the three phase symmetrical 

induction motor in the stationary reference frame are described. The latter part presents 

the analysis of the proposed method by comparing the different techniques and various 

test cases.  

5.1 Induction Motor Modeling 

In order to demonstrate the transient behavior of the three phase induction motor, a 

simulation study of direct on-line starting was carried out. At the initial time instant (i.e. t 

= 0s), the motor is at standstill. The motor is powered by 220V, 60 Hz three phase supply 

and the amplitude of each phase voltage equals to √2 × (220
√3

⁄ ) = 179.63 𝑉. The 

parameters of the three phase induction motor used for the simulation are given in the 

Appendix.  Motor transient operation under free acceleration and with a load are 

discussed. 

5.1.1 Induction Motor Operation under Free Acceleration 

It is important to examine the behavior of the induction machine variables during no load 

acceleration period to steady state operating point. Hence, the nonlinear differential       
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equations given in Chapter II which describes the characteristics of the symmetrical 

induction machine, are simulated and results are presented.  

The three phase stator voltage components, 𝑣𝑎, 𝑣𝑏 , and 𝑣𝑐 are showed in Fig. 5.1. Each 

phase voltage has a peak magnitude, 𝑉𝑚 equals to 179.63V and contains ∓1200 phase 

shift with respect to phase ‘a’. Fig. 5.2 shows the stator voltage in the stationary reference 

frame. Three phase voltage components have been transformed into two perpendicular 

voltage components such that 

𝑉𝑚 = 2
3⁄

√(𝑣𝛼𝑠)
2 + (𝑣𝛽𝑠)

2
                                            (5.1) 

Where 𝑣𝛼𝑠 and 𝑣𝛽𝑠 are the stator voltage components in two axes reference frame. 

Startup transient of the stator voltage in the stationary reference frame is illustrated in 

Fig. 5.3. Where, 𝑖𝛼𝑠 and 𝑖𝛽𝑠 represent the direct and the quadrature components of the 

stator current. 

 

Fig. 5.1. Three phase components of the stator voltage.  
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Fig. 5.2. Two axes components of the stator voltage.   

 

Fig. 5.3. Two axes components of the stator current. 

Fig. 5.4 and Fig. 5.5 represent the rotor speed and the electromagnetic torque generated 

by the induction machine during free acceleration from the stall.  As observed from the 

Fig. 5.4, the motor takes 3s to reach the steady state speed of 188.5 rad/s (1800 rpm).  
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Fig. 5.4. Rotor speed variation under no-load.  

 

Fig. 5.5. Electromagnetic torque variation of the motor under no-load.   

 5.1.2 Induction Motor Operation under a Load 

It is essential to analyze the motor performance when a load is connected. For this 

purpose, a constant load torque of 3 Nm is applied to the motor at t = 4s. Corresponding 

responses of stator current, rotor speed, and motor torque are demonstrated in Fig. 5.6 – 

Fig. 5.8. The stator phase ‘a’ current variation during initial transient and the load 

application are shown in Fig. 5.6. It can be seen that a three phase induction motor draws 

a higher current during starting when operated at direct on line start. In practice, this is 

avoided by controlling the induction motor through a high performance variable speed 
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drive (VFD). These VFD devices consist of power electronics semiconductor switching 

devices which can generate desired output characteristics based on switching control. 

Fig. 5.7 shows the rotor speed response with a load connected. It can be noticed that, 

initially the motor spins at the synchronous speed. When the load torque is stepped from 

zero to the given value, the speed of the motor drops to 182.3 rad/s (1740.8 rpm) due to 

the slip. Dynamic behavior of the electromagnetic torque during a step change in load 

torque is shown in Fig. 5.8. Motor electromagnetic torque reaches the desired load torque 

after undergoing slight fluctuations. 

 

Fig. 5.6. Stator current phase ‘a’ variation under loaded condition.  

 

Fig. 5.7. Rotor speed variation under loaded condition.  
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Fig. 5.8. Electromagnetic torque variation of the motor under loaded condition.   

