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Abstract 
The Induction motors (IM) are used worldwide as the workhorse in most of the industrial 
applications due to their simplicity, high performance, robustness and capability of operating 
in hazardous as well as extreme environmental conditions. However, the speed control of IM 
is complex as compared to the DC motor due to the presence of coupling between torque and 
flux producing components. The speed of the IM can be controlled using scalar control and 
vector control techniques. The most commonly used technique for speed control of IM is 
scalar control method. In this method, only the magnitude and frequency of the stator voltage 
or current is regulated. This method is easy to implement, but suffers from the poor dynamic 
response. Therefore, the vector control or field oriented control (FOC) is used for IM drives 
to achieve improved dynamic performance. In this method, the IM is operated like a fully 
compensated and separately excited DC motor. However, it requires more coordinate 
transformations, current controllers and modulation schemes. In order to get quick dynamic 
performance, direct torque and flux controlled (DTFC) IM drive is used. The DTFC is 
achieved by direct and independent control of flux linkages and electromagnetic torque 
through the selection of optimal inverter switching which gives fast torque and flux response 
without the use of current controllers, more coordinate transformations and modulation 
schemes. Many industries have marked various forms of IM drives using DTFC since 1980. 

The linear fixed-gain proportional-integral (PI) based speed controller is used in DTFC of 
an IM drive (IMD) under various operating modes. However, The PI controller (PIC) 
requires proper and accurate gain values to get high performance. The PIC gain values are 
tuned for a specific operating point and which may not be able to perform satisfactorily when 
the load torque and operating point changes. Therefore, the PIC is replaced by Type-1 fuzzy 
logic controller (T1FLC) to improve the dynamic performance over a wide speed range and 
also load torque disturbance rejections. The T1FLC is simple, easy to implement and 
effectively deals with the nonlinear control system without requiring complex mathematical 
equations using simple logical rules, which are decided by the expert. In order to further 
improve the controller performance, the T1FLC is replaced by Type-2 fuzzy logic controller 
(T2FLC). The T2FLC effectively handles the large footprint of uncertainties compared to the 
T1FLC due to the availability of three-dimensional control with type-reduction technique (i.e. 
Type-2 fuzzy sets and Type-2 reducer set) in the defuzzification process, whereas the T1FLC 
consists only a Type-1 fuzzy sets and single membership function. The training data for 
T1FLC and T2FLC is selected based on the PIC scheme. 



ix                                               Abstract 
�

The closed-loop control of direct torque and flux controlled IM drive requires accurate 
information of speed or position. This information can be obtained by the speed/position 
sensor. However, use of speed sensor has associated with many drawbacks, such as 
requirement of space, lower reliability, increased weight, size and cost and also difficulty of 
using in hazardous environments and submersible drives, etc. These drawbacks of sensors 
can be eliminated by using sensorless speed estimation techniques for DTFC method. In the 
last one decade, there has been considerable development of sensorless direct torque 
controlled IM drives for high performance industrial applications. Various techniques have 
been proposed to implement a sensorless drive such as model reference adaptive system 
(MRAS), signal injection and observer based methods. Among these methods, MRAS is 
simple to implement and require less computational effort compared to other methods. The 
MRAS is further classified into three types, such as rotor-flux, back-emf and reactive power 
based methods. The back-emf based MRAS speed estimator improves the low speed 
performance, but it has the stability problem and also it is more sensitive to stator resistance 
variation. The reactive power based MRAS speed estimation method suffers from the 
inherent instability in the low speed during regenerative mode and sensitive to rotor 
resistance variation. The rotor flux based MRAS (RFMRAS) is the most popular method and 
significant attempts have been made to enhance the performance of the sensorless IM drive 
over a wide range of speed.  

The RFMRAS speed estimation method consists two models (reference model/adjustable 
model) and an adaptation mechanism (AM). The performance of RFMRAS speed estimation 
is highly dependent on the type of adaptation mechanism controller is used. Initially, the PIC 
based AM scheme is developed for DTFC of a speed sensorless IMD. In order to further 
improve the performance of the speed sensorless IM drive, the PIC is replaced by T1FLC and 
T2FLC, respectively. 

The DTFC of a speed sensorless IMD is developed using switching-table (ST), flux and 
torque hysteresis controllers to get a quick dynamic response of the sensorless IMD. The 
torque and flux are controlled independently using hysteresis controllers. However, the 
hysteresis control produces considerable torque and flux ripples with variable switching 
frequency. Therefore, in order to overcome these drawbacks, the DTFC with space vector 
modulation (DTFC-SVM) technique is proposed for a speed sensorless IM drive using PIC, 
T1FLC and T2FLC schemes, respectively. The basic concept of SVM strategy is the 
adjustment of stator flux position by zero voltage vector insertion for controlling the 
generated torque. The ST based DTFC algorithm uses the instantaneous values and directly 
calculated switching pulses for the voltage source inverter (VSI), whereas the control 
algorithm in DTFC-SVM method is based on average values and switching pulses for the 
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VSI are calculated by SVM. Basically, DTFC-SVM control technique calculates the required 
stator voltage vector, averaged over a sampling period and then it is realized by the SVM 
technique. The overall performance of closed-loop controlled IMD is largely influenced by 
the type of controllers used in speed, torque, flux and adaptation mechanism. Usually, PICs 
are used due to its simplicity. To further improve the performance of the sensorless IMD, the 
PICs are replaced by T1FLC and T2FLC schemes, respectively. 

The parameter sensitivity with the temperature variation is the major issue of a rotor-flux 
based MRAS speed estimation technique, especially at low speed operation. In the RFMRAS, 
the precise calculation of stator resistance is of crucial importance for accurate rotor speed 
estimation of a speed sensorless IM drive, since any mismatch between the actual value and 
the value used within speed estimator may not only lead to a substantial speed estimation 
error but also affects the stability. Therefore, in order to overcome this issue, a parallel rotor 
speed and stator resistance estimation algorithm using T1FLC and T2FLC schemes for 
DTFC-SVM of a speed sensorless IM drive is proposed to improve the performance of the 
sensorless drive under parameter variation at low speed operation.  

Detailed simulations in the MATLAB/SIMULINK environment are first reported and are 
validated with the experimental results obtained from a laboratory experimental setup using 
dSPACE DS-1104 controller board. The simulation and experimental results show the 
improvement in the overall performance of the proposed MRAS speed estimation schemes 
for a speed sensorless IM drive over a wide speed range.   

Keywords: Direct torque and flux control; Induction motor drive; Model reference 
adaptive system; PI controller; Space vector modulation; Type-1 fuzzy logic controller, 
Type-2 fuzzy logic controller. 
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CHAPTER 1: INTRODUCTION 

1.1 Introduction 
Variable speed drives (VSDs) are used to meet the speed and torque requirements of the load 

and also to improve the overall efficiency of the drive system. In contrast to the hydraulic and 

mechanical variable speed control methods, the electrical VSDs are easy to control, more 

efficient and accurate. The initial development of the VSDs were only for separately excited 

direct current (DC) motors because of their simplicity in the control of flux and torque by the 

inherently decoupled field and armature currents, respectively. But, the attractiveness of AC 

drives has rapidly increased because of the recent technological advancements in fabrication 

and design of semiconductor devices (especially insulated gate bipolar junction transistor) 

and digital signal processors (DSP). Overall, the AC drives are much superior to DC drives, 

and it appears that eventually DC drives will be totally obsolete. However, the speed control 

of AC motors is more complex than that of DC motors due to the presence of coupling effect 

between the flux and torque producing components [1-3]. The recent technological 

developments have made AC drives most popular for VSDs especially induction motor drives 

(IMD) due to its simple construction, low inertia, high efficiency, rugged and reliable nature 

with the absence of brushes and commutators and are also cheaper than DC motors [4-5]. 

The speed control techniques of IM drive are broadly classified into two major categories 

[6], such as, scalar control and vector control (VC) methods are shown in Figure 1.1. In scalar 

control [6-7], only magnitude and frequency of voltage, flux and current space vectors are 

controlled. Whereas, in VC not only the magnitude and frequency but also the instantaneous 

positions of voltage, flux and current space vectors are controlled. The VC method can 

provide high performance compared to the scalar control method. The invention of VC 

started in the beginning of 1970’s brought a renaissance in the performance and control of IM 

drives [8-9]. The VC of an IM drive is operated like a fully compensated and separately 

excited DC motor drive, such that the torque producing currents and flux are decoupled from 

each other. This method is further divided into two types such as field oriented control (FOC) 

method [8] and direct torque and flux control (DTFC) method [10-29]. Depending upon how 

the field angle is obtained, the FOC is further classified into two types, such as direct FOC 

(DFOC) proposed by Blaschke [8] and indirect FOC (IFOC) proposed by Hasse. In these 

methods, the flux and torque producing components are indirectly controlled by controlling 

the dq-axes stator current components to enhance the dynamic performance of the IM like a 

separately excited DC motor [6], [9]. However, the FOC method has various drawbacks, such 

as the requirement of coordinate transformations, current controllers, rotor position 
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information and also it is sensitive to rotor parameters. Moreover, the torque control is 

indirect, that creates a delay between the input references and the resulting stator voltage 

vector. These factors limit the ability of FOC to get rapid flux and torque control [6]. In order 

to overcome these drawbacks and also to get the fast dynamic performance of IM drive, 

direct self-control (DSC) and DTFC methods are used, which are proposed by Depenbrock 

[11] and Takahasi et al. [12] in mid of 1980. In these methods, the flux and torque are 

directly controlled using less number of transformations and sensors.  

Vector controlScalar control

V/f=constant is= f(ωr) Field Oriented 
Control (FOC)

Direct Torque and 
Flux Control 

Direct FOC 
(DFOC) 

Indirect FOC
(IFOC) 

Direct self control 
(DSC) 

Space vector 
modulation 

Variable frequency control 

Figure 1.1: Classification of IM control methods 

The fixed gain linear PIC, which is used in DTFC is designed using a mathematical 

model of the system [10-35]. The PIC gain values are tuned in a specific operating point, it 

does not work effectively when the operating point changes and also it shows poor load 

torque disturbance rejections. In order to overcome this problem the PIC is replaced by 

nonlinear soft-computing techniques, such as, Genetic Algorithm (GA) [36-37], sliding-mode 

controller (SMC) [38-40], model predictive control [41-43], Type-1 fuzzy logic controller 

(T1FLC) [44-63], Fuzzy-SMC [64-65] Artificial Neural Network (ANN) [66-69], Neuro-

fuzzy (NF) [70-78] and Type-2 fuzzy logic controller (T2FLC) [79-92] to improve the 

performance of the IM drive over a wide range of speed operation and also robust to load 

torque disturbances.   

In recent years, the use of IM drives with DTFC method have gradually increased due to 

its good dynamic performance, precise control of stator flux and electromagnetic torque, 

robust against variations in machine parameters, elimination of current control loops and 

simplicity of the control algorithm. However, this method requires accurate rotor speed or 

position information for speed control. This speed information can be measured by using an 

incremental encoder, which is the most common positioning transducer used in industrial 

applications. Use of speed sensor has several problems such as sensor-mounting, signal 

transmission, lower reliability, increased weight and size, and also difficult to operate in 
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hazardous environment, etc. Moreover, the cost of the sensor reduces the economical benefits 

of the drive. Therefore, in order to overcome these drawbacks, the speed estimation from 

machine terminal quantities (i.e. voltage and current) is preferred than the speed sensing for 

high performance industrial applications [93-150]. 

The DTFC of a speed sensorless IM drive provides satisfactory performance over a wide 

range of speed operation and also simple to implement. However, it requires flux hysteresis 

and torque hysteresis comparators. The use of flux and torque hysteresis comparators causes 

a variable switching frequency and produces considerable ripple contents in flux and torque. 

Several solutions have been proposed by the researchers to reduce the ripple contents in flux 

and torque and also to maintain the constant switching frequency in DTFC of a sensorless IM 

drives [151-178]. Recently, a new control technique has been developed for maintaining 

constant switching frequency and reducing flux and torque ripple in DTFC method by using a 

space vector modulation (DTFC-SVM) technique. It implements closed-loop control for both 

torque and stator flux in a similar manner as in DTFC method, but the voltage is produced by 

SVM technique. Usually, the fixed gain linear PI controllers are used in DTFC-SVM of a 

sensorless IM drive [151-173]. In order to further improve the performance under various 

load torque disturbances and changes in speed operating conditions, the PI controllers are 

replaced by the soft-computing techniques [174-178]. 

1.2 Literature Review 
Several solutions have been proposed by the researchers to improve the performance of the 

inverter-fed IM drive with sensor and sensorless operations. They are broadly discussed by 

classifying the literature into the following categories as: 

• Field oriented control of an IMD [1-6], [8-9] 

� Direct field oriented control (DFOC) [6] 

� Indirect field oriented control (IFOC) [8] 

• Direct torque and flux control (DTFC) of an IMD 

� Variable switching frequency based DTFC methods without modulation [10-21]  

� Constant switching frequency based DTFC methods without modulation [146-

150] 

� Constant switching frequency based DTFC methods with modulation [151-178] 

• Soft computing techniques 

� Genetic Algorithm (GA) [36-37] 

� Fuzzy logic controllers 
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− Type-1 fuzzy logic controller (T1FLC) [44-65] 

− Type-2 fuzzy logic controller (T2FLC) [78-92] 

� Neural network control (NNC) [66-69] 

� Neuro-fuzzy control (NFC) [70-77] 

• Speed estimation methods  

� Signal injection based method [93-94] 

� Observer based methods  

− Luenberger/Extended Luenberger [95-98] 

− Kalman filter/ Extended Kalman filter [99-105] 

− Sliding-Mode [106-111] 

� Model based methods  

− Back EMF [112-113] 

− Rotor-Flux [114-133], [140-145] 

− Active/Reactive power [134-139] 

• Stator and rotor resistance estimation methods [179-200] 

1.2.1 Field Oriented Control of IMD 

The speed of an IM is controlled using various control techniques and they are explained in 

this literature. Blaschke et al. [8] and Leonhard et al. [5] have introduced a FOC method for 

IM. The basic goal of the FOC is to control the IM similar to DC motor by resolving the 

stator current vector into two components: one is used to control machine flux and the other 

to control the machine torque, thus, it allows the flux and torque to be controlled 

independently. This method guarantees decoupling of currents that produces flux and torque. 

However, the IM equations are still nonlinear and fully decoupled only for constant flux 

operation [6]. Moreover, it requires current controllers, coordinate transformations and 

modulation techniques and also sensitive to parameter variations. 

1.2.2 Direct Torque and Flux Control of an IMD 

Over the past few years, DTFC method for IM drives has gained massive attention in 

industrial motor drive applications. The main reason for its popularity is due to its simple 

structure, especially when compared to the FOC method [6], which was introduced a decade 

earlier. Several modifications were proposed by the researchers to its original structure to 

reduce the inherent drawbacks of the hysteresis based DTFC method [12]. In this method, the 

inverter switching frequency is not constant and also produces considerable torque and flux 

ripples [140-150] due to the use of hysteresis torque and flux controllers, respectively. 

Several solutions have been proposed by the researchers in the literature to improve the 
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performance of IM drive using DTFC method. Marian et al. [14] has proposed the DTC 

method, in which a high frequency triangular wave is additionally introduced in the torque 

control loop to increase the inverter switching frequency. However, the switching frequency 

is still a function of the torque and flux hysteresis band and operating frequency. At the time 

of starting, the DTFC scheme selects more zero voltage vectors, which results in flux 

reduction owing to stator resistance drop. In order to overcome this shortcoming, Noguchi et 

al. [15] proposed a method in which switching frequency is increased by using the dithering 

technique. In this method, the switching frequency of the inverter is increased by mixing the 

high frequency dither signals with the error signals of torque and flux. Here, the switching 

frequency is uncontrolled and requires high sampling frequency to reach the desired 

performance. In [148] Toh et al. has proposed the DTFC method using field-programmable 

gate array and DSP to maintain a constant switching frequency with reduced flux and torque 

ripple contents using duty ratio control. Yen-Shin et al. [154] has presented a novel switching 

technique to reduce the ripple contents in torque and flux by inserting more active voltage 

vectors and/or zero-voltage vectors to the conventional switching table, for IM drives with 

DTFC method. But, the inverter switching frequency is a function of hysteresis controllers 

and operating frequency, which results in poor performance under low speed operation. 

Abdelli et al. [149] has presented a method to reduce the ripple contents in flux and torque by 

injecting dithering signal to the flux and torque reference values in a DTFC based IM drive. 

In this method performance is improved by reducing the ripple content in torque and flux 

without using any modulation technique. But, a high frequency triangular signal is required to 

improve the inverter switching frequency and a variable switching frequency problem 

remains unsolved. Masood et al. [143] has proposed a DTFC method with SM observer for 

detecting the rotor flux, motor speed and time constant simultaneously. Additionally, a fast 

and search based method has been introduced to maximize the motor efficiency. 

In order to further improve the performance of the IM drive by reducing the ripple 

contents in torque and flux, Yongchang et al. [145] has proposed DTFC method with three-

level inverter. Moreover, Type-1 fuzzy logic controller and speed adaptive flux observer are 

introduced to improve the performance of the system. But, the complexity of the system is 

increased and also the switching cost. Rumzi et al. [104] has proposed DTFC with low pass 

filter (LPF) and compensates the control scheme to improve the torque and flux performance 

under steady-state condition. In [146] Jun-Koo et al. has proposed a method to improve the 

performance by reducing the torque and flux ripples using constant switching frequency. 

However, its effectiveness is demonstrated only at low speed operation with no-load torque. 

In [150] Auzani et al. has proposed a method to minimize the torque and flux ripple in DTFC 

of an IMD and achieved constant switching frequency operation. In this method, the 
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hysteresis controllers of the DTFC are replaced by PI controllers. But, it requires high 

sampling frequency and design of torque controller is complex.   

In DTFC method using space vector modulation (SVM) technique, the switching 

frequency of the inverter can be maintained constant in order to minimize the ripple contents 

in flux and torque. Habetler et al. [152] has introduced a novel method based on SVM to 

achieve constant switching frequency and also reduce the ripple contents in flux and torque. 

Yen-Shin et al. [154] has investigated on DTFC-SVM and proved that the ripple contents in 

flux and torque have drastically reduced and also obtained constant switching frequency. But, 

this method requires high sampling frequency. Rodriquez et al. [155] presented a method 

based on load angle control to get the constant switching frequency. But, it suffers from 

nonlinear relationship between torque and load angle. Zhang et al. [164] has proposed a novel 

DTFC-SVM of IM with adaptive stator flux observer. Domenico et al. [153] has proposed the 

new DTFC method based on the discrete space vector modulation (DSVM) to achieve high 

performance IM drive. Kumsuwana et al. [158] has investigated on the modified DTFC of an 

IMD based on stator flux space vector control technique. The required reference stator flux 

angle is obtained from the integrator output, which is a function of the sum of controlled slip 

speed and measured rotor speed. But, the integrator suffers from saturation in real-time 

implementation.          

1.2.3 Soft Computing Techniques 

The fixed gain PI controllers are widely used in industrial control system applications due to 

its simple structure and it can provide a satisfactory performance over a wide range of speed 

operations. However, the PIC requires a precise mathematical model and accurate gain 

values. Due to the continuous changes in the plant parameters and the nonlinear operating 

conditions, the linear PI controllers may not offer the required control performance. 

Moreover, it requires continuous tuning whenever parameter changes in the system [60]. 

Therefore, in order to overcome these drawbacks and improve the performance of the AC 

drives under transient and steady-state conditions, the fixed gain linear PI controllers are 

replaced by the nonlinear controllers, such as SMC, self-tuning PI controllers and soft-

computing based controllers such as, T1FLC and T2FLC, NNC, NF and GA. Genetic 

algorithms are adaptive search methods based on the fittest survival biological aspect. They 

have shown an effective way for optimization applications by searching global minimal 

without needing the derivative of the cost function [59]. However, their application in real-

time implementation is limited due to random solutions and convergence. Gadoue et al. [60] 

has shown that the ripple contents in torque and flux can be reduced by using Type-1 FLC 

based DTFC of an IM drive. In [70] it is presented that the speed of the IM drive can be 
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controlled by combining the T1FLC with NN, i.e. hybrid adaptive Neuro-fuzzy controller. 

Telford et al. [22] has shown that the ripple contents in flux and torque can be reduced at low 

speed by using duty cycle control. This method also effectively controls the mean of the 

output torque and limits the variation of switching frequency. The combination of fuzzy and 

sliding-mode controllers is used to improve the performance of the IM drive [64]. However, 

the robustness of the system is highly dependent on the boundary layer thickness. Luis et al. 

[180] has developed the training algorithms, the back propagation, Extended Kalman Filter 

(EKF), adaptive neuron model and parallel recursive prediction error. The results of the EKF 

and the parallel recursive prediction error offer the better torque performance of the IM. 

Bird et al. [51] has shown that the amount of torque and flux ripples reduced using 

T1FLC in DTFC method especially under low speed operation. Arias et al. [54] has proposed 

the T1FLC based DTFC of IMD. In this method not only reduces the torque ripple but also 

reduces the reactive power taken from the mains by choosing the optimum reference flux 

value. Pawel et al. [76] has proposed adaptive Neuro-fuzzy inference system to achieve 

improved dynamic performance along with decoupled torque and flux control. Yuedou et al. 

[168] has investigated on T1FLC based DTFC-SVM for reducing the torque and flux ripples 

under various load torque disturbances. Jose et al. [174] has proposed self-tuning based PI-

fuzzy controller for DTFC-SVM of an IMD to get the constant switching frequency as well 

as low ripple contents in torque and flux. The T1FLC provides satisfactory performance over 

a wide range of speed operation and reduced ripple contents in torque and flux compared to 

PI controller. However, it shows considerable ripple contents in flux and torque, because it 

has only a single membership function (MF) with two-dimensional control [176]. Therefore, 

in order to further enhance the performance of the DTFC of an IM drive Type-2 FLC is 

proposed in [175-178]. This controller offers satisfactory performance in terms of torque 

disturbance, overshoot, steady-state error and accuracy in tracking the reference speed. 

Moreover, it reduces the speed undershoot which occurs when a sudden load torque 

disturbance applied and also settled quickly compared to T1FLC. This controller provides 

satisfactory performance because it estimates the control variable accurately as close to the 

actual values compared to T1FLC.  

The VC of IM drive requires the rotor speed information for accurate speed control. The 

rotor speed can be measured using an incremental encoder or a tacho-generator. The use of 

speed sensor is associated with some drawbacks, such as the requirement of shaft extension, 

reduction in mechanical robustness of the motor, unsuitability for hostile environment, 

difficulty in signal transmission, lower reliability, etc. Moreover, the cost of the speed sensor 

increases the economy of the drive. In order to overcome these drawbacks various speed 

estimation methods for eliminating the rotor speed or position sensors have been proposed.          
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1.2.4 Speed Estimation Methods 

In the vector control algorithms, the rotor speed is estimated from the instantaneous values of 

voltages and currents of the IM. Several estimation methods for sensorless AC drives have 

been proposed in the literature over the past few years, such as signal injection based methods 

[93-94], observer based methods [95-111], and model reference adaptive system (MRAS) 

based methods [112-145]. The most recent research effort is focussed on speed sensorless 

drives for improving the speed estimation methods over a wide speed range [129]. The signal 

injection based methods are suitable for low and zero speed operations and also less sensitive 

to the variation of parameters [94]. However, it requires extra computations to inject the high 

frequency signals [96]. The observer based methods are mainly classified into mainly four 

types: (i) Luenberger/Extended Luenberger observers [95-98], (ii) Kalman filter/extended 

Kalman filter observers [99-105], (iii) Sliding mode observer [106-111] and (iv) Artificial 

intelligence based observers [194]. The SMO based speed sensorless IM drives are presented 

in [156]. This observer offers good speed tracking performance and load torque disturbance 

rejections and also insensitive to the parameter variations. However, this observer requires 

proper gain values to reduce the chattering phenomena. In [109] the comparative study of the 

Luenberger, EKF and SM observers has been presented. 

In MRAS generation of error vector plays a vital role for estimating the rotor speed. 

Based on the generation of error vector, several MRAS speed estimation methods have been 

developed, they are back-EMF [112-113], rotor-flux [114-133] and active/reactive power 

[134-135] based MRAS methods. The rotor-flux based MRAS is the most popular speed 

estimation method. This method provides accurate speed estimation over a wide speed range. 

However, this method yields poor performance at very low and zero speed operation due to 

the presence of integrator in the reference model. In order to overcome with this problem, 

high-pass filters (HPF) are incorporated after the reference model and before the adjustable 

model [116]. The back-EMF based MRAS method improves the low speed performance, but 

it has stability problems at high speeds. Moreover, it suffers from noise and it is more 

sensitive to the variation of stator resistance [136]. The reactive power based MRAS speed 

estimation suffers from the inherent instability under the low speed regeneration mode, poor 

low/zero speed performance and it is sensitive to the variation of rotor resistance.         

In [140] initial rotor position estimation method is proposed for the sensorless interior 

permanent magnet synchronous motor drive using DTFC method. Faiz et al. [141] has 

investigated on sensorless DTFC of an IM drive with a new switching strategy for mitigating 

harmonics and it is used in electric vehicle. Maes et al. [142] has investigated on speed 

sensorless DTFC of IM drives using an adaptive flux observer for estimating the rotor speed 
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and discrete-time DTFC method for reducing stator flux and torque ripples. Youngchang et 

al. [145] has shown that the speed can be controlled over a wide speed range by using 

adaptive T1FLC for DTFC of a speed sensorless IM drive. Cristian et al. [171] has proposed 

a new DTFC method based on SVM for sensorless IM drives. In this method, an improved 

voltage–current model observer based on MRAS is proposed for rotor speed estimation.  The 

DTFC-SVM of a sensorless IMD is presented using SMC to get the high-performance both 

steady state as well as in transient conditions [156]. The speed estimation methods are 

sensitive to the parameter variations. So, parameter estimation is essential to improve the 

performance of the sensorless IM drive under parameter variations (especially stator and rotor 

resistance).    

1.2.5 Stator and Rotor Resistance Estimation Methods 

The stator resistance is an important machine parameter, which needs to be estimated for the 

proper operation of the sensorless IM drive [193]. Various parameter estimation methods 

have been proposed in the literature [178-201]. Joong et al. [179] has proposed robust 

parameter estimation techniques for stator resistance from the steady-state equations of IM 

and for rotor resistance from the linearly perturbed equations of IM dynamics about the 

operating point. Tsuji et al. [189] has proposed a stator resistance estimation method in the 

rotating reference frame. In this method, the error quantity is determined by the difference 

between the d-axis rotor flux components obtained from the voltage and current models. The 

stator resistance estimation allows precise control of torque and speed under the low speed 

region [190-192]. Sayeed et al. [184] has proposed the DTFC of induction machines using 

T1FLC, which offers a better dynamic response of the IM drive over a wide range of speed 

operation. Moreover, the performance was improved with fuzzy stator resistance estimation. 

However, the T1FLC has certain limits due to its single MF with two-dimensional control.   

1.3 Scope of Work and Author Contribution 

The main objective of this research work is to develop the schemes for DTFC of a speed 

sensorless IM drive to reduce the ripple contents in stator flux and torque and also speed 

distortions under various operating conditions. The literature review carried out in the field of 

inverter-fed IM drive has revealed that the most developments are in the direction of reducing 

ripple contents in torque and stator flux and also improving the quality of the IM drive 

output. It is found that extensive efforts are being made to enhance the performance of direct 

torque and flux controlled IM drive with the speed sensor operation. However, these methods 

are required rotor speed or position information for accurate speed control of IM drives.    
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The DTFC of an IMD using linear PI controller is probably fair control method. The 

stability analysis of this method is observed using root-locus technique with corresponding 

gain values of the PI controller. However, this method shows considerable ripple contents in 

stator flux and torque with poor dynamic performance. Moreover, this method requires a 

precise mathematical model for continuous tuning of PI controller gain values. In order to 

overcome these drawbacks, the PI controller is replaced by Type-1 fuzzy logic controller 

(T1FLC). This controller provides quick dynamic response and load torque disturbance 

rejection. In order to further improve the performance of the IM drive, the T1FLC is replaced 

by the new Type-2 fuzzy logic controller (T2FLC). It has three-dimensional control and also 

the advantage of the type-reducer in the defuzzification process to select the appropriate 

control variable for effectively handling the large footprint of uncertainties. Moreover, this 

controller provides IM drive performance very close to the actual value performance 

compared to T1FLC. So, in the present work, an attempt is made in the direction of 

developing a DTFC of an IMD using T2FLC for getting improved performance. 

Recently, speed sensorless IM drives are gaining wide popularity in industrial 

applications, because it provides a more compact drive with less maintenance, reduced 

electrical noise, avoidable transducer and the associated cost. Moreover, it is highly suitable 

for hostile environment. Out of all available methods which are reviewed in section 1.2.4, the 

MRAS based speed estimation is found to be very attractive. The MRAS based speed 

estimation methods are classified into three types. Among these, the rotor-flux based MRAS 

method is the most popular speed estimation method and considerable attempts have been 

made to improve its performance. Another issue found from the literature is that the 

performance of the controllers used in the adaptation mechanisms for speed estimation is not 

precise when operating point changes and also poor load torque disturbance rejection.  

Despite considerable effort, it is still problematic for MRAS speed estimation to get a 

satisfactory performance over a wide range of speed operation.  

In view of the scope of work revealed by the literature survey made on IM drive, which is 

presented in section 1.2, an attempt has been made to establish the following contribution in 

the present investigation. This research work presents entirely new applications of soft-

computing techniques (i.e. T1FLC and T2FLC) in the MRAS speed estimation for DTFC of a 

speed Sensorless IM drive. 

• Development of a direct torque and flux controlled IM drive using T2FLC  

The mathematical modelling of T2FLC for DTFC of an IM drive with a speed sensor is 

developed. In this, the antecedent and consequent parameters of the fuzzy inference 

system are tuned with the help of experts, which optimally represents the 
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logical/mathematical relationship between the input and output quantities. The proposed 

method extensively simulated in the MATLAB/SIMULINK environment and simulation 

results is obtained and compared with the PIC and T1FLC under various operating 

conditions, such as forward motoring, reversal motoring, changes in speed and loading at 

various speed operations. The obtained simulation results obtained are verified 

experimentally using a dSPACE DS-1104 controller board.  

• Development of a rotor-flux based MRAS speed estimator for DTFC of a speed 

sensorless IM drive using T1FLC and T2FLC, respectively. 

The speed of the IM drive is estimated using rotor flux based MRAS. In this MRAS, the 

Type-1 and Type-2 FLCs are introduced in the adaptation mechanism in place of the 

fixed gain PI controller with an aim to further enhance the performance of the speed 

sensorless IM drive. The performance of rotor-flux based MRAS speed estimation using 

PI, Type-1 and Type-2 FLCs are carried out in the MATLAB/SIMULINK environment 

and validated with the experimental results. 

• Development of DTFC with SVM technique for a speed sensorless IM drive using 

T1FLC and T2FLCs, respectively. 

Some modifications are proposed to further enhance the performance of DTFC of a speed 

sensorless IMD using T1FLC and T2FLCs, respectively. The modifications are: the 

switching table of DTFC method is replaced by the space vector modulation technique 

and the hysteresis torque and flux comparators are replaced by the T1FLC and T2FLCs, 

respectively. The objectives of such modifications are to: (i) Improve the performance of 

the IM drive by reducing the ripple contents in stator flux and torque, (ii) maintain the 

constant switching frequency and (iii) estimate the accurate rotor speed. The simulation 

performance of T2FLC is compared with the T1FLC and PI controller and is validated 

with the experimental results.   

• Stator resistance estimation 

Parameter variation is the major problem in speed estimation algorithms, especially under 

low speed operations. In order to overcome this drawback, parallel rotor speed and stator 

resistance estimator is developed for DTFC-SVM of a speed sensorless IMD using 

T1FLC and T2FLC, respectively. An experimental prototype is developed for rotor-flux 

based MRAS rotor speed and stator resistance estimation using three different control 

methods. The performance of the proposed methods is extensively simulated and 

validated with experimental results.        
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1.4 Thesis Organization 

The thesis is organized in the following chapters. 

Chapter-1: 

This chapter presents the general description of the variable speed drives. An extensive 

literature review on vector control of IM drives, soft-computing techniques, speed estimation 

methods, stator and rotor resistance estimation methods are presented. Moreover, the scope of 

the present work and author contribution followed by the organization of thesis chapters is 

described.  

Chapter-2: 

In this chapter, mathematical modelling of the induction motor, speed control techniques (i.e. 

scalar control and vector control) of IM drive, PI controller design procedure and simulation 

results are presented.    

Chapter-3: 

In this chapter, Type-1 and Type-2 FLCs are proposed for DTFC of an IMD. The design 

procedure of Type-1 and Type-2 FLCs, simulation results and the comparative analysis of PI, 

Type-1 and Type-2 FLCs are presented.  

Chapter-4: 

A laboratory experimental prototype system is developed using dSPACE DS-1104 controller 

board to experimentally validate the simulation results. The simulation results of the previous 

chapters are experimentally validated under similar conditions.  

Chapter-5: 

This chapter deals with various speed sensorless techniques for induction motor drive. Also, 

the modelling of rotor-flux based MRAS speed estimation for DTFC of a speed sensorless 

IMD using PI, Type-1 and Type-2 FLCs are explained in detail. The performance of the 

rotor-flux based MRAS speed estimation is extensively simulated in the 

MATLAB/SIMULINK environment using different controllers and results are presented 

under various operating conditions over a wide range of speed operation. The obtained 

simulation results are verified experimentally.   

Chapter-6: 

In this chapter, some modifications are proposed to further enhance the performance of the 

DTFC of a speed sensorless IM drive with space vector modulation (DTFC-SVM) technique. 

The performance of the proposed method is simulated in the MATLAB/SIMULINK 

environment and experimentally validated by the laboratory developed real-time system.  
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Chapter-7: 

In this chapter, a stator resistance estimation method for rotor-flux based MRAS speed 

estimator using PI, Type-1 and Type-2 FLCs are presented. The performance of parallel rotor 

speed and stator resistance estimator is extensively simulated and validated experimentally 

under low speed operation.   

Chapter-8: 

The important conclusions of the overall research work are presented in this chapter and the 

suggestions are also outlined for future work.  



 

 

 

 
   

 

 

 

 

 

 

 

 

 

 

 

Direct Torque and Flux Control of 
an Induction Motor Drive 

Chapter 2 



 

CHAPTER 2: DTFC OF AN INDUCTION MOTOR DRIVE 
 

In this chapter, mathematical modelling of the induction motor and the vector control 
techniques have been discussed.  

This chapter is organized as follows: 

� The basic introduction of the induction motor is presented in section 2.1.  

� The mathematical modelling of the induction motor is derived in various reference 
frames and it is simulated in the MATLAB/SIMULINK environment, which is 
presented in section 2.2. 