5.2 Proposed Approach for DTC Drives 

The proposed DTC approach together with FL and SM control techniques were simulated 

in Matlab/ Simulink environment. Three-phase induction motor parameters which have 

been used for the simulation are given in the Appendix. A PI controller has been utilized 

in speed control loop, which generates the electromagnetic torque reference (𝑇𝑒
∗) for the 

DTC scheme. The speed controller gains were chosen as, 𝑘𝑝 = 3, 𝑘𝑖 = 0.001. Speed and 

stator flux reference values used in the entire simulation were 100 rad/s and 0.8 Wb 

respectively. A step change to the speed controller reference was applied at t = 0.2s. The 

performance and the effectiveness of the proposed DTC algorithm are evaluated through 

a series of test cases.   

 5.2.1 Startup Transient  

The behaviors of each control method subjected to a load connection are examined in this 

section. A constant load torque of 6 Nm is applied at 0.65s to each motor, driven by 

different control strategies. The torque response, speed response and the stator flux locus 

of CDTC without SA, CDTC with SA, SMDTC with SA, and FLDTC with SA are 

demonstrated in Fig. 5.9 - Fig. 5.11. 
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Fig. 5.9.  Electromagnetic torque response during load application. 

Fig. 5.9 shows the torque response during initial load application with the steady state 

zoom in view.  Each controller illustrates different transient times during initial operation 

as depicted in Fig. 5.9. The torque response trajectory corresponds to the CDTC without 

SA takes 0.665s to reach the reference value. On the other hand, proposed controllers 

designed with SA scheme, with three different control methods, i.e. CDTC, SMDTC, and 

FLDTC take 0.658s, 0.653s and 0.651s respectively to reach the reference value.  

When compared to CDTC without SA, the controllers that have been constructed with 

SA strategy display faster response for the electromagnetic torque on the expense of 

increasing the steady state chattering. Nevertheless, the chattering problem related with 

the conventional and SM based controllers has been fixed by the FLDTC due to its 

adaptive nature, while preserving the merits of the SA technique.  

Fig. 5.10 depicts the speed regulation of designed controllers. Each controller follows the 

desired speed of 100 rad/s which was applied at t = 0.2s. The time taken to reach the 

steady state value varies depending on the available acceleration torque. As shown in Fig. 

5.10, speed transient times and steady state speeds of CDTC without SA, CDTC with SA, 

SMDTC with SA and FLDTC with SA, are 0.39s; 99.7 rad/s, 0.43s; 100.1 rad/s, 0.42s; 

100.1 rad/s and 0.4s; 100.03 rad/s. 
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Fig. 5.10.  Startup transient of the motor speed responses of different controllers 

 

 

Fig. 5.11.  Stator flux trajectory. (a) CDTC without SA (b) CDTC with SA (c) SMDTC 

with SA (d) FLDTC with SA. 

The locus described by the extremity of the stator flux vector in complex plane is 

demonstrated in Fig. 5.11.  The stator flux trajectory of the CDTC without SA is almost 

circular as shown in Fig. 5.11 (a). The stator flux locus of the controllers that are 

designed with SA strategy are shown in Fig. 5.11 (b) – Fig. 5.11 (d). Stator flux 

trajectories of the controllers designed with SA do not resemble a circle. This is due to 
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the different voltage vector selection strategy employed in SA approach when compared 

to the traditional look-up table method. In order to obtain a fast torque response, the angle 

between stator flux and the rotor flux is increased rapidly permitting the flux vector to 

follow a different path. Therefore, Fig. 5.11 (b) – Fig. 5.11 (d) have considerably similar 

loci that resulted from SA method. Fig. 5.12 shows the variation of the stator voltage 

components of FLDTC. During initial transient and steady state periods, the nature of the 

stator voltage is different. 

 

Fig. 5.12.  Stator voltage components of FLDTC  

 5.2.2 Transient Behavior under a Load Change  

In this section, four control schemes were compared when drive is functioning at a 

different operating condition. The drive is subjected to a sudden load change at 0.9s from 

2 Nm to 6 Nm at 100 rad/s speed.  Performances of the selected schemes are illustrated in 

Fig.  5.13 (a) – Fig. 5.13 (c). Compared to the CDTC without SA, SMDTC with SA and 

FLDTC with SA exhibit faster response during the transient period.  As depicted in Fig. 

5.13, the transient time of CDTC without SA, SMDTC with SA and FLDTC with SA are 

1.098s, 0.905s and 0.903s respectively. 

 Moreover, FL scheme displays a faster response when compared to the SM scheme with 

a lower torque ripple at the steady state. The FLDTC with SA shows 0.67 Nm ripple 

while CDTC without SA shows 1.475 Nm ripple at steady state. In addition, time spent 
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during initial transient and during step load change are summarized in Table 5.1. Hence, 

it is concluded from the obtained results that FLDTC with SA scheme provides better 

torque response during load transients. 

 

 

 

Fig. 5.13.  Electromagnetic torque response for load variation (a) CDTC without SA (b) 

SMDTC with SA (c) FLDTC with SA 
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5.2.3 Transient Behavior under a Speed Change 

The conventional and proposed controllers have been compared during transient stage by 

means of reference speed change from 100 rad/s to 80 rad/s. The change in the speed is 

applied at a time t = 1s. Fig. 5.14 (a) – (h) show the variation of the speed and torque 

response of the induction machine with different control algorithms. 

 

Fig. 5.14 Speed and torque response for step speed change (a) Speed CDTC (b) Torque 

CDTC (c) Speed CDTC with SA (d) Torque CDTC with SA (e) Speed SMDTC with SA 

(f) Torque SMDTC with SA (g) Speed FLDTC with SA (h) Torque FLDTC with SA 
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Due to the sudden drop of the speed reference, the electromagnetic torque generated by 

the motor undergoes an abrupt undershoot. Fig. 5.14 (a) and (b) show the speed and the 

torque response of the CDTC drive without SA under speed change. As observed from 

the Fig. 5.14 (a) and (b), speed reaches the desired stepped down speed at t = 1.08s and 

the internally generated torque of the motor experiences a significant undershoot 

followed by slight overshoot before recovering back to its initial state.  The DTC drives 

designed with SA strategy exhibit a significantly lower transient period under the speed 

change.  

The transient time of CDTC with SA, SMDTC with SA, and FLDTC with SA are 1.008s, 

1.01s, and 1.009s. Hence, the proposed controllers, as described in Fig. 5.14 (c) – (h), 

have attained new operating state of the motor within one-tenth of the time lapse of the 

conventional drive. Further, the proposed controller with FL technique guarantees a 

lower ripple in torque response while ensuring fast dynamics. 

 5.2.4 Drive performance under a Voltage Sag Condition 

Faults in power system could result in a sudden voltage dip for a short time extent. These 

under voltage scenarios can disturb the steady operation of the drive system which is 

interfaced with low voltage bus. The performances of the proposed drives under a voltage 

sag incident were explored in this test case. 55% of voltage sag is applied to the drives 

after each of them attained steady state. During the fault, drive experience a lower voltage 

for 100 ms period starting from t = 1s to t = 1.1s. 

Fig. 5.15 shows the speed response of each controller. As illustrated in Fig. 5.15 the 

speed of the CDTC without SA drops to a value of 50.45 rad/s as voltage drops. Next, it 

jumps back to the desired speed in 0.201s once the fault is cleared. The controllers that 

are designed with SA strategy exhibit a lower speed drop and a smaller recovery time 

when compared to the driver implemented without SA. Maximum speed drop and the 

recovery time of FLDTC are 30.16 rad/s and 1.184 s, and corresponding values of 

SMDTC are 37.9 rad/s and 1.327s. A summary of the obtained results is displayed in 

Table 5.1. 
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Fig. 5.15. Speed response under a voltage sag condition for different controllers 