� The principle of field oriented control method and its simulation model using PI 
controller is presented in section 2.3. Further, direct torque and flux control of an IM 
drive using PI controller is presented in section 2.4. 

� Finally, section 2.5 states all concluding remarks. 

2.1 Introduction 
The state-space model and equivalent circuits are useful for studying the performance of the 
machine in the steady-state. This implies that electrical transients are ignored during stator 
frequency variations and load changes. The dynamic model considers the instantaneous 
effects of varying voltages/currents, stator frequency and torque disturbances [1-3]. The 
dynamic model of the induction motor is derived in terms of direct and quadrature axes 
components. This method is required to obtain the conceptual simplicity with the two sets of 
the windings, one is on the stator and the other is on the rotor.  

The equivalence between the three-phase and two-phase machine models derived from 
the simple observation and this approach is suitable for extending it to a model of n-phase 
machine by means of a two-phase machine. The concept of power invariance is introduced, 
i.e. the power must be equal in the three-phase machine and its equivalent two-phase model. 
The required transformation in voltages, currents, or flux linkages, is derived in a generalized 
way. The reference frames are chosen arbitrarily and particular cases such as stationary, rotor, 
and synchronous reference frames are simple instances of the general case. The state-space 
model is derived from the dynamic model. The state-space model powerfully evokes the 
similarity and equivalence between the induction machines and DC machines from the 
modeling and control point of views [5]. 

The main objective of this chapter is to present the brief insight into the dynamic 
modeling of the induction motor and vector control methods such as field-oriented control, 
direct torque and flux control strategies using PI controller.  
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2.2 Modelling of Induction Motor  
The proper mathematical model is essential for a three-phase induction motor to study and 
simulate the complete drive system. The space vector based mathematical model of the 
induction motor is derived and discussed in this subsection. The following assumptions have 
been considered for the implementation of the induction motor model [1-3, 9]: 

i. Each of the stator winding is distributed so as to generate a sinusoidal MMF along the air 
gap, i.e., space harmonics are negligible.  

ii. The slotting in stator and rotor produces negligible variation in respective inductances. 
iii. The resistance and reactance of the windings are considered to be constant. 
iv. The effects of magnetic circuit saturation, iron losses and anisotropy are neglected. 

A set of differential stator and rotor flux linkages and voltage equations are used to 
describe the mathematical model of an induction motor. The mathematical model of the 
induction motor is derived in various reference frames and they are presented in detail in 
Appendix A. The three-phase squirrel cage induction motor voltage variables can be derived 
using the equivalent circuit is shown in Figure 2.1. 
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(a) d-axis circuit 
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(b)  q-axis circuit  

Figure 2.1: Equivalent circuit representation of an IM in stationary (d, q) reference frame 

The voltage variables of the IM in a stationary reference frame can be written in matrix 
form as follows [1-3, 5, 9, 202]: 
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The developed electromagnetic torque ‘ eT ’ in an induction motor can be expressed as: 

� �dsqsqsdse iiPT �� �
4

3           (2.2) 

The motor speed is developed according to the equation (2.3) as: 

dt
dJBTT m

mLe
�

���         (2.3) 

The state-space model of the IM can be represented in stationary (d-q) reference frame as: 
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The mathematical model of the IM can be represented in stationary (d-q) reference frame 
using the standard state-space notation as [9, 202]: 

BUAXX �
�

 (2.5) 
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where, suffixes ds, qs, dr, and qr represents the stator and rotor d- and q- axis quantities fixed 
on stationary reference frame in all combinations, Rs and Rr are stator and rotor resistances 

per phase respectively, ψ denotes the flux linkage, P is the number of poles,  r�  represents 

the rotor speed in rad/sec, ‘B’ is the viscous friction coefficient, J is the moment of inertia 

and eT  is the developed electromagnetic torque, LT  is load torque, Ls, Lr represents the stator 

and rotor self-inductances respectively and Lm represents the mutual inductance. 

2.2.1 Scalar control of the IM Drive 

The state-space model of the IM referred to a stationary (d-q) reference frame, which is 
derived in the previous section was implemented in the MATLAB/SIMULINK environment. 
The MATLAB/SIMULINK function blocks are created and linked using the Graphical User 
Interface (GUI) which can be edited easily by using menu commands. A set of differential 
equations of the machine can be modeled by the interconnection of appropriate function 
block sets, to perform a specific mathematical operation by which the programming efforts 
are drastically reduced and the debugging of errors is easy.  
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The generalized dynamic model of three-phase IM is considered for simulation, which is 

presented in equations from (2.1) to (2.4). The modeling of IM is formulated in various forms 

of subsystem blocks in SIMULINK as: 

• The electrical subsystem to develop three-phase to two-phase (3/2) transformation of 

voltage and current calculations (Clark transformation). 

• The torque subsystem for the development of an electromagnetic torque. 

• The flux calculation subsystem to develop the stator and rotor flux quantities. 

• The current calculation subsystem to develop the stator and rotor currents. 

• The voltage source inverter subsystem for supplying power to the induction motor. 
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Figure 2.2: Performance of the induction motor drive under: (a) No-load torque (b) Load torque 

2.2.2 Simulation Results 

The performance of scalar controlled IM drive is simulated at the rated speed of 1410 rpm 

under no-load torque condition as shown in Figure 2.2 (a). It is observed from the simulation 

result that the actual speed settled its reference value at 0.62 s. The effect of sudden load 

torque operation is shown in Figure 2.2 (b). A load torque of 9 Nm is applied at 0.7 s and it is 

removed at 0.9 s. The sudden application of load torque causes undershoot of around 50 rpm. 

Similarly, overshoot of 30 rpm when the load torque is suddenly removed. The simulation 

results are presented trace-wise (from top to bottom) as electromagnetic torque and rotor 

speed, respectively.  

Property of the scalar control of an IM drive:  

• This method is simple to implement and widely used in industrial applications. 

• The dynamic behavior of scalar control is very poor and sluggish response. Moreover, 

it is difficult to control the speed under various operating conditions, such as load 

torque disturbance, sudden changes in speed, etc. 
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2.3 Field Oriented Control of Induction Motor Drive 
The scalar control scheme is simple to implement and it gives good steady-state response. 
However, the dynamic performance is sluggish and unable to control. This manifests itself in 
the deviation of air gap flux linkages from their set values. This variation occurs in both 
phase and magnitude [1-3, 8]. This flux linkage deviation has to be controlled by the 
frequency and magnitude of the rotor and stator phase currents and their instantaneous 
phases. However, these control approaches have utilized only the magnitude and frequency of 
stator phase currents and not their phases. This results in deviation of magnitude and phase of 
the air gap flux linkages from their set values.  

The deviation of the air gap flux linkage affects the electromagnetic torque, which is 
replicated as rotor speed fluctuations. This is adverse in several high performance 
applications, such as servos, rolling mills, robotic actuators, process drives, and centrifuges, 
where fast speed control and high precision is required, which is a difficult task for the IMD 
with the flux linkage error [3]. 

In order to overcome the above problem independent control of field flux and torque is 
required in a similar manner as separately excited direct current (DC) motor, where the 
magnetic field flux of the motor is controlled by the current flowing in the stator winding, 
while the torque is controlled directly by the current of the rotor winding. In addition, the DC 
motor control requires only the armature or field current magnitude control, which provides 
modest possible control. In contrast, AC machines require a coordinated control of stator 
current magnitudes, frequencies and their phases, which makes it a complex control. 

In the IM, the stator current can be determined along the rotor flux linkages and 
component along this field producing current, which requires the position of the rotor flux 
linkage at every instant. The necessity of magnitude control of flux, frequency and flux 
phasor can be made possible by the inverter control. As this control can be achieved in field 
coordinates, such a control scheme called field-oriented control (FOC), which is one of the 
vector control schemes [6]. The field oriented control scheme ensures good and robust 
control in case of transient as well as steady states. 

2.3.1 Principle of Field Oriented Control  

The main objective of FOC is to make the squirrel cage induction motor dynamic 
performance similar manner to that of a separately DC motor, where the torque and flux are 
controlled independently by assuming flux linkage phasor as a known quantity [6]. The three 
phase stator currents can be transformed into synchronous reference frame (De-Qe) using the 
transformation as shown below [202]: 
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The stator current space vector magnitude and its position can be derived using the equation 
(2.7) as: 

� � � �22 e
Qs

e
Dss iii ��  (2.8) 

��
	



��
�


� �

e
Ds

e
Qs

T i
i

tan 1�  (2.9) 

The stator current space vector magnitude remains same regardless of the reference frame 

is chosen. The stator current space vector si
�

 produces the electromagnetic torque eT  and rotor 

flux r� . The rotor flux producing component of current has to be in phase with   r� . The 

stator current component resolved along r�  is a field producing component fi  and the 

perpendicular component is torque producing component Ti . The rotor flux linkages and 

electromagnetic torque can be written in terms of these components as follows [3, 202]: 

fr i��  (2.10) 

Tfrfe iiiT �� �  (2.11) 

It can be seen from the Figure 2.3 that the fi  and Ti are direct and quadrature axes current 

components in the rotor flux oriented reference frame. The rotor flux linkage space vector has 
a speed equal to the sum of the rotor and slip speeds, which is equal to the synchronous 
speed.  

slrf �����  (2.12) 

� �  dt slrf � �� ���  (2.13) 

where, sl� is slip angle, r�  is rotor speed and f�  is field angle. 

The field angle calculation is crucial for the implementation of the field oriented control 
(FOC) control and it is obtained from the rotor and slip speeds. 

Depending on the field angle acquisition, the FOC methods are classified into two types: 
direct field oriented control (DFOC) and indirect field oriented control (IFOC) [3, 6]. In 
DFOC, the field angle is estimated by using the measured terminal currents and voltages or 
flux sensing while in IFOC the field angle is obtained by using the measured rotor position 
and partial estimation with machine parameters. The indirect field oriented control of IMD is 
widely used in high performance industrial applications due to its simplicity, low cost, fast 
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dynamic response, reliability and eliminates the flux sensor or flux model, but it requires an 
accurate measurement of shaft position in order to control the accurate location of the rotor 
flux vector. However, it is very sensitive to the rotor time constant variation which may 
weaken the performance of IM drive. This control strategy is also referred to as rotor field 
oriented control.  
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Figure 2.3: Phasor diagram of field oriented control scheme [3] 

2.3.2 Indirect Field Oriented Control of IMD  

The IFOC scheme can be described by using dynamic model of induction motor in rotor flux 
oriented reference frame (De-Qe) as [1-3, 9, 202]: 

Stator voltage (De-axis) : e
Qse

e
Dse

Dss
e
Ds dt

d
iRV ��

�
���                                        (2.14) 

Stator voltage (Qe-axis) : e
Dse

e
Qse

Qss
e
Qs dt

d
iRV ��

�
���                                         (2.15) 

Rotor voltage (De-axis) : e
Qrsl

e
Dre

Drr dt
d

iR ��
�

���0                                          (2.16) 

Rotor voltage (Qe-axis) : e
Drsl

e
Qre

Qrr dt
d

iR ��
�

���0                                          (2.17) 

Resultant flux : � � � �22 e
Qr

e
Drr ��� ��                                                 (2.18) 

Electromagnetic torque : )ii(
L
LPT e

Ds
e
Qr

e
Qs

e
Dr

r

m
e �� ��

4
3                                     (2.19) 

Torque balancing equation    : 
dt

dJBTT m
mLe

�� ���                                                (2.20) 

where m
e
Drs

e
Ds

e
Ds LiLi ��� , m

e
Qrs

e
Qs

e
Qs LiLi ��� , m

e
Dsr

e
Dr

e
Dr LiLi ��� , m

e
Qsr

e
Qr

e
Qr LiLi ���  

and resl ��� �� .  
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The stator and rotor voltages, the electromagnetic torque equations in the synchronous 
reference frame can be written in matrix form as follows: 
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The rotor flux linkage ‘ r� ’ also known as the rotor flux linkage space vector, is assumed 

to be on the direct axis to reduce the number of variables in the equation by one, and it also 
corresponds to the reality that the rotor flux linkage is a single variable. Hence, aligning the 
d-axis with rotor flux phasor yields [3]: 

0��
dt

d e
Qre

Qr

�
�  (2.23) 

e
Drr �� �  (2.24) 

The rotor flux linkage equation (2.24) substituting into the rotor voltage equations (2.16) and 
(2.17) respectively, we get: 

dt
d

iR re
Drr

�
��0  (2.25) 

rsl
e
QrriR ����0  (2.26) 

The rotor currents in terms of stator quantities can be expressed as: 

r

me
Qs

e
Qr L

Lii ��  (2.27) 

e
Ds

r

m

r

re
Dr i

L
L

L
i ��

�  (2.28) 

Under steady state condition: 

0�rp�  (2.29) 

By substituting equation (2.29) in equation (2.25), we get: 

 0�e
Dri  (2.30) 

The above rotor current equations (2.27) and (2.28) are substituted into the rotor voltage 
equations (2.26) and (2.25) respectively, which yields: 

� � rr
m

f  pT
L

i ��� 11  (2.31) 
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where, e
QsT ii � , e

Dsf ii �  and 
P

k
3
4

�  

The dq-axes currents are relabelled as flux and torque producing components of the stator 
space vector, respectively. The equation (2.31) represents the field equation in a separately 
excited DC machine [3]. Likewise, by substituting the rotor flux equation (2.23) into 
electromagnetic torque equation (2.19), the torque expression can be written as:   

� � TrT
e
Qs

e
DrT

e
Ds

e
Qr

e
Qs

e
Dr

r

m
e ikik)ii(

L
LPT ���� ����

4
3  (2.33) 

where kT  is the torque constant and it is given by: 
r

m
T L

LPk
4

3
�  

The electrical field angle f�  can be obtained as the sum of the rotor r�  and slip sl�  angles 

and is given by: 

slrf ��� ��  (2.34) 

The slip angle can be derived by integrating the slip speed as: 
dt �� slsl ��  (2.35) 

The IFOC scheme is implemented using the above derivations and the phasor diagram of 
the rotor flux oriented control based IFOC of an IMD is shown in Figure 2.4. 

The electromagnetic torque of IFOC scheme which is presented in equation (2.33) is 

similar to that of the separately excited DC motor, where quadrature current e
Qsi and direct 

current e
Dsi are similar to that of the armature and field currents respectively. When the IM 

model is developed in the synchronous reference frame, the sinusoidal current quantities 
appear as direct current quantities in the steady state. The decoupling torque and flux control 
are achieved by independently controlling the direct and quadrant axes components of the 
stator current space vector in the synchronous reference frame, where direct current 

e
Dsi component controls the stator flux while the quadrature current e

Qsi component is 

controlling the electromagnetic torque, respectively.    

2.3.3 Design of Controllers 

The performance of IMD is highly dependent on the design of the speed and current 
controllers. The speed and current controllers are used in the outer and an inner control loop 
of IFOC scheme. The outer control loop is used to control the speed of the induction motor 
while inner control loops are used to control the torque and flux of the IM.  
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Figure 2.4: Phasor diagram of rotor flux based IFOC [3] 

2.3.3.1   Design of PI Current Controllers 

The general block diagram of the PI current controller is shown in Figure 2.5. The reference 
currents are compared with the actual currents and the error currents fed into the PI current 
controllers. The input and output of the current controllers are error current and reference 
voltage components which can be expressed as:  

e
Ds

*e
DsDs iiei ��  and e

Qs
*e

QsQs iiei ��  (2.36) 

dt)t(eiK)t(eiK)t(V DsiDsp
*e

Ds ���  (2.37) 

dt)t(eiK)t(eiK)t(V QsiQsp
*e

Qs ���  (2.38) 

where ipi TKK � , *e
DsV  and *e

QsV are the reference voltage components of the PI current 

controllers on the De and Qe –axes output. 
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Qs

*e
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sTi 
1

+ _ 
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Qs

*e
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e
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e
Ds i/i

e e
Ds Qsei / ei

pK

 
Figure 2.5: Schematic model of PI current controller 

The selection of constant gain values of these PI controllers is crucial for the design of the 
controller in the drive system. An inaccurate selection of gain values may result in 
undesirable performance and/or unstable response. Therefore, accurate and precise selections 
of gain values are most important to achieve high performance drive. However, in most 
cases, these gains are determined by trial and error tuning technique which requires practical 
experience and may lead to time consumption. Even though, there are numbers of tuning 
techniques, such as Ziegler-Nichols methods and first order plus time delay method, certain 
knowledge of process control is required and even that will not ensure the best control 
performance. On the other hand, the general second order method offers simpler technique 
and more mathematical formulation approached method [30]. Thus, this method had been 
applied in getting all the PI values for the analysis. 
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The direct and quadrature axes stator voltage components in rotor flux oriented reference 

frame can be derived by substituting equations (2.23) and (2.24) in equation (A.60), as [1-3]: 

r
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me
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e
Dssr

e
Dss

e
Ds TL

LiLiRpiLV ���� ����  (2.39) 

rr
r

me
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Qs L

LiLiRpiLV ����� ����  (2.40) 

where r
r

m
ssr R

L
LRR 2

2

�� . 

 It seems that the direct and quadrature axes voltage equations are coupled with the terms  

r
rr

me
Qses TL

LiL �����  and rr
r

me
Dses L

LiL ���� � . We can conclude that these terms represent 

disturbances for the drive, and they can be cancelled if the decoupling method which uses 
feedback of coupling voltage is employed. In this case, the voltage equations become: 
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DsesQs L

LiLe ���� �� . 

The open loop transfer function of current controllers can be derived from equations (2.41) 
and (2.42) as: 
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Figure 2.6: Simplified block diagram of flux/torque current loop of IFOC 

The block diagram of flux/torque current loop of IFOC with unity feedback is shown in 
Figure 2.6. The closed-loop characteristic equation of the above system can be written as: 

0
12 ��

�
�

T
KKs

T
KK

s ip  (2.44) 

The equation (2.44) is in the form of: 

02 22 ��� nnss ���  (2.45) 
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where �  is damping ratio and n�  is the natural frequency of the desired closed loop system. 

By comparing equations (2.44) and (2.45), we get: 

K
TK n

p
12 �

�
��

 (2.46) 

2
ni K

TK ��  (2.47) 

For the flux component, by assuming s.ts 0150�  and %.p 334��  the values of �  and n�  

can be calculated as: 70690.�� , 2339377.n �� . 

By substituting �  and n�  values in equations (2.46) and (2.47), we get: 

59955.K
Dip �  and 001380.T

Dii
�

 
For the torque component, by assuming s.ts 020�  and %p 2��  the values of �  and n�  can 

be calculated as: 77970.��  and 5089256.n �� . 

By substituting �  and n�  values in equations (2.46) and (2.47), we get: 

81.K
Qip �  and 000960.T

Qii
�  

2.3.3.2   PI Speed Controller 

The PI speed controllers are widely used in high performance industrial applications due to 
its simplicity and offer zero steady state errors. The general block diagram of the PI speed 
controller is shown in Figure 2.7. The actual speed is compared with the reference speed and 
the error speed is processed through the PI speed controller. The PI controller produces the 

output as a reference torque component. The reference torque component ( e
Qs

i ) value is fed to 

a limiter to give the final value of the reference torque component. The speed error and 
reference torque component can be expressed as follows:  

*
r
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*e
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ire�
+ 
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sTi 
1

pK+ _ 
Sat 

-Sat 

 
Figure 2.7: Schematic model of PI speed controller 

r
*
rre ��� ��  (2.48) 

dt )t(eK)t(eKi rirp
e
Qs ��� ��  (2.49) 

where re�  is the error speed, pK  is the proportional gain constant, iK is the integral gain 

constant,  e
Qsi  is the reference torque component, *

r�  and r�  are the reference speed and 

actual speed, respectively. 
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In case of the sudden changes in speed or load torque disturbance, the motor torque may 

exceed the breakdown torque of the IM which may cause over current and instability. In 
order to control the torque within the reasonable value, the output of the speed controller is 
fed to the limiter, which limits the output torque within the desirable range. Ultimately the 
electromagnetic torque producing component of the current is designed on the basis of 
reference torque. Therefore, a limiter is mostly desirable after the speed controller in order to 
keep the operating current of the IMD in the safe zone. This ensures the output current of the 
inverter remains within the safe limit and thereby providing the feature of an inherent over 
current protection in the drive.  
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The block diagram of closed loop speed with unity feedback using a PI controller is 
shown in Figure 2.8. 
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Figure 2.8: The block diagram of closed loop speed with PI controller 

The Figure 2.8 is simplified using a block diagram reduction technique by assuming load 
torque is zero and it is shown in Figure 2.9. 
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Figure 2.9: Simplified block diagram of closed loop speed with PI controller 

From Figure 2.9, the open loop transfer function of the speed controller can be expressed as 
follows: 

� �
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where 
JL

LPK r

r

m
T

�
�

22
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C Qip 1�

��  and .
T
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D Qii��  

The open loop transfer function of the speed controller is of the third order, so in order to 
design the PIC the root locus method is considered. The detailed PIC design procedure using 
the root locus method is given in Appendix B. 
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Initially, the required settling time and overshoot of the speed control loop is selected, i.e. 

settling time < 0.3 and overshoot < 2%. By using these time domain specifications a pair of 

dominant conjugate poles can be calculated as:
 

707103331321 .j., ±−=ρ
 

By using equation (A.99), fiK ω  can be expressed in terms of fpK ω  as follows: 

ffpffi K K ωωωω βα +=  (2.52) 

where 932121.f =ωα  and 8.8724f −=ωβ  
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Figure 2.10: Root locus of the closed loop speed control system w.r.t Kpωf 
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Figure 2.11: Schematic model of indirect field oriented controlled induction motor drive  

By substituting ff , ωω βα  values in equation (A.100), we get: 
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The interval of fpK ω  
for guaranteed dominant pole placement can be obtained from the 

root locus plot (Figure 2.10) as: 57751 .K. fp ≤≤ ω  

For getting desired closed loop control performance the PI controller parameters are 

calculated from the root locus plot (Figure 2.10) as: 05930751 .T, .K fifp == ωω  
 

2.4 Simulation Model of Indirect field Oriented Controlled IM 

The schematic model of indirect field oriented controlled IMD is shown in Figure 2.11. The 

parameter values of an induction motor are given in Appendix C. The mathematical model of 

IFOC of an IMD is simulated in the MATLAB/SIMULINK environment. The PIC is used in 

inner and outer control loops (i.e. speed and current controller), whose gain values are 

presented in Appendix C. In this, the speed controller block is used to control the rotor speed, 

whereas the current controller blocks are used to control the field and torque components. 

The synchronously rotating De-Qe axes voltages are converted to stationary d-q axes voltages 

using field angle. Further, these two-phase stationary voltages are transformed to three-phase 

voltages. These three-phase voltages are used in the modulation scheme to generate the 

switching pulses for two-level voltage source inverter and the output of the inverter is fed 

into IM. The performance of the IFO controlled IMD fed with two-level inverter is simulated 

and discussed under different operating conditions. 

2.4.1 Simulation Results 

Initially, the IFOC of IMD is started with a reference speed of 1200 rpm under no-load torque, as 

the motor starts, the starting torque will be developed to accelerate the machine. Once the speed 

reaches to reference speed, the developed torque settles at reference torque i.e. zero at no-load 

operation. The reversal speed of -1200 rpm is applied at a time interval of 1 s shown in Figure 

2.12 (a). Furthermore, a load torque of 9 Nm is applied at 0.7 s and it is removed at 0.9 s as 

shown in Figure 2.12 (b). When a sudden load torque is applied to the motor, undershoot of 20 

rpm appears and similarly when the load torque is withdrawn an overshoot of 18 rpm appears for 

a small interval of time. These results clearly show that the dynamic performance of IFOC 

scheme is better compared to that of open loop control of IMD.   

The properties of the IFOC can be summarized as follows: 

• This scheme is based on control philosophy of separately excited DC motor 

• The current components e
Dsi and e

Qsi do not ensure precisely decoupling control of the 

rotor flux and torque in both dynamic and steady state conditions. 

• The flux is asymptotically decoupled with torque, i.e., decoupling is achieved only in 

the steady state, when the flux remains constant. Coupling is still present when the 
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flux is weakened in order to operate the motor at higher speed within the input voltage 

saturation limit. 

• This scheme is highly sensitive to the parameters of the rotor time constant. 

Moreover, the information of rotor position is required. 

• This control scheme requires current controllers. 

(a)                                                                                   (b) 
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Figure 2.12: Simulation responses of indirect field oriented controlled IMD under: (a) No-load torque 

and (b) Load torque. 

The IFOC of IMD has attractive features, however, it suffers from various drawbacks 

[6, 11-14], which are mentioned in the previous section. In order to overcome these 

drawbacks, a new control strategy was introduced by I. Takahashi and T. Noguchi in the late 

1980’s, i. e. Direct Torque and Flux Control (DTFC) scheme [12, 15]. 

2.5 Direct Torque and Flux Control of IMD 

Over the last two decades, the DTFC has emerged to become one of the alternatives to the 

FOC scheme. In this scheme, the direct control of torque and stator flux is possible by 

selecting optimum output voltage vector of the voltage source inverter (VSI). The selection of 

the most optimum output voltage vector is done in such a way that the control of stator flux 

and torque are perfectly decoupled [16-21].  

2.6 Principle of Direct Torque and Flux Control 

The stator flux linkage is given by the integral of the difference between stator voltage and 

stator voltage drop, which is shown in equation (2.54) as [12]: 

( )dt RiV ssss ∫ −=
rrrψ             (2.54) 



Chapter 2: Direct Torque and Flux Control of an IMD   30  
If the stator resistance voltage drop is neglected, then the applied voltage is derivative of 

the stator flux linkage, which is shown in equation (2.55). Hence, in a small period of time 

the stator flux increment is directly proportional to the applied voltage [12]. 

dt
dV s

s
�
��

�      or    t Vss ���
��

�                         (2.55) 

This means that the applied voltage directly excites the stator flux. The torque expression is 

given in equation (2.2) can be expressed in the vector form as: 

sse iPT
���

�� �
22

3
            (2.56) 

In equation (2.56), si
�

 is to be replaced by the rotor flux r�
�

. From Figure 2.1, the stator 

and rotor flux linkage space vectors can be expressed as functions of the stator and rotor 

current space vectors as: 

rmsss iLiL
���

���             (2.57) 

smrrr iLiL
���

���             (2.58) 

By eliminating ri
�

 from the equation (2.57), we get: 

ssr
r

m
s iL

L
L ���

��� ��             (2.59) 

Equation (2.59) can be rewritten as: 

r
rs

m
s

s
s LL

L
L

i �
�

�
�

���
��

1
            (2.60) 

By substituting equation (2.60) in equation (2.56), we get [1, 12]: 

sr
rs

m
e LL

LPT ��
�

���
��

22

3
            (2.61) 

From equation (2.61), the magnitude of torque can be written as [14]: 

	��
�

sin
LL

LPT sr
rs

m
e 

�

��

22

3
            (2.62) 

where 	  is the angle between the stator and rotor flux linkage space vectors.  
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Figure 2.13: Phasor diagram of DTFC strategy in stationary reference frame 
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In a short period of time (sampling time) the rotor flux is considered as constant due to its 

large time constant rT , but the stator flux is changed momentarily by applied voltage sV
�

 as 

shown in Figure 2.13, and the corresponding change in angle 	  is 	� . The incremental 

torque eT�  expression is given as [18]: 

	���
�

�
��
�� sin
LL

LPT ssr
rs

m
e

���

22

3
            (2.63) 

If the applied voltage (  sV
�

) changes, then the stator flux ( s�
�

) will also changes 

consequently to satisfy the equation (2.55). This ensures that the stator flux space vector 

moves in the same direction as that of the applied voltage space vector. By selecting the 

optimum stator voltage space vectors in subsequent intervals of time, it is possible to change 

the stator flux in the desired way. As explained before the rotor flux is considered as constant 

in a short period of time (sampling period) but from the equation (2.55) it is clear that by 

changing the stator voltage vector, one can change the magnitude and direction of the stator 

flux in each sampling period. Thus, the angle between stator and rotor flux linkages (	 ) can 

be controlled [31]. From equation (2.63) it is clear that by controlling the angle (	  ) the 

torque can also be controlled in each sampling period. 

The schematic model of DTF controlled IMD is shown in Figure 2.14. It contains the sub-

blocks of stator flux and torque estimator, flux and torque hysteresis controllers, optimum 

voltage vector selection table to select the appropriate voltage vectors of two-level VSI, 

respectively. The various sub-blocks which are used in this scheme are described in the 

following sections. 
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Figure 2.14: Schematic model of direct torque controlled IMD 
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2.6.1 Stator Flux and Torque Estimation 

In DTFC scheme continuous monitoring of electrical torque and stator flux are necessary in 

order to achieve the high performance drive. Thus, the stator flux linkages can be derived in a 

stationary reference frame using measured stator current and voltage quantities as follows [1]:  

� �dt RiV sdsdsds � ���             (2.64) 

� �dt RiV sqsqsqs � ���             (2.65) 

The estimated stator flux can be calculated using the equations (2.64) and (2.65) as: 

� � � �22

qsdssˆ ��� ��             (2.66) 

The instantaneous flux position in terms of stator flux linkages is important in torque and flux 

control. The estimated flux position using stator flux linkages can be expressed as:  


�

�
��
�

�
� �

ds

qs
e tanˆ

�
�

� 1  (2.67) 

The electrical torque can be expressed as a function of the stator flux and current in a 

stationary reference frame as: 

� �dsqsqsdse iiPT̂ �� ��
22

3
 (2.68) 

2.6.2 Flux and Torque Hysteresis Controllers 

The schematic model of flux hysteresis controller is shown in Figure 2.15. The stator flux is 

estimated from the equation (2.66) and it is compared with the reference stator flux ‘ *
s� ’ to 

generate the error flux �E  , which is fed into the two-level hysteresis flux controller. The 

error flux can be obtained from the difference between reference flux and estimated flux as: 

s
*
s

ˆE ��� ��             (2.69) 

where *
s�  and s�̂  are reference and estimated stator fluxes respectively, and ‘^’ represent 

the estimated quantity. 

The switching logic of the flux hysteresis controller is given in TABLE 2.1. The flux 

hysteresis controller has two levels of digital output (1 and 0) [1, 12].  

1

0

�H2

*
s�

s�̂

Error 

Flux �d�
�

 
Figure 2.15: Two-level flux hysteresis controller 
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Table 2.1: Switching logic of flux hysteresis controller 

State Flux Hysteresis (dψ) 

s
*
s �̂� � > �H  1 

s
*
s �̂� � < �H�  0 

 

The schematic model of torque hysteresis controller is shown in Figure 2.16. The 

electromagnetic torque is estimated from the equation (2.68) and it is compared with the 

reference torque, which is generated from the speed control loop to generate the error torque  

‘ eET ’, which is fed into the three-level hysteresis torque controller. The error torque can be 

obtained from the difference between the reference torque and estimated torque as follows: 

e
*
ee T̂TET ��             (2.70) 

where *

e
T  and eT̂  are reference and estimated torques, respectively. 

The switching logic of torque hysteresis controller is given in TABLE 2.2. The torque 

hysteresis controller has three levels of digital output (1, 0, and -1) [1, 12].  

0

eTH2

*
eT

eT̂

Error 

Torque edT�
�

1�

1�

 
Figure 2.16: Three level torque hysteresis controller 

The outputs of flux and torque hysteresis controllers are fed into the optimum voltage 

vector selection table to select the appropriate switching states of VSI to drive the induction 

motor. These gives an optimum desired control inputs. The output of switching table will 

give commands of stator flux and torque needed to be increased or decreased, in order to 

keep both of them within the pre-fixed hysteresis band limits. If stator flux is needed to be 

increased, then ‘dᴪ=1’ and if the stator flux decrease is required, then ‘dᴪ=0’. Similarly, If 

the torque is needed to be increased, then ‘dTe=1’, while torque decrease is required, then 

dTe=-1, and if there is no change in torque is needed, then dTe=0 [1, 12-16].   

Table 2.2: Switching logic for torque error 

State Torque Hysteresis (dTe) 

Tee
*
e HT̂T ��  1 

� � eTe
*
eeT H<T̂T<H ��  0 

Tee
*
e HT̂T ���  - 1 
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Figure 2.17: Schematic model of two-level voltage source inverter  
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Figure 2.18: Eight possible switching states of the VSI 

2.6.3 Two-level Voltage Source Inverter 

A two-level VSI which is used in DTFC of IMD is shown in Figure 2.17. According to the 

combination of the switching states (Sa, Sb, and Sc) of VSI, there are eight possible voltage 

space vectors, in which six are active voltage space vectors (V1-V6) and two are zero voltage 

space vectors (V7, V8). The switching states of each individual voltage space vector are 

shown in Figure 2.18. When the upper switches are ON, then the switching value is 1 and 

when the lower switches get ON, then the switching value is 0 [2].  

The voltage space vectors of VSI can be expressed as: 

��

�
�
�

�

���
�

� 
! "

��
.8,7

3
)1(exp

3

2

k                                  0

6. ., . . 2, 1,k     kjVV DC
k  (2.71) 

2.6.4 Optimum Voltage Vector Selection Table 

The selection of switching states based on the position of stator flux vector, and also the 

requirement of the stator flux and torque, which are needed to be increased or decreased can 

be described from Figure 2.19. The decoupled control of stator flux and torque is achieved by 

acting on the radial and tangential components of the stator flux vector as these two (radial 
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and tangential) components are directly proportional to the applied voltage vector. As 

mentioned earlier, the stator flux space vector moves in the same direction as that of the 

applied voltage space vector. The tangential component of the voltage space vector will force 

the stator flux vector to move away from the rotor flux vector, thus increasing the angle 	  

between them. According to equation (2.63), it is clear that when the angle 	  is increased, 

then the torque will be increased. Hence, the tangential component of stator voltage is 

responsible for the change in torque whereas the radial component of stator voltage is 

responsible for the change in stator flux [1, 12]. 
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Figure 2.19: The voltage space vector influence on stator flux and torque in six sectors 

Table 2.3: Optimum voltage vector selection table 
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In kth (where k=1 to 6) sector voltage vector Vk and its two adjacent voltage vectors will 

generate positive radial component and the remaining voltage vectors will generate negative 

radial component. Similarly, the voltage vector starting from Vk the following two voltage 

vectors in anticlockwise direction will generate positive tangential component, whereas the 

following two voltage vectors in a clockwise direction will generate negative tangential 

component. When the zero vectors (V7, V8) are selected the torque and flux will remain in the 

same position [1]. Based on this the optimum voltage vector selections in each sector, which 

are obtained from the eight possible states of the inverter is summarized in the optimum 

voltage vector selection Table 2.3. Therefore, the torque can be directly controlled, i.e., 

increased or decreased almost instantly by moving the stator flux linkage space vector to the 

required position, being determined by torque demand. This, in turn can be done quickly by 

selecting the appropriate voltage vector. 