TABLE 5.1 

Summary of the Test Cases 

 
CDTC 

Without SA 

CDTC 

With SA 

SMDTC 

With SA 

FLDTC 

With SA 

Initial Torque transient 

response time  (s) 
0.015 0.008 0.003 0.001 

Torque Transient 

response time  during 

load change(s) 

0.198 0.006 0.005 0.003 

Speed recovery time 

under voltage sag (s) 
0.201 0.242 0.227 0.084 

Maximum speed drop 

under voltage sag 

(rad/s) 

49.55 37.92 37.45 30.16 

Average steady state 

torque ripple during 

load change (Nm) 

1.63 5.87 4.68 0.39 

 



49 
 

 5.2.5 Sensitivity Analysis of the Weighting Factors in FL Controller 

As explained in Fig. 4.3, FL based DTC utilizes two PI type fuzzy controllers in the 

stator flux control loop and the electromagnetic torque control loop. Each controller has 

two weighting factors. The weighting factor in the integral path denotes as 𝑊𝑘𝑖
 and the 

one in the proportional path denotes as 𝑊𝑘𝑝
. These weighting factors have an impact on 

the dynamic stability, convergence rate, steady-state response, and the overshoot in 

output response of stator flux and torque controllers. In this study, it was intended to 

evaluate the sensitivity of two weighting factors associated with the torque control loop. 

Similar behavior can be expected in flux control loop as well.  

The optimal values of the weighting factors 𝑊𝑘𝑖
 and 𝑊𝑘𝑝

 are 0.8 and 20, which have 

been employed in entire the simulation. For the previous test cases, these values were 

selected by trial and error method in order to get a better compromise between 

aforementioned design criteria. The torque response trajectory variation for higher and 

lower values of weighting factors with regard to the optimal values have been 

investigated. The test case values for 𝑊𝑘𝑖
 and 𝑊𝑘𝑝

 are selected arbitrarily in order to 

demonstrate clear deviation in regards to those obtained with optimal values. Fig. 5.16 

and Fig. 5.17 show the torque response trajectories with optimal weights and arbitrary 

weights in FL control loop. 

The torque response for different 𝑊𝑘𝑖
 while keeping the 𝑊𝑘𝑝

at its optimal value is plotted 

in Fig. 5.16. As illustrated in the Fig. 5.16, a large enough value for 𝑊𝑘𝑖
 increases the 

convergence rate of the torque permitting fast tracking of the desired load torque. 

However, larger values of 𝑊𝑘𝑖
 might trigger a slight overshoot in torque response. In this 

case, 6% of overshoot can be observed with a higher 𝑊𝑘𝑖
 value.  

The variation of the torque response with respect to different 𝑊𝑘𝑝
 and optimal 𝑊𝑘𝑖

 is 

depicted in Fig. 5.17. Setting a lower value for 𝑊𝑘𝑝
 introduces a considerable ripple in 

the steady state torque response, which is an undesirable characteristic for the torque 

controller. The steady state torque ripple with 𝑊𝑘𝑝
= 0.01 is 13.7%, which is higher than 

that of the optimal gain value.  
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Fig. 5.16. Variation of the torque response for different 𝑊𝑘𝑖
 values 

 

Fig. 5.17. Variation of the torque response for different 𝑊𝑘𝑝
 values 
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CHAPTER VI 
 

 

CONCLUSION 

6.1 Concluding Remarks 

DTC has its roots in field oriented control and direct self control. In its basic form, DTC 

utilizes a three level hysteresis torque controller, a two level hysteresis flux controller, 

and the stator flux position to select the inverter voltage vector from a predefined 

switching table. In this thesis, an improved sector advancing (SA) algorithm has been 

developed together with two nonlinear adaptation mechanisms to improve the dynamic 

performance of the DTC drive. Two mechanisms namely, sliding mode (SM) and fuzzy 

logic (FL) have been used to reconstruct the conventional torque and flux control loop 

ensuring stability with fast dynamics. An extensive review of literature has been 

performed to investigate the previous work in the related field. Complete mathematical 

modeling of the three-phase induction motor in two axes stationary reference frame has 

been given.  