2.7 Speed Controller 

The performance of the direct torque and flux controlled induction motor drive highly 

depends on the design of the speed controller. 

2.7.1 PI Speed Controller 

The PI speed controller has been widely used in industrial control applications due to its 

simple construction and can provide a satisfactory performance over a wide range of speed 

operation [10-35]. It also decreases the steady state error and improves the dynamic 

performance of the system. Therefore, the majority of speed control schemes in the literature 

for the DTFC of IMD used a simple fixed gain PI controller to acquire the reference torque. 

The schematic model of PI speed controller is shown in Figure 2.20. The reference speed is 

compared with the actual speed based on equation (2.72) and the error speed is fed into the 

constant gain PI speed controller to get a reference torque command. The gain values of PI 

speed controller are given in Appendix C. 

r
*
rrE ��� ��  (2.72) 

dtEKEKT rirp
*
e ��� ��  (2.73) 

where rE�  and *
eT are the error speed and reference torque, respectively.  

2.8 Simulation Results 

The DTFC of an IMD is mathematically modelled in the MATLAB/SIMULINK 

environment. The parameters of the squirrel cage IM are illustrated in the Appendix A. The 
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dynamic model of an induction motor referred to a stationary reference frame (d, q-axis) is 

considered for DTFC scheme, which is derived in section 2.2. The simulated model is then 

used to verify the performance of the drive using PIC under various operating conditions, 

such as no-load torque, load torque and speed tracking performances, respectively.  
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Figure 2.20: Schematic model of PI speed controller 

2.8.1 Performance under No-load Torque Condition 

Initially, the performance of IM drive is observed under no-load torque operation using PIC 

shown in Figure 2.21. The presented results of electromagnetic torque, stator flux, reference 

and actual speeds, stator current, stator flux dq-components in a stationary reference frame 

and stator flux component in XY-plane are shown in Figure 2.21 (trace-i)-(trace-vi), 

respectively. When the reference speed of 1200 rpm is applied, the IM develops an 

electromagnetic torque of 20 Nm with high amplitude of the stator current (±5.4 A) to reach 

the set reference speed. The IM starts at zero speed and it is settled (i.e. 1200 rpm) at 0.695 s 

with an overshoot of around 13.5 rpm (shown in zoomed view of Figure 2.21 (iii)). Similarly, 

the torque and stator currents are settled at the same time as shown in Figure 2.21 (i) and (v), 

respectively. However, the stator flux ( s�̂ ) and stator flux dq-components (i.e. ds�  and qs� ) 

in a stationary reference frame are almost same throughout the operation (i.e. from starting to 

the steady state) shown in Figure 2.21 (ii) and (iv), respectively. The steady-state 

performance of the drive is shown in Figure 2.22 (i)-(iv). It is observed that the flux and 

torque ripple contents are ±0.04 Wb and ±1.75 Nm, respectively. 

2.8.2 Performance under Load Torque Condition 

The performance of the IMD is observed under sudden load torque operating condition is 

shown in Figure 2.23 (a)-(b). The sudden load torque of 9 Nm is applied at 1.4 s when IM 

drive was operating at steady state speed. When the sudden load torque is applied, the IM 

draws large amplitude of stator current (i.e. ±3.4 A) and undershoot around 1.125% of 

reference speed is shown in Figure 2.23 (a)-(ii) and (iii), respectively. It is also observed that 

the recovery time of actual speed under such operating condition is 0.32 s. Similarly, when 

the load torque is removed, an overshoot around 1.108% of the reference speed appearance 

shown in Figure 2.23 (vi). The load torque, stator current and error speed are shown in Figure 

2.23 (i), (ii) and (iv), respectively.  
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2.8.3 Tracking Performance of the Speed Commands  

Tracking performance of the IM drive is observed through the applications of various sudden 

changes in step and square speed commands. The simulation results for each case are 

presented as follows. 
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Figure 2.21: Performance of the IMD under no-load torque operating condition: (i) Torque, (ii) stator 

flux, (iii) speed, (iv) stator flux dq-components in stationary reference frame, (v) stator current and 

(vi) stator flux plotted in X-Y plane 

Performance under reversal speed command: 

The performance of the IMD is observed under the reversal speed command shown in Figure 

2.24 (a). The reversal speed command from +1200 rpm to -1200 rpm is applied at 2 s. The 

actual speed reaches its reference speed during reversal speed at 3.17 s. The reference and 

actual speeds are illustrated in Figure 2.24 (a)-(iii), which reveals that the actual speed 

tracking the reference speed with an overshoot of around 13.4 rpm. The torque, stator current 

and stator flux dq-axis components in a stationary reference frame are shown in Figure 2.24 

(a)-(i), (ii) and (iv), respectively. The reversal speed transient response of Figure 2.24 (a) is 

shown in Figure 2.25 (b). 
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Figure 2.22: Steady-state performance of the IMD under no-load torque operating condition: (i) 

Torque, (ii) current, (iii) speed, (iv) stator flux, (v) error speed and (vi) stator flux dq-components in 

stationary reference frame  

Performance under step change in speed command: 

The performance of the IMD is observed under step changes in speed command is shown in 

Figure 2.24 (b). The step change in speed command of 300 rpm is applied in four steps (i.e. 

600 rpm → 900 rpm → 1200 rpm → 900 rpm → 600 rpm) at 1.4 s, 2.4 s, 3.6 s, etc. The 

corresponding reference and actual speed responses under such speed command are shown in 

Figure 2.24 (b)-(iii). From Figure 2.24 (b)-(iii), it is observed that the actual speed settled the 

reference speed (from 600 rpm to 900 rpm) in 0.22 s with an overshoot of 1.1%. The torque, 

current and d and q-axis stator flux components in a stationary reference frame are shown in 

Figure 2.24 (i), (ii) and (iv), respectively. 

 (a) 

(i
) 

T
o

rq
u

e
 (

N
m

) 
(i

ii
) 

S
p
e
e

d (
rp

m
) 

(i
v)

 E
rr

o
r 

S
p
e

e
d
 (rp

m
) 

(i
i)

 C
u

rr
e

n
t (

A
) 

Time (s) Time (s) 
1 1.2 1.4 1.6 1.8 2

1170

1180

1190

1200

1210

1220

*
rω

rω

1 1.2 1.4 1.6 1.8 2
-6

-4

-2

0

2

4

6

ai

1 1.2 1.4 1.6 1.8 2
-30

-20

-10

0

10

20

30

ωe

1 1.2 1.4 1.6 1.8 2
-20

-10

0

10

20

eT̂

 



Chapter 2: Direct Torque and Flux Control of an IMD   40 
 

(b) 
(i)

 T
o

rq
u

e 
(N

m
) 

(ii
i)

 S
p

ee
d (

rp
m

) 

(iv
) 

E
rr

o
r 

S
p

e
ed

 (rp
m

) 

1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6
1170

1180

1190

1200

1210

1220

1230
1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6

-6

-4

-2

0

2

4

6

ai

rω
*
rω

(ii
) 

C
ur

re
n

t (
A

) 

Time (s) Time (s) 
1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6

-30

-20

-10

0

10

20

30

ωe

1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6
-20

-10

0

10

20

eT̂

 
Figure 2.23: Performance of the IMD under load torque: (a) applied and (b) applied and withdrawn: 

(i) Torque, (ii) stator current, (iii) speed and (iv) error speed 
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Figure 2.24: Performance of the IMD under the command of: (a) reversal speed and (b) change in 

speed: (i) torque, (ii) stator current, (iii) speed and (iv) stator flux components 
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Performance under square speed command: 

The performance of the IMD is observed under square speed command is shown in Figure 

2.25 (a). The square change in speed command of 600 rpm is applied in four steps (i.e. 1200 

rpm → 600 rpm→ 1200 rpm→ 600 rpm→ 1200 rpm) at 1 s, 2 s, 3 s, etc. The actual speed 

under such speed command is shown in Figure 2.25 (a)-(ii). From Figure 2.25 (a)-(ii), it is 

observed that the actual speed settled the reference speed (from 600 to 1200 rpm) in 0.45 s 

with an overshoot around 1.22% of the reference speed. The electromagnetic torque and 

stator currents are shown in Figure 2.25 (a)-(i) and (iii), respectively. 
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Figure 2.25 Performance of the IMD under the command of: (a) sudden change in square speed and 

(b) reversal speed: (i) torque, (ii) speed and (iii) stator current 

2.9 Conclusion 

This chapter reviews the vector control based induction motor drive. Initially, the 

mathematical modelling of IM using state space vector theory is presented. It is simulated in 

the MATLAB/SIMULINK environment using scalar control method. In the scalar control 

method, the dynamic performance of IM drive is very poor and sluggish. In order to improve 

the performance, a closed loop control of indirect field oriented control scheme is 

implemented. However, the IFOC scheme requires coordinate transformations, current 

controllers and is complex to implement. Therefore, direct torque and flux control scheme is 

implemented to improve the performance of the IMD. The detailed results of simulation 
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studies using a PI speed controller are presented under various operating conditions, such as 

no-load, load, sudden change in speed and speed reversal, respectively. 

The PI controller offers satisfactory performance over a wide range of ideal operation. 

However, the PI controller is unable to provide the satisfactory performance under various 

disturbance conditions, such as the sudden changes in speed and load torque, respectively. 

Moreover, it requires the precise mathematical model, continuous tuning and accurate gain 

values to achieve high-performance. In order to overcome these drawbacks, nonlinear speed 

controllers are highly desirable to improve the performance of the drive and also disturbance 

rejections. Therefore, Type-1 fuzzy logic control and Type-2 fuzzy logic control based speed 

controllers are considered for disturbance rejections which are discussed in detail in chapter 

3. 



 

 

   

 

 

 

 

 

 

 

 

 

 

 

Type-1 and Type-2 Fuzzy Logic 

Control Based Direct Torque and 

Flux Control of An Induction 

Motor Drive 

Chapter 3 



  

CHAPTER 3: TYPE-1 AND TYPE-2 FUZZY LOGIC 

CONTROL BASED DIRECT TORQUE AND FLUX 

CONTROL OF AN INDUCTION MOTOR DRIVE 

 
In the previous chapter, DTFC of an IMD using PIC based speed controller is discussed. The 

PIC is not an adaptive controller with respect to the various disturbances. It is concluded 

that under various disturbance conditions, the PIC based speed controller is unable to 

provide the satisfactory performance. Therefore, in order to improve the drive performance 

under various disturbance conditions, one has to choose perfect speed controller.   

In this chapter, DTFC of an IMD using Type-1 Fuzzy Logic Controller (T1FLC) and 

Type-2 Fuzzy Logic Controller (T2FLC) based speed controller schemes are proposed to 

improve the performance of the IMD under various disturbance conditions. Initially, the 

T1FLC based speed controller is implemented to achieve high performance drive in both 

dynamic as well as steady-state operating conditions. However, the Type-1 Fuzzy Sets (T1FS) 

are certain and unable to work effectively when a higher degree of uncertainties present in 

the system, which can be caused by different load torque disturbances, sudden change in 

speed and process noise, etc.  

In order to overcome the above mentioned drawbacks, T2FLC based speed controller is 

proposed to handle the higher degree of uncertainties and enhance the drive performance. 

Moreover, it is robustness to various load torque disturbances. The performance verification 

through computer simulation of a proposed control scheme is essential prior to its 

experimental implementation. The detailed performances of both control schemes are carried 

out in a MATLAB/SIMULINK environment to support the feasibility of proposed controller 

under various operating conditions, such as no-load, load, and various sudden changes in 

speed, respectively. 

This chapter is organized as follows:  

• The details of T1FLC and T2FLC which includes the type of fuzzy inference system, 

various methods of defuzzification and design of control rules are presented in section 

3.2 and 3.3, respectively.  

• The simulation results of T1FLC and T2FLC strategies using MATLAB/SIMULINK 

are presented in sections 3.4.  

• Finally, the conclusion and remarks are presented in section 3.5. 
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3.1 Introduction  
The fuzzy logic system (FLS) concept was introduced by Lotfi Zadeh in 1965 to process data 

and information affected by non-probabilistic uncertainty/imprecision [48]. Soon after, it was 

proven to be an excellent choice for many control applications, since it mimics human control 

logic. These were designed to represent mathematically the vagueness and uncertainty of 

linguistic problems, thereby obtaining formal tools to work with intrinsic imprecision in a 

different type of problems [49-63]. It is considered as a generalization of the classical set 

theory. Intelligent systems based on FLC are fundamental tools for nonlinear complex system 

modelling.  

In this thesis, the T1FLC is developed to improve the performance of IMD in dynamic as 

well as steady-state operating conditions. The T1FLC has an adaptive control approach and 

gives a robust performance under various disturbance conditions and it can cope with 

complicated nonlinear systems, which have a large degree of uncertainty. It does not require 

accurate mathematical modelling and parameters unlike PIC, which makes the T1FLC highly 

suitable for the drive applications.  
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Figure 3.1: Schematic model of DTFC of an IMD using fuzzy logic controller based speed controller 

3.2 Type-1 Fuzzy Logic Controller 

The DTFC of an IMD is developed using a T1FLC based speed controller shown in Figure 

3.1. In this Figure 3.1, the PIC is replaced by T1FLC. From the PIC, the output of the 

controller can be expressed as [29, 72-73]: 

dtEKEKT rirp
*
e ∫+= ωω  (3.1) 
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Applying differentiation on both sides of equation (3.1), we get: 

)(
)(*

tEK
dt

tdE
K

dt

dT
ri

r
p

e ω+ω=  (3.2) 

From equation (3.2), it is clear that the rate of change of torque is directly proportional to 

inputs of the speed controller, i.e., error speed (rEω ) and change in error speed ( rEω∆ ). The 

measured speed (rω ) is compared with the set reference speed (*
r

ω ) and the error speed 

( rEω ) signal is processed through a T1FLC, which contributes to zero steady state error in 

tracking the reference speed signal. The T1FLC has two input variables, error speed ( rEω ), 

which is derived from the equation (3.3) and the rate of change in error speed ( rEω∆ ), which 

is derived from the equation (3.4) as follows [60-62]:  

)()()( * kkkE rrr ω−ω=ω  (3.3) 

( ) ( )1−ω−ω=ω∆ KEKEE rrr  (3.4) 

where rω  and *
rω  are the actual and reference speeds of the rotor respectively, ( )1−ω KE r  

and ( )KE rω  are previous and present error speeds, respectively. When a change of torque 

)(* kTe∆  is obtained, then the output of the speed controller is [175-178]: 

( ) ( )KTKTkT eee
*** 1)( ∆+−=  (3.5) 

where ( )1* −KTe  is the previous value of the reference torque from the speed T1FLC.  

The T1FLC can be regarded as a mapping set of antecedent Type-1 fuzzy sets (T1FS) 

into a consequent set. Initially, it is a mapping from nX,.....,XX 1= , where ℜ⊂iX , 

n,...,,i 21= , into ℜ⊂iY . The schematic model of T1FLC is shown in Figure 3.2, it consists 

of four sub-blocks as follows [48-49, 89-90]: 

� Fuzzifier  

� Rule Base 

� Fuzzy Inference System (FIS) 

� Defuzzification 

3.2.1 Fuzzification 

The fuzzification block is used to convert the crisp inputs X)x,.....,x(x n ∈= 1  into different 

kinds of T1FS. 

3.2.2 Rule Base 

The rule base is demonstrated in the form of “IF-THEN” which represents expert knowledge. 

By considering multi-inputs pp Xx,...,Xx ∈∈ 11 and single-output Yy∈  FLS, the two kinds of 

“IF-THEN” expressions can be represented as follows [48, 81]: 
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lR : IF 1x is lF
1
AND 2x is lF

2
,….., nx is l

n
F  THEN y is M1,2,...,l       Gl = .  

This rule base represents a Type-1 fuzzy relation between the input space pX....X ××1  

and the output space Y of the FLS. It is known that a multi-antecedent and single-consequent 

rule can be considered as a group of multi-input and single-output rules [48]. 
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Figure 3.2: Schematic model of Type-1 FLC 

3.2.3 Fuzzy Inference Systems 

The Type-1 fuzzy inference system (T1FIS) block is used to combine fuzzy IF-THEN rules 

from the fuzzy rule base into a mapping from the input T1FSs to output T1FSs [48]. The FIS 

is a famous computing framework based on the concepts of fuzzy reasoning, fuzzy IF-THEN 

rules and fuzzy set theory [89-90]. It has widely been used in a variety of successful 

applications till date, such as robotics, expert systems, automatic control of data 

classifications, target tracking, decision analysis and pattern recognition, etc.  

The general construction of a T1FIS contains three blocks; a database, which define the 

membership functions (MFs) used in the fuzzy rules, a rule base, which contains a rule  

selections and a reasoning mechanism, which executes the inference method upon the fuzzy 

rules and given facts to develop a reasonable output [60-62]. The T1FIS takes the input 

variables either fuzzy singletons or crisp and it produces the fuzzy sets as an output. In some 

cases, it can have a crisp output where especially the T1FIS is used as a controller. Hence, we 

require a defuzzification method to convert the fuzzy set into a crisp value. The schematic 

model of a T1FIS is illustrated in Figure 3.3.   

The individual rules are evaluated using Mamdani fuzzy implication schemes. There are 

two types of implication schemes mainly used for evaluation of rules, such as Mamdani Max-

min composition (MMC) and Max-prod composition (MPC) schemes. The differences 

between these two FIS lie in the consequents of their fuzzy rules, and thus their aggregation 

and they differ accordingly [48]. 
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Figure 3.3: Schematic model of T1FIS   
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Figure 3.4: The T1FIS using Mamdani max-min composition 

3.2.3.1 Mamdani Max-min Composition Scheme  

The Mamdani T1FIS using MMC method is illustrated in Figure 3.4. In this Figure 3.4, the 

aggregation used is Maximum operation and the implication is Minimum operation. 