Control architecture of the proposed DTC methodology combining SA technique, FL, 

and SM has been presented. The effectiveness of the proposed method was evaluated in 

MATLAB/Simulink. Several test cases were carried out to examine the performances of 

the proposed DTC drive with and without SA strategy and to further improve the 

characteristics of the drive by incorporating the SM and FL techniques. According to the 

obtained results, initial torque transient response time of the proposed controller with FL 

and SA strategies has improved 93% when compared to the CDTC without SA, and 87% 

with respect to the CDTC with SA. During load application, each controller has taken 

different transient times based on the controller dynamics. However, FLDTC with SA has 

demonstrated the best performance with 50% shorter time with respect to the CDTC with 
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SA. Moreover, under the voltage sag condition, the controllers designed with different 

control techniques have demonstrated different speed recovery times and the maximum 

speed drops. The maximum speed drop has observed from the CDTC without SA and it is 

39 % higher than that of FLDTC. The maximum speed drop of CDTC with SA is 20% 

higher than the FLDTC.  

In voltage sag test case, after the fault is cleared, each controller tries to follow the 

desired speed. The speed recovery time of the FLDTC with SA is 65 % lower than that of 

the CDTC with SA. The simulation results demonstrate that the proposed strategy has a 

significant impact on performance when compared to the CDTC drive. The SA topology 

displays better performance during the transient, as well as under sudden voltage drop. 

Some inherent drawback of SA technique, such as the steady state chattering problem, 

has been reduced with the aid of FL strategy. 

The proposed control strategies for the DTC drives can be utilized in practical 

applications where instantaneous torque increment is required. Traction drives and  

electrical vehicles are some of the application that require better torque regulation within 

smaller time period. 

6.2 Novelty of the proposed approach 

The proposed approach has been used a combined strategies of sector advancing, sliding 

mode and fuzzy logic control to improve the transient and the steady state performance of 

the conventional DTC drive. Two novel controllers have been designed by using; 1) 

sliding mode and sector advancing 2) fuzzy logic and sector advancing. Sliding mode and 

fuzzy logic controllers improve the torque and flux control loops while sector advancing 

concept is utilized to enhance the process of voltage vector selection. Moreover, another 

newly added feature of the design is that the PI type fuzzy controller gains have been 

changed adaptively according to the magnitudes of torque and flux errors. 

6.3 Future Scope 

This study focused to improve the dynamic performance of the CDTC drive while 

reducing the undesired torque ripple. This was achieved by incorporating two advanced 
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nonlinear control techniques; sliding mode and fuzzy logic combined with the SA 

concept. However, the steady state performance can further be improved by introducing a 

hybrid fuzzy controller with two different fuzzy controllers one at the transient state and 

the other one during the steady state. A simple switching mechanism can be developed to 

switch between two controllers. This method will reduce undesired the steady state 

pulsation introduced by the SA strategy while preserving its merits during the transient 

period. 

The study can be further extended to deploy in sensorless drives by introducing a rotor 

speed observer. This lessens problems such as drive complexity, low reliability due to the 

sensors and cable, increased axial length of the machine and electromagnetic noise 

interference. The observer can be designed with the aid of modern control theory such as 

Kalman filtering or intelligent control methods. In DTC scheme, at each sampling instant 

required voltage vector is computed based on the error between estimated and the desired 

stator flux. The estimated stator flux is directly estimated using the stator resistance. Any 

variation of stator resistance results an error in the flux estimation process. Hence, a 

stator resistance adaptation mechanism can be introduced to the DTC drive to avoid such 

issue. 
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APPENDIX 
 

List of motor specifications and parameter values. 

 

Parameter Value 

Voltage 220 V 

Rated power 3 hp 

Rated speed 1710 rpm 

Number of poles 4 

Stator resistance 0.435 Ω 

Rotor resistance 0.816 Ω 

Stator inductance 0.0713 H 

Rotor inductance 0.0713H 

Mutual inductance 0.0693H 

Inertia 0.0088 Nm2 
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