3.2.3.2 Mamdani Max-prod Composition Scheme  

The T1FIS using Mamdani MPC scheme is shown in Figure 3.5. In this Figure 3.5, the 

aggregation used is Maximum operation and the implication is product operation [48]. 

3.2.4 Defuzzification  

The defuzzification block is used to generate the crisp output value from the T1FS that 

appears at the output of the T1FIS block shown in Figure 3.2.  
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( ) ( )Type,mf,xdefuzzxA =µ  (3.6)  

where, ( )Type,mf,xdefuzz  provides a defuzzified value of a MF positioned on associated 

variable value ‘x’ using one of the various defuzzification methods, according to the type of 

argument.  

In the literature, various types of defuzzification methods are presented, such as bisector-

of-area, center-of-sum, centroid of area, mean-of-maximum, and height, etc [79-82]. 

Defuzzification is performed according to the MF of the output variable. For instance, 

assume that we have the result in Figure 3.4 at the end of the inference. In Figure 3.6, the 

shaded areas belong to the fuzzy result. The purpose is to obtain a crisp value, represented 

with a dot in Figure 3.6, from the fuzzy result. Various defuzzification schemes are shown in 

Figure 3.7. In this control scheme, the centroid or center-of-area (COA) method is chosen for 

the defuzzification purpose.  
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Figure 3.5: The T1FIS using Mamdani max-prod composition 

The centroid type defuzzification returns the COA under the curve. The COA can be 

expressed mathematically as follows [48]:  

∫ µ
∫ µ

= b

a A

b

a A

dx )x(

dx x )x(
COA                       (3.7) 

The equation (3.7) can be expressed with a discretized universe of discourse as follows:  

∑µ

∑µ
=

=

=
n

1i
iA

n

1i
iiA

 )x(

 x )x(
COA                       (3.8) 
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Figure 3.6: Defuzzification  

 
Figure 3.7: Various types of defuzzification schemes 

3.2.5 Design of Control Rules 

The T1FLC transforms a linguistic control strategy into an automatic control strategy, and 

fuzzy rules are constructed from an experience database or expert knowledge. In a T1FLC, a 

rule base is constructed to control the output variable. A fuzzy rule is a simple IF-THEN rule 

with a condition and a conclusion [48]. The T1FLC rule base design involves defining rules 

that relate the input variables to the output model properties. Initially, the error speed ‘ rEω ’ 

and the rate of change in error speed ‘ rEω∆ ’ has been placed in the input variables of T1FLC 

[60]. Then the output variable of T1FLC produces the controlled reference torque ‘*
e

T ’. The 

fuzzy rules, for a MISO system with more than one input can be expressed with syntax as:  

Rule:  IF {error speed ‘ rEω ’ is ‘X’ AND rate of change of error speed ‘ rEω∆ ’ is Y} THEN 

{control output ‘ *

e
T ’ is Z} 

where, rEω∆  and *

e
T  are the input/output linguistic or fuzzy variables, whereas X, Y and Z 

are the input/output linguistic values (NL, NM, etc.). 

To convert these numerical variables into linguistic variables, the following seven fuzzy 

levels or sets are chosen for better control performance as: negative large (NL), negative 
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medium (NM), negative small (NS), zero (ZE), positive small (PS), positive medium (PM) 

and positive large (PL) and are summarized in Table 3.1.  

T1FS are selected based on the speed error. In this thesis, we have considered 7x7 MF. 

Readers may raise questions like; Why 7x7 MF only, Why not 3x3 or 5x5 MF? While 

considering 3x3 or 5x5 MF, the actual speed of IM is unable to track the reference speed and 

produces the error speed due to speed difference. Because of this error speed, the system is 

unable to produce good performance. So to avoid these difficulties, we have considered 7x7 

MF. With the use of 7x7 MF, the actual speed is able to track the reference speed accurately. 

3.2.5.1 Triangular Membership Function 

In this thesis, we have considered TMF, because it is simple to implement and fast for 

computation is shown in Figure 3.9 (a), the parameters a, b and c represent the ‘x’ 

coordinates of the three vertices of )x(Aµ  in a T1FS ‘A’. The triangular curve is a function 

of a vector x, and depends on three scalar parameters a, b, and c, as given by [48]: 

( )












≥

≤≤

≤≤

≤














−
−
−
−

=µ=

cx if

cxb if

bxa if

ax if

     

bc

xc
ab

ax

)x(c,b,a,x triangle A

0

0

                                                       (3.9) 

The equation (3.9) can also be represented using min and max as follows: 
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ax
 min max)x(c,b,a,x triangle A                                             (3.10) 

where, a and c are the lower and upper boundaries and the membership grade (MG) is zero, b 

is the centre and the MG is 1. 

3.2.6 Rule Base   

The schematic model of T1FLC with rule base is shown in Figure 3.8. The components of the 

rule base table are determined based on the theory that the large error needs coarse control of 

the transient state, which requires coarse input/output variables and small error needs fine 

control in the steady state, which requires fine input/output variables as illustrated in Figure 

3.9. 

The rule base of a Type-1 FLC is created using 49 rules as follows: 

Rule 1: IF rEω  is “NL” AND rEω∆  is “NL” THEN *
eT  is “NL”, 

.                                                                      

Rule 25: IF rEω  is “ZE” AND rEω∆  is “ZE” THEN *
eT  is “ZE”, 
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Rule 49: IF rEω  is “PL” AND rEω∆  is “PL” THEN *
eT  is “PL”. 

*
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Figure 3.8: Schematic model of T1FLC with rule base 
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Figure 3.9: Membership functions of Type-1 FLC are: (a) Triangular MF, (b) Input variable error 

speed ‘ rEω ’, (c) change in error speed ‘ rEω∆ ’ and (d) Output ‘ *
eT ’ 

3.2.7 Construction of Type-1 Fuzzy Inference System 

The T1FIS is designed using MATLAB/SIMULINK as illustrated in Figure 3.10. The FIS is 

characterized as follows: 

� Number-of-input and-output-variables (2-inputs and 1-output) 

� Number-of MFs- (Seven for each variable) 

� Number of rules (49) 

� Type of MF (Triangular) 

� Fuzzification using continuous universe of discourse 

� Type of implication (Mamdani’s max-min operation) 
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� Type of defuzzification scheme (COA). 

TABLE 3.1: FUZZY LOGIC CONTROLLER RULE BASE 

Output ( *
eT ) 

Change in Error Speed )E( rω∆  
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The T1FLC consists of five sub-blocks such as MF editor, FIS editor, Rule editor, 

Surface viewer and Rule viewer. The FIS editor, MF editor and the rule editor can modify 

and read the FIS data, but the surface and rule viewer cannot modify in the T1FLC data [48].  

The performance of T1FLC is more superior in terms of sensitivity to disturbances, 

flexibility, various load torque disturbances and noise rejection compared to a PIC. However, 

the T1FS are certain and does not work effectively when a higher degree of uncertainties are 

encountered in the system, which can be caused by various load torque disturbances, sudden 

change in speed, process noise, etc. In such condition the performance of T1FLC can 

significantly deteriorate. Therefore, a T2FLC based speed controller is proposed to cope with 

the higher degree of uncertainties and improve the performance under various load torque 

disturbances and sudden change in speed conditions. 

3.3 Introduction to Type-2 FLC 

The concept of Type-2 fuzzy sets (T2FS) introduced by Prof. Lofti A. Zadeh in 1975 and is 

basically “fuzzy- fuzzy” sets where the fuzzy MG (FMG) is a T1FS. The new interval type-2 

fuzzy logic (IT2FL) concepts were introduced by Mendel and Liang [80], allowing the 

characterization of a T2FS with an upper MF and lower MF, each one of these two functions 

can be represented by a MF of T1FS [78-82, 85, 92].  
 

The T2FS can cope with the uncertainties in a better way by modelling them and reducing 

their effect on the controller performance. With the development of T2FLC and their 

capability to directly handle the uncertainties, T2FLC has attracted many researchers in 

recent years [78-95]. It is an extension of the well-known concept of T1FS. The T2FS are 

characterized by a three-dimensional (3D) fuzzy MFs i.e., the FMG for each element is also a 

fuzzy set in the range [0, 1], whereas in case of T1FS the FMG for each element is a crisp 

value in [0, 1]. The MF of a T2FS is 3D and includes a Footprint of Uncertainty (FOU), 
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which is the new third dimension of T2FS. The FOU offers an extra degree of freedom 

(DOF) to cope with the uncertainties. This extra DOF is very much useful when the huge 

value of uncertainties present in the system [83-85]. 

Fuzzy Triangular M.F Editor 

Fuzzy Triangular M.F-7 FIS Editor 

  Fuzzy Triangular M.F-7 Rule Editor 

  Surface Viewer ( rEω Vs rEω∆ ) 

 Surface Viewer (only Error) 

  Fuzzy Triangular M.F-7 Rule Viewer 

  Read only          Tools 

 
Figure 3.10: Type-1 fuzzy inference system using triangular membership functions 

 

3.3.1 Why Type-2 FLCs? 

The T2FLC utilizes an interval T2FSs to represent the inputs/output of the controller. It has 

several advantages when compared to T1FS [79-92]. As the MFs of a T2FS are fuzzy and 

contain an FOU, they can model and handle the linguistic and numerical uncertainties 

associated with the inputs and/or outputs of the FLC. It will result in the reduction of the rule 

base when compared to T1FS. This is because the uncertainty represented in the FOU of 

T2FS allows us to cover the same range as T1FS with a smaller number of labels.  

The FOU offers an extra DOF which enables the T2FLC to produce outputs that are 

unable to achieve with the same number of MFs by using T1FLC. Where a T2FS may give 

rise to an equivalent Type-1 MG that is negative or larger than unity. Each input and/or 
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output will be represented by a large number of T1FS, which are embedded in the T2FS. 

Further, the T2FLC can be thought of as a collection of many different embedded T1FLC.  

3.3.2 The Structure of Type-2 FLC 

The schematic model of T2FLC is very much similar to well-known T1FLC as shown in 

Figure 3.11. The only difference occurs in the output processing block. The output processing 

block of T1FLC contains only a defuzzifier, whereas the output processing block of T2FLC 

includes a Type-reducer (TR) [85-88]. 
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Figure 3.11 The schematic model of Type-2 FLC 

FLS is based on the computation with fuzzy sets. While T1FS allows for a fuzzy 

representation of a term to be made, the fact that the MF of a T1FS is crisp, which means that 

the degrees of membership (DOM) set are completely crisp – not fuzzy [88, 92]. In a T1FS 

the MG for each element is a crisp number in the range [0, 1] whereas in a T2FS it is 

characterized by a 3D MF and an FOU which is shown in Figure 3.12 (a) and Figure 3.12 (b), 

respectively.  

The design configuration of a T2FLC is chosen same as that of a T1FLC. There are two 

input and one output variables, for each input/output variable has taken the same number of 

linguistic variables. The operation of a T2FS is identical with the operation of T1FS [89-90]. 

However, on the interval Type-2 fuzzy system, the fuzzy operation is done at two Type-1 MF 

which limits the FOU, i.e. lower MF (LMF) and upper MF (UMF) to produce firing 

strengths. Hence, the MG for each element of this set is a fuzzy set in the range [0, 1]. 

Operation on IT2FL is shown in Figure 3.14. 
 

A T2FS is bounded from under by the LMF and is bounded from above by the UMF. The 

area between the LMF and UMF is entitled the FOU. The new third-dimension of T2FS and 

the FOU gives extra DOF that makes it possible to directly model and handle the 

uncertainties. Hence, the T2FLC that uses T2FS in either their inputs or outputs have the 

potential to provide a suitable framework to handle the uncertainties in real world 
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environments. It is worth noting that a T2FS embeds a huge number of T1FS. A T1FS in X is 

‘A’ and the MG of X  x∈  in ‘A’ is (x) Aµ , which is a crisp number in the range [0, 1] whereas 

a T2FS in X is A
~

 and the MG of X  x∈ in A
~

 is (x) 
A
~µ , which is a T1FS in the range [0, 1]._ 
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Figure 3.12: Membership functions of: (a) Type-1 FLC and (b) Type-2 FLC 

A T2FS is represented by A
~

 and it is characterized by a Type-2 MF u) (x, 
A
~µ , where 

X  x∈  and 1] [0,  J  u x ⊆∈ . In which, ( ) 10 ≤µ≤ u ,x
A
~ , then the T2FS can be written as follows: 

( ) ( )( ) [ ]1 0,  J u   X,  x   u x ux,  A xA ⊆∈∀∈∀µ= ;,,
~

~                                                    (3.11)   

The equation (3.11) can also be written as follows [80-82, 85-88, 92]:  

( ) ( ) [ ]1 0,  J            u ,x/u ,xA
~

xA
~

xJ  uX  x

⊆= ∫∫
∈∈

µ          (3.12)   

where ∫∫ represent union operation over all allowable primary variable (x) and secondary 

variable (u). For the discrete universe of discourse the∫ is replaced by ∑ . 

At each value of x , say 'xx = , the two dimensional plane, whose axes are u and the 

u) ,(x' A
~µ is called vertical slice (VS) of u) (x, 

A
~µ . Then, a secondary MF (SMF) is a VS of 

u) (x, 
A
~µ , it is u) ,(x' A

~µ  for X  'x ∈ , 1] [0,  J  x ⊆∈∀u  and is given as follows [82, 87-88]:  
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The equation (3.12) can be re-written in a VS manner as follows [82, 88-90]: 

( )( ){ } X  x  | x,xA
~

A
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If ‘ X ’ and ‘ xJ ’ are both discrete then the equation (3.14) can be re-written as follows: 

)a( )b(
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In equation (3.16), ‘+’ represents the union operation. The discretization along each 
ik

u  

does not have to be the same, which is why we have shown a different upper sum for each of 

the bracketed terms [85, 92]. If, however, the discretization along each 
ik

u is the same, then 

 M  M .....   M M N2 ====1 .  

Uncertainty in the primary MFs (PMF) of a T2FS A
~

 consists of a bounded region that we 

call the FOU [80-82]. It is the union of all PMF, i.e.,  

( ) x

Xx

J   A
~

FOU U
∈

=           (3.17)    

The UMF and LMF are two T1MFs that are bounds for the FOU of a T2FS A
~

. The UMF and 

LMF can be defined as follows [81, 85]:  
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~

FOU A
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( ) )x(   A
~

FOU
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where )x(J
A
~x µ=  and )x(J A

~x µ=  represents the lower and upper bounds on )x(J A
~x µ= , 

respectively. 

The equations (3.13) and (3.14) can be re-written in terms of UMF and LMF as follows: 
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In the special case when the SMFs are interval T2FS (IT2FS), then the equation (3.21) can be 

written as follows [81, 85]:  
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The T2FIS is implemented using MATLAB/SIMULINK with TMF is shown in Figure 

3.13. The T2FIS is characterized as follows: 

� Number of inputs and output variables - (Two-input and single-output),  

� Number of rules - (49 rules),  

� Type of MF - (Triangular),  
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� Number of MFs - (Seven)  

� Type of implication - (Mamdani max-min operation) 

� Type-reduction - (Center-of-sets) 

� Type of defuzzification method - (Centroid-of-area) 
 

  Read only          Tools 

Type-2 Fuzzy Triangular MF-7 Rule Editor 

Type-2 Fuzzy Triangular MF-7 Editor 

Type-2 Fuzzy Triangular MF-7 FIS Editor Type-Reduced Surface Viewer ( rr E Vs E ω∆ω ) 

Type-2 Fuzzy Triangular MF-7 Rule Viewer 

Type-Reduced Surface Viewer (Only Error)

Type-2 
Fuzzy  

Inference 
System 

 
Figure 3.13: Type-2 Fuzzy Inference System with TMF 7x7 

The T2FIS Editor handles the high-level issues in the system, such as how many 

antecedents and consequent variables? What are their names? The T2FIS doesn’t limit the 

number of inputs [85]. However, the number of inputs may be limited by the available 

memory of the personal computer. If the number of inputs is too large, or the number of 

Type-2 MFs (T2MF) is too big, then it may also be difficult to analyse the T2FIS using the 

other GUI tools. The T2MF Editor is used to define the shapes of all the T2MFs associated 

with each variable. The Type-2 Rule Editor is for editing the list of rules that defines the 

behaviour of the system [81]. 
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The Type-2 rule viewer and the surface viewer or TR surface viewer are used for looking 

at, as opposed to editing the T2FIS. They are strictly read-only tools. The Type-2 rule viewer 

is a MATLAB/SIMULINK based display of the T2FIS block shown in Figure 3.13. Used as a 

diagnostic, it can show which rules are active, or how individually T2MF shapes are 

influencing the results. The surface viewer is used to display the dependency on one of the 

outputs on any one or two of the inputs, i.e., it generates and plots an output surface map for 

the system. The Mamdani T2FIS using MMC method is illustrated in Figure 3.14. 

0.2 

1.0 

0.8 

0.6 

0.4 

0.0 

0.0 

0.2 

1.0 

0.8 

0.6 

0.4 

0.0 

0.2 

1.0 

0.8 

0.6 

0.4 

y

Xx ∈
1

Xx ∈
2

( )Xf
l

( )Xf
r

Fuzzification 

Inference 

Type-Reduction 
Resultant 

Consequence 
Type-2 MF 

( ) Xxfy ∈=

min 

min 

1x

2
x

'x
1

'x
2

( )'

A
~ x

22
µ

( )'

A
~ x

11
µ

( )'

A
~ x

11
µ

( )'

A
~ x

22
µ

f

f

COS

Defuzzification 

 
Figure 3.14: The Mamdani T2FIS using MMC 

The schematic model of T2FLC is presented in Figure 3.11 consisting of five sub-blocks, 

such as, fuzzification, FIS, Rule Base, TR and Defuzzification, respectively. 
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Figure 3.15: Membership functions of Type-2 FLC 

3.3.2.1 Fuzzifier 

The fuzzifier block is used to converts the crisp inputs )x,.....,x(x
n1

= XX...X
n

≡××∈
1

 into 

a T2FS 
X

A
~

 in X [81]. 

3.3.2.2 Rule Base 

The construction of a T2FLC rule will remain exactly same as the T1FLC. The only 

difference is that the antecedents and consequents will be represented by T2FS. The rule base 

is expressed with a form of “IF-THEN” which represents expert knowledge. The T2FLC has 

two inputs and one output variable, which are shown in Figure 3.15, where each input/output 

variable has seven MFs. Therefore, the total 49 rules are required which are shown in Table 

3.1, where each rule has the following form as:   

lR : IF rEω is l
rEF

~
ω  AND rEω∆ is l

rEF
~

ω∆ THEN *
eT  is l

*eT
G
~

   

where, M1,2,...,l = , l
rEF

~
ω  and l

rEF
~

ω∆  represents the antecedent MFs of 2-inputs (IF-

ingredients) and l
*eT

G
~

 is represent consequent MF (THEN-ingredients) of T2FS.  

3.3.2.3 Inference 

The inference block is the essential process in FLS. In this block, the rules are combined and 

the input of T2FS is converted to output T2FS using new operators join C  (unions) and meet 

∏ (intersections), as well as protracted sup-star compositions of type-2 relations. 

If A
~

F
~

F
~

rErE =× ω∆ω , then the l th rule in the T2FLC can be re-written as [81, 85]: 

l
*eT

l
*eTrErE

l G
~

A
~

G
~

F
~

F
~

:R →=→× ω∆ω  (3.23) 

lR  is defined by the MF ( ) ( )l
*eTrrlRlR

G
~

,E,Ey,X ω∆ωµ=µ  

where 

( ) ( )y,Xy,X l
*
eT

G
~

A
~lR →

= µµ  (3.24) 
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The equation (3.24) can be expressed as follows [81, 85]: 

( ) ( ) ( ) ( ) ( )[ ]rrEF
~rrEF

~
*

el*eTG
~l*eTG

~
A
~lR

EETy,Xy,X ω∆µ∏ωµ∏µ=µ=µ ω∆ω→      (3.25) 

In general, the 2-dimentional input to lR  is given by the T2FS 
x

A
~

whose MF is [85]: 
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~
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~ EEX ω∆µ∏ωµ=µ ω∆ω  (3.26) 

where rEX
~

ω , rEX
~

ω∆  are the labels of the fuzzy sets describing the inputs. Each rule lR  defines 

a T2FS l
x

l RA
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~

o=  such that: 
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~
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o

               Yy =  (3.27) 

The equations (3.25) and (3.26) substitute in equation (3.27) we get the inference results of l th 

fired rule as follows [81, 85]: 
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where 
rEX

~
ωµ , 

rEX
~

ω∆µ are the MF of fuzzification. 

By using the singleton fuzzification, the lth fired rule values can be simplified as [85]: 

( ) ( ) ( ) ( ){ }{ }rl
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In this IT2FS, meet under product t-norm is used so the upper and lower firing set is an 

interval type-1 set, expressed for the l th rule as follows [81, 85]:  

( ) ( ) ( )[ ] [ ]lllll f,fXf ,XfXF ==  (3.30) 
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F
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, * indicates the 

product operation, l
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ω
µ and l

rE
F
~

ω
µ are represents LMF and UMF grades, respectively. 

3.3.2.4 Type-reducer 

The TR block transforms output T2FS into Type-1 reduced fuzzy sets, which is then 

transformed into a crisp output through the defuzzifier. There are various schemes for the TR 

operation in the IT2FS, such as centroid, height, center of sum and center of sets. Among 

these, the center-of-set (COS) is the most popular TR operation, which can be expressed as: 
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This IT2FS is resolved by its left-most-point (LMP) and right-most-point (RMP), which 

corresponds to the centroid of the type-2 interval consequent set lG
~

 as [81, 85]: 
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where *
eT  is an IT2FS determined by the left-most and right-most end points ( l

r
*

e
l

l
*

e T,T ), 

which can be derived from the consequent centroid set ( l
r

l
l y,y  ). 

The torque strength ( )llll f,fFf =∈  must be computed or set first before the 

computation of l*eTG
~C . The LMP l

l
*

eT  and the RMP 
l

r
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eT  can be expressed as follows: 
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Computation of l
*

eT  and r
*

eT  is done using Karnik-Mendal algorithm [79, 81-85, 175-

178], which is given in Figure 3.16. First, r
*

eT  (or l
*

eT ) is arranged in ascending order, then 

the iterative procedure is shown in Figure 3.16. It briefly states the procedure to compute r
*

eT  

and l
*

eT . Let, initially compute the RMP r
*

eT  without loss of generality, assume that l
ry  is 

arranged in ascending order, i.e., M
rrr

y.....yyy ≤≤≤ 21 . The algorithm for finding crisp output 

on the right side of T2FS is shown in Figure 3.16. Hence, the value of r
*

eT  can be expressed 

using Equation (3.34) as: 
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The procedure to compute l
*

eT  is similar to that of r
*

eT  as shown in flow chart of Figure 3.16, 

with slight modifications. In 3rd step of the flowchart, find ( )11 −≤≤ MLL  such that 

1+≤≤ L
l

'
l

*
e

L
l yTy , and allow 

l
l

l ff =  for Ll ≤ and ll
l ff =  for Ll > . Therefore, l

*
eT  can be 

expressed using equation (3.33) as follows [79, 85, 178]: 
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Figure 3.16: The flowchart of T2FLC for finding the crisp value 

3.3.2.5  Defuzzification 

The TR outputs are given to the input of the defuzzification block. Then the defuzzification 

block converts the T1FS to crisp output. The defuzzified crisp output is the average value of 

r
*

eT  and l
*

eT , it is given by: 

 
2

r
*

el
*

e TT
)x(yCentroid

+==  (3.37) 

3.4 Simulation Results 

The proposed DTFC of an IMD using T1FLC and T2FLC based speed controller schemes are 

simulated in MATLAB/SIMULINK. The SIMULINK model is then used to verify the 
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performance of the drive under various operating conditions, such as under no-load torque, 

load torque and various sudden changes in speed, respectively.  
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Figure 3.17 Performance of IMD under no-load torque operating condition using: (a) T1FLC and (b) 

T2FLC: Traces (from top to bottom): (i) Torque, (ii) speed, (iii) current, (iv) stator flux dq-

components in stationary reference frame and (v) stator flux 
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Figure 3.18: Steady-state performance under no-load torque operating condition using: (a) T1FLC and 

(b) T2FLC: Traces (from top to bottom): (i) Torque, (ii) current, (iii) speed, (iv) stator flux, (v) error 

speed and (vi) stator flux dq-components in stationary reference frame 

3.4.1 Performance under Forward Motoring  

Initially, the performance of DTFC of an IMD is investigated under no-load torque operation 

at 1200 rpm using Type-1 and Type-2 FLC schemes are shown in Figure 3.17 (a)-(b). The 

presented results are electromagnetic torque, reference and actual speeds, stator current, stator 

flux dq-components in a stationary reference frame and stator flux shown in Figure 3.17 (i)-
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(v), respectively. It is observed from the simulation results that the transient response of the 

IMD using T2FLC scheme shows faster response compared to the T1FLC. It starts at zero 

speed and reaches the set reference speed (1200r =ω  rpm) at 0.537 s with an overshoot of 0.5 

rpm using T1FLC, whereas it reaches quickly at 0.498 s using T2FLC scheme.  

The steady-state performance of IMD under no-load torque operating condition using 

T1FLC and T2FLC schemes are shown in Figure 3.18 (a)-(b), respectively. Results show the 

superiority of the T2FLC over T1FLC schemes. 

3.4.2 Loading Performance  

The performance of an IMD under the application and rejection of sudden load torque 

disturbances are observed in the following conditions. 

� Loading at 1200 rpm 

� Loading and unloading at 1200 rpm 

� Loading at different speed commands (i.e. 300 rpm, 600 rpm and 900 rpm) 
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Figure 3.19 Loading performance at 1200 rpm using: (a) T1FLC and (b) T2FLC: Traces (from top to 

bottom): (i) Torque, (ii) speed, (iii) current and  (iv) error speed 
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Loading performance at 1200 rpm 

The effect of sudden load torque operation at 1200 rpm using T1FLC and T2FLCs are 

illustrated in Figure 3.19 (a)-(b). The sudden load torque of 9 Nm is applied at 1.4 s when an 

induction motor was operating at steady state speed. It is observed from the simulation results 

that the sudden application of load torque causes undershoot around 5.2 rpm (which is 

0.433% of the reference speed) using T1FLC, whereas small undershoot of 2.3 rpm (which is 

0.1916% of the reference speed) using T2FLC is observed as shown in Figure 3.19 (ii). It is 

also observed that the recovery time of actual speed and the ripple contents in torque, error 

speed and stator currents are less using T2FLC compared to T1FLC are shown in Figure 3.19 

(i)-(iv). 
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Figure 3.20: Loading and unloading performance at 1200 rpm using: (a) T1FLC and (b) T2FLC: 

Traces (from top to bottom): (i) Torque, (ii) speed, (iii) current and  (iv) error speed 

Similarly, the load torque is withdrawn at 2.1 s when an induction motor was operating at 

steady state speed. It is observed from the simulation results that the sudden withdrawn of 

load torque causes an overshoot of 5.0 rpm and 2.2 rpm using T1FLC and T2FLCs are shown 

in Figure 3.20 (a)-(b). The torque, reference and actual speeds, stator current and error speed 

between the reference and actual speed are shown in Figure 3.20 (i)-(iv), respectively. 
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Figure 3.21: Steady-state performance of the actual speed under various load torque conditions at 

different speed commands using: (a) PIC, (b) T1FLC and (c) T2FLC 
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Figure 3.22: Performance of IMD under reversal speed command using: (a) T1FLC and (b) T2FLC: 

(i) Torque, (ii) speed and (iii) current 
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The effect of different load conditions is observed under different speed commands using 

PIC, T1FLC and T2FLCs are illustrated in Figure 3.21(a)-(c). It is observed from the 

simulation results that the T2FLC shows an improved performance and robustness to various 

sudden load torque disturbances compared to PIC and T1FLC. 

3.4.3 Performance under Reversal Speed Command 

The performance of the IMD under the reversal speed in step command is observed using 

T1FLC and T2FLC as shown in Figure 3.22 (a)-(b). The reversal speed command from 

+1200 rpm to -1200 rpm is applied at 2 s. The actual speed reaches its reference speed during 

reversal speed at 3.05 s and 2.93 s using T1FLC and T2FLC, respectively. The reference and 

actual speeds are illustrated in Figure 3.23 (ii), which reveals that the actual speed tracking 

the reference speed with small overshoot around 0.7 rpm using T1FLC whereas zero 

overshoot with quick settling time using T2FLC scheme. The torque, stator current and dq-

axes stator flux components in a stationary reference frame are shown in Figure 3.22 (i) and 

(iii)-(iv) respectively. The reversal speed transient response of Figure 3.22 (a)-(b) is shown in 

zoomed view in Figure 3.23 (a)-(b). 

                                           (a)                                                                (b) 

(i)
 T

or
qu

e 
(N

m
) 

(ii
i)

 S
pe

ed
 (r

pm
) 

Time (s) 
1.6 1.8 2 2.2 2.4 2.6 2.8 3 3.2 3.4

-15

-10

-5

0

5

10

15
1.6 1.8 2 2.2 2.4 2.6 2.8 3 3.2 3.4

-1500

-1000

-500

0

500

1000

1500

1.6 1.8 2 2.2 2.4 2.6 2.8 3 3.2 3.4
-1500

-1000

-500

0

500

1000

1500

1.6 1.8 2 2.2 2.4 2.6 2.8 3 3.2 3.4
-15

-10

-5

0

5

10

15

Time (s) 

*
rω

rω

aiai

*
rω

rω

(ii
i)

 C
ur

re
nt 

(A
) 

1.6 1.8 2 2.2 2.4 2.6 2.8 3 3.2 3.4
-30

-20

-10

0

10

20

eT̂

1.6 1.8 2 2.2 2.4 2.6 2.8 3 3.2 3.4
-30

-20

-10

0

10

20

eT̂

 
Figure 3.23 Transient performance of IMD under reversal speed command using: (a) T1FLC and (b) 

T2FLC: (i) Torque, (ii) speed and (iii) current 

3.4.4 Tracking Performance of the Speed Commands  

Tracking performance of the actual speed is observed through the application of various 

changes in step and square speed command. The simulation results for each case are 

presented as follows. 
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Performance under step change in speed command: 

The step change in speed command of 300 rpm is applied in four steps (i.e. 600 rpm → 900 

rpm → 1200 rpm → 900 rpm → 600 rpm) at 1.4 s, 2.4 s, 3.6 s, etc. The corresponding 

reference and actual speed responses under such speed command is shown in Figure 3.24 (a)-

(b). The corresponding actual speed under such speed command is shown in Figure 3.24 (ii). 

From Figure 3.24 (ii), it is observed that the estimated speed settles the reference speed (from 

600 rpm to 900 rpm) in 0.136 s and 0.12 s using T1FLC and T2FLC, respectively. It is also 

noticed that the speed response does not contain any overshoot using T2FLC whereas small 

overshoot using T1FLC. The torque, current and dq-axes stator flux components in a 

stationary reference frame are shown in Figure 3.24 (i), (iii) and (iv), respectively. 
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Figure 3.24: Performance under sudden change in step speed command using: (a) T1FLC and (b) 

T2FLC: (i) Torque, (ii) speed and (iii) current and (iv) d- and q-axis stator flux components 

Performance under square speed command: 

The performance of the IMD is observed under a square change in speed command using 

PIC, T1FLC and T2FLCs are shown in Figure 3.25 (a)-(b). The sudden change in speed 

command of 600 rpm is applied in four steps (i.e. 1200 rpm → 600 rpm →1200 rpm → 600 
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rpm → 1200 rpm) at 1 s, 2 s, 3 s, etc. The reference speed ( *
rω ) and actual speeds (rω ) are 

presented in Figure 3.25 (ii), it is observed that under such speed command the estimated 

speed settles the reference speed (from 600 to 1200 rpm) in 0.282 s and 0.266 s with an 

overshoot around 0.068% and 0.002% of the reference speed using T1FLC and T2FLC, 

respectively. The torque and stator current are shown in Figure 3.25 (i) and (iii), respectively. 

It is noticed that the actual speed accurately tracking the reference speed and settles quickly 

using T2FLC scheme compared to T1FLC scheme. 
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Figure 3.25 Performance under sudden change in square speed command using: (a) T1FLC and (b) 

T2FLC: (i) Torque, (ii) speed and (iii) current 

3.4.5 Performance under Forward Speed with Load Torque Operation 

The performance of IMD under forward motoring with load torque is observed using PIC, 

T1FLC and T2FLCs. A load torque of 9 Nm is applied at starting with a set reference speed 

of 1200 rpm. It is found that the actual speed reaches the reference speed quickly at 0.925 s 

using T2FLC, whereas it reaches at 1.504 s using PIC scheme is shown in Figure 3.26 (a)-(c). 

The performance of IMD is also observed under forward motoring with different load torque 

conditions at the reference speed of 1200 rpm using three different speed controllers, which 

are summarized in Table 3.2. From the Table 3.2, the dynamic speed responses of time 

domain specifications (rise time and settling time) and the bar chart of performance indices 

(IAE, ISE, ITAE, ISTE and RMSE) are illustrated in Figure 3.27 and Figure 3.28, 
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respectively. From these results, it is found that the T2FLC has superior time domain 

specifications and performance indices compared to the PIC and T1FLC. 
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Figure 3.26: Performance under forward motoring with starting load torque of 9 Nm using: (a) PIC, 

(b) T1FLC and (c) T2FLC 
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Figure 3.27: Dynamic responses of time domain specifications with different starting load torque 

conditions using different controller schemes: (a) Rise time ( rt ) and (b) settling time (st ) 
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Figure 3.28: Bar chart of performance indices under various starting load conditions using different 

controller schemes are: (a) IAE, (b) ITAE, (c) ISE and (d) ITSE 
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3.4.6 Performance Indices 

In order to give a clear idea of the performance of the three controller schemes, the 

performance indices (IAE, ITAE, ISE, ISTE and RMSE) are calculated using each control 

scheme under forward motoring (reference speed of 1200 rpm) with no-load torque operation 

shown in Figure 3.29. It is found that the T2FLC shows lowest performance indices, because 

the T2FLC can cope with the uncertainties in a better way by modelling them and reducing 

their effect on the controller performance compared to PI and Type-1 fuzzy logic controller.  

Table 3.2: Performance indices under forward motoring with different starting load torque conditions 

using three different controller schemes  

Starting 
Load 

Torque 

 

Controller 

 Time domine specification  Performance indices  
Total 

Indices 
  

rt  

(s) 
pM  

(%) 

st  

(s) 
 

 
IAE ISE ITAE ITSE RMSE 

 

0 

 
 

PIC  
 

0.590 
 

1.125 0.695   37.79 3048 8.060 448.80 40.58  3583.23 

 T1FLC  0.425 0.079 0.537   33.52 2797 5.990 369.80 38.88  3245.19 

 T2FLC  0.394 0.000 0.498   31.80 2706 5.280 336.10 38.25  3117.43 

4 

 PIC  0.810 1.058 1.110   47.85 3896 12.54 736.90 45.89  4739.18 

 T1FLC  0.550 0.068 0.790   42.46 3533 9.644 592.90 43.70  4221.70 

 T2FLC  0.500 0.000 0.628   39.91 3394 8.324 529.30 42.83  4014.36 

7 

 PIC  1.040 0.894 1.310   61.41 4942 20.65 1205.0 51.75  6280.81 

 T1FLC  0.700 0.056 0.875   53.23 4412 15.21 929.10 48.84  5458.38 

 T2FLC  0.615 0.000 0.780   49.37 4195 12.75 809.50 47.62  5114.24 

9 

 PIC  1.310 0.816 1.504   78.02 5989 31.38 1796.0 57.89  7952.29 

 T1FLC  0.840 0.042 1.060   64.08 5295 22.10 1343.0 53.50  6777.68 

 T2FLC  0.760 0.000 0.925   58.70 4982 18.04 1143.0 51.89  6253.63 
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Figure 3.29: Performance indices under forward motoring with no-load torque operation 
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The performance indices are calculated under sudden load torque operation using three 

controller schemes. The sudden load torque of 9 Nm is applied at 1.4 s when the IMD is 

operating at 1200 rpm as shown in Figure 3.30 (a)-(d).  

The performance indices under forward motoring (i.e. 1200 rpm) with various starting 

load torque conditions are observed using three controller schemes, which are illustrated in 

Table 3.2. It is observed that the PIC shows the highest performance indices whereas lowest 

performance indices using T2FLC scheme. 
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Figure 3.30: Performance indices under forward motoring with sudden load torque operation 

 

3.5 Conclusion 

In this chapter, the DTFC of an IMD using Type-1 and Type-2 FLCs has been validated 

through the simulation (i.e. MATLAB/SIMULINK). The T1FLC provides considerable flux 

and torque ripples. Moreover, it shows poor load torque disturbance rejection. The T2FLC 

shows improved performance and also robustness to the sudden changes in speed and load 

torque disturbances. Finally, in order to give a clear idea of the performance of the three 

controller schemes, the time domain specifications and parameter indices are calculated for 

each controller scheme. It is noticed that the T2FLC scheme perform satisfactorily in all 

speed ranges with the different loading conditions.  

The performance evaluation through the simulation and experimental implementation are 

the two major steps to validate the DTFC of an IMD using Type-1 FLC and Type-2 FLCs, 

respectively. The primary step has been covered in this chapter. The experimental prototype 

system is required to perform the second step. Therefore, the development of the 

experimental prototype system for DTFC of an IMD is presented in the following chapter.  
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CHAPTER 4: DEVELOPMENT OF EXPERIMENTAL SYSTEM 

An experimental prototype system (EPS) is required for the experimental validation of the 
different controller schemes developed in this work, such as PIC, Type-1 FLC and Type-2 
FLC based speed controller schemes. The EPS has been developed using a 1.5 kW IM, 
Intelligent Power Module (IPM) based two-level VSI, Digital Signal Processor (DSP) 
DS1104 dSPACE interfacing controller board and related control circuits. In this chapter 
system hardware, DSP DS-1104 dSPACE interfacing and experimentation of the laboratory 
prototype models are described in detail to validate the simulation results presented in the 
previous chapters. Further, these experimental studies are validated with simulation results 
using the experimental parameters. A dSPACE DS-1104 controller board is used for the real-
time testing and implementation of different control algorithms. Initially, the control 
algorithm is designed in the MATLAB/SIMULINK software (MATLAB R2009a) and then the 
real-time workshop of MATLAB is used to generate the optimized C code for real-time 
testing. The interface between controller board (DS-1104) and MATLAB/SIMULINK allows 
the control algorithm to run the EPS. The developed EPS includes all the necessary features 
for the validation/testing of any three-phase AC drives. 

This chapter is organized as follows: 

� The introduction of EPS is presented in section 4.1.  

� The complete details about the development of the EPS using a three-phase two-level 
VSI module, sensing cards for voltage, current and speed measurements and 
protection circuits are presented in section 4.2.  

� The simulation results which are presented in chapter-2 and chapter-3 are validated 
with the experimental results, which are presented in section 4.3.  

� The comparison of simulation and experimental results using three controller 
schemes are presented in section 4.4.  

� Finally, the conclusion and remarks are presented in section 4.5 

4.1 Introduction 
To validate the viability and effectiveness of the PIC, Type-1 and Type-2 FLC based DTFC 

of an IMD, an EPS is developed in the laboratory. The experimental prototype system is 

developed using the insulated-gate bipolar transistors (IGBTs) as the switching devices for 

realizing the inverter based power module. The other hardware components as required for 

the operation of the experimental setup, such as three-phase IM, voltage sensor, current 

sensor and speed sensor circuits and protection circuits are developed in the laboratory [203].  



75 Chapter 4: Development of Experimental System 
  

A dSPACE DS1104 controller board is used for the real-time simulation and 

implementation of control algorithms [204]. By using the Real-Time Workshop (RTW) of 

MATLAB and Real-Time Interface (RTI) feature of dSPACE DS1104, the 

MATLAB/SIMULINK models of the various controller schemes are implemented. The 

control algorithm is first designed in the MATLAB/SIMULINK environment and then the 

RTW of MATLAB generates the optimized C-code for real-time implementation. The 

interface between MATLAB/Simulink and DSP DS1104 of dSPACE allows the control 

algorithm to run on the hardware. The master bit I/O is used to generate the required gate 

pulses and the Analog to Digital Converters (ADCs) are used to interface the sensed voltage, 

currents, and speed. An optoisolated interface board is also used to isolate the entire DSP 

master bit I/O. The DTFC of an IMD using PIC, T1FLC, and T2FLC schemes are simulated 

and verified with the experimental setup using dSPACE DS-1104. 

The development of different hardware components are required for the operation of the 

hardware prototype, which are discussed in the following sections. 

4.2 The Development of Experimental Setup 
The complete schematic diagram for a realization of the experimental setup (ES) is shown in 

Figure 4.1. The developed experimental setup consists of the following basic parts.  

1. Power circuit (PC) 

2. Induction motor and DC machine set 

3. Power module (PM) 

4. Measurement of various signals 

� The DC-Link voltage of the inverter 

� The DC-link current of the inverter 

� The phase currents of IM 

� The speed of IM  

5. Protection circuits 

� Over Voltage (OV) 

� Under Voltage (UV) 

� Over Current (OC) 

� Short Circuit (SC) 

6. Optocouplers 

7. Development of system software 

8. Hardware control 

The working stages of each part are described in the following sections.   
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4.2.1 Power Circuit 

A two-level VSI fed IMD has been developed to implement the various control schemes is 

shown in Figure 4.2. The PC consists of 3-Φ auto-transformer, power module (3-Φ 

uncontrolled rectifier and inverter module) and the 3-Φ squirrel cage induction motor. A 3-Φ 

power supply through the 3-Φ auto transformer is supplied to the 3-Φ uncontrolled rectifier, 

which produces the DC-link voltage. This DC-link voltage is provided to the inverter. 

Generally, the two-level VSI requires six power semiconductor devices as shown in Figure 

4.2. The output of the inverter is then connected to the IM.   
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Figure 4.1: Configuration of the experimental setup 
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Figure 4.2: Configuration of the power circuit 
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4.2.2 The Induction Motor 

A 1.5 kW, 4-pole star connected three-phase squirrel-cage IM, manufactured by the 

SIEMENS, is used for experimental validation. The equivalent circuit parameters of the IM 

were obtained through a set of tests, such as DC, no-load and blocked rotor tests. The 

magnetizing inductance, core and mechanical losses are calculated using the no-load test, 

while the stator and rotor leakage inductances and the rotor resistance are calculated using the 

blocked rotor test. Finally, the stator resistance is calculated using the DC test. The parameter 

values of IM obtained from the above tests are illustrated in Appendix C.  

4.2.3 Power Module 

The intelligent power module (IPM-PM25RSB120) is used as a rectifier and inverter [203]. 

The IPMs are advanced hybrid power devices that combine high speed, low loss IGBTs with 

optimized gate drive and protection circuitry. The IGBTs based IPMs with a rating of 1200 V 

/25 A has been used as the switching devices for realizing the two-level VSI. These switching 

devices are controlled by the DSP DS-1104 dSPACE controller board. The internal diagram 

of the power module is shown in Figure 4.3.  
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Figure 4.3: Schematic model of IPM based power module 

The large effective OC and SC protections are realized through the use of advanced 

current sense IGBT chips that allow continuous monitoring of power device current. The 

system reliability is further enhanced by the IPM's integrated OT and UV lockout protection. 

The IPM has a temperature sensor mounted on the isolating base plate near the IGBT chips. 
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If the temperature of the base plate exceeds the OT trip level the IPMs internal control circuit 

will protect the power devices by disabling the gate drive and snubbing the control input 

signal until the OT condition has diminished [203]. The IPM has been optimized for 

minimum switching losses in order to meet industry demands for acoustically noiseless 

inverters with carrier frequencies up to 20 kHz. The built-in gate drive and protection have 

been carefully designed to minimize the components required for the user supplied interface 

circuit. 

4.2.4 Measurement of Various Signals 

For the accurate and reliable operation of the system in a closed loop, the measurement of 

various signals (voltage, current and speed) and their conditioning is required. The 

measurement system must fulfill the following requirements: 

� High accuracy 

� Linearity and fast response 

� Galvanic isolation with power circuit 

With the availability of isolation amplifiers and Hall-effect current sensors, these 

requirements are fulfilled to a large extent. In order to implement the control algorithm of 

DTFC of an IM drive, the following signals are measured: 

1. The DC-link voltage  

2. The DC-link current  

3. The phase currents of the IM 

4. Speed of the IM 
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Figure 4.4: Voltage and current sensing cards 

The schematic model of various measurement signals is shown in Figure 4.4. The sensor 

used for voltage and current measurements work on the principle of Hall-effect (HE), hence 

these sensors are called HE transducer. The IPM output currents and voltage are not directly 

fed into control circuits. The output of the IPM is very high, but the control circuit operates at 
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low voltage. Therefore, it is essential to convert the IPM output from high voltage to low 

voltage and voltage transducer sense from high voltage to low voltage, i.e., maximum of 5 V. 

In order to implement the control algorithm of the IMD in closed loop operation, the 

following signals have been sensed. The detail information about the voltage, current and 

speed sensors are described in the following subsections.  

4.2.4.1  Current Sensing Card 

The schematic model of the current sensing cards is shown in Figure 4.5. The DC link current 

and line currents of the inverter module are sensed through LEM HE current transducer (LA-

55P). The LA-55P is closed loop HE current transducer suitable for measuring current up to 

50 A. These current sensors provide the galvanic isolation between the high voltage power 

circuit and the low voltage control circuit that require a nominal power supply voltage of the 

range ±12 V to ±15 V. The HE current transducer outputs depend upon transducer primary 

and secondary winding ratio. The ratio of the number of primary turns to the number of 

secondary turns for a typical value is 1000:1. A 100 Ω resistor is connected to the M terminal, 

which converts the current signal into the equivalent voltage signal of 0.1 V/A. The resistance 

value is chosen in such a way that the voltage across it will not exceed the specification of the 

ADC. The output of the current / voltage sensor is scaled properly to meet the requirement of 

the control circuit and it is fed to the dSPACE via its ADC channel for further processing. 
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Figure 4.5: Current measurement through LA-55P 

4.2.4.2  Voltage Sensing Card 

The schematic model of the voltage sensing card is shown in Figure 4.6. The DC-link voltage 

is sensed through HE voltage transducer using LV-25P. The measurement of DC-link voltage 

is required for the protection of the IPM from the over and/or under voltages. The HE voltage 

transducer output depends upon the transducer primary and secondary winding ratio. The 

principles of the current and voltage transducer are same, but the difference exists in the 

primary winding of the voltage transducer. A resistor is connected in series with the primary 

winding of voltage transducer. This resistance can be external or integrated into the 

transducer construction. The voltage signal is processed through a RC low-pass filter (LPF) 
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before feeding it to the ADC of the dSPACE DS-1104 controller board. The final output is 

obtained through a unity gain buffer amplifier. 

4.2.4.3 Speed Sensing Card 

The motor speed is sensed through an incremental encoder (HEDM-5605). An incremental 

encoder (IE) is mounted on the shaft of the IM. As the disk rotates, it generates two sets of 

quadrature encoder pulses (QEP), i.e. (QEPA, QEPB) in clockwise and (QEPA , QEPB) in 

anticlockwise direction that are shifted 90° out of phase from each other. The encoder also 

generates the index pulses, i.e. QEPI, QEPI , which can be used to indicate an absolute 

position. The IE generated signals (i.e. QEPA, QEPB, QEPA , QEPB, QEPI, QEPI ) are 

shown in Figure 4.7 (a). The encoder wheel typically makes one revolution for every 

revolution of the motor. The frequency of the pulses is 512 pulses-per-revolution. Therefore, 

the frequency of the digital signal coming from the QEPA and QEPB varies proportionally 

with the velocity of the motor. These signals (i.e. QEPA, QEPB, QEPA , QEPB, QEPI, 

QEPI ) are fed to the capture. The QEP units of the dSPACE controller board through 

frequency to voltage converter are shown in Figure 4.8. The enhanced QEP module is used 

for direct interface with a linear or rotary IE to get the position, direction and speed 

information from a rotating machine. The specification of the IE is shown in Appendix C. 
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Figure 4.6: Voltage measurement through LV-25P 
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Figure 4.8: Speed sensing with incremental encoder 

The square wave of speed sensor output is fed to a frequency to voltage converter circuit 

as shown in Figure 4.7 (b). The XR4151 can be used as a frequency to voltage converter. The 

input frequency range is 0 to 10 kHz and corresponding voltage output level is -10 mV to -10 

V. 

The actual motor speed is measured by a HEDS 5645 incremental encoder attached to the 

shaft of the induction machine having 512 encoder lines per revolution. The encoder signal 

interfaces to the dSPACE system via an incremental encoder interface. The rotor speed 

measurement is to allow DTFC operation with speed sensor and it is employed as a reference 

for sensorless operation.  

4.2.5 Signal Conditioner 

The voltage and current signals which are obtained from the voltage and current sensors are 

processed through the signal conditioner. These signals are properly scaled to meet the 

requirement of the control circuit and are fed to the dSPACE via its ADC channel for further 

processing. The schematic model of the current signal processing circuit is shown in Figure 

4.9. 
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Figure 4.9: Current signals processing circuit, Here X=A, B, C 

4.2.6 Protection Circuit 

The protection circuit of the complete system is used to prevent from any abnormal electrical 

conditions, such as UV/OV, OC, OT, SC is essential for the safe operation and also to avoid 
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damage of any switching devices and other components. The various stages of protection 

circuit are shown in Figure 4.10.  

The measured signals from voltage and current sensors (i.e. BLOCK-1) are fed into the 

signal conditioner (i.e. BLOCK-2) to generate the proper scaled output signals (i.e. 

voltage/current) and then these signals are fed into the protection circuit (BLOCK-3). It 

generates the PDPINT signal, which blocks the gate pulses before the driver, whenever OV, 

UV, SC, OC and OT have occurred in the system. 
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Figure 4.10: Various stages of protection circuit 

The schematic diagram of various stages of the protection circuit is shown in Figure 4.10. 

The current and voltage signals from BLOCK-2 are fed into the input of master / slave JK 

Flip-Flops (JKFFs). The Master / Slave JKFF output is connected to transistors Q1 and Q2. 

Transistor Q1 output C1 terminal is given to the input of AND gates (1-7). The other input of 

AND gates (1-6) are fed from pulse width modulation (PWM) output of dSPACE DS-1104 

controller board. The output of AND gates (1-7) depends upon transistor Q1 output, then the 

AND gate’s output is fed into IPM through optocoupler (1). The IPM generates the fault 

output signals when OC/ OV occur in the system. This signal is fed into optocoupler (2) and 
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its output is ANDed with Q1 output (C1) signal. The AND gate (7) output is fed into the input 

of PDPINT (dSPACE). Under normal condition, the output of PDPINT is high, whereas 

PDPINT is disabled when OT and OC occurred in the power circuit of the joint to C1.  

Several protection hardware requirements are built in the protection circuit when OV/OC 

occurs in a power circuit, then the output of dSPACE CT.IN/VOLT.IN is high (i.e. 1). The 

input of master/slave JKFF J = 1 and its output is Q = 1, Q  = 0, then the transistors Q1 and 

Q2 conduct and shutdown LED will glow (LED glow to indicate the power circuit affected by 

the OV / OC) at the same time transistor Q1 output (C1 terminal) is 0V. Then the AND gates 

(1-7) output is low (i.e. 0) and automatically cut the PWM signal to IPM and shut down the 

IPM. The voltage and current sensor output are fed into the ADC of dSPACE. When the OV 

/OC is found from the ADC inputs of dSPACE, then cut the PWM signal to protect the circuit 

and shut down the IPM. The signal conditioner outputs of dSPACE VOLT.IN and break 

signal from dSPACE, both signals are fed into optocoupler (3). This output fed to the input of 

IPM module. Both signals are enabled, when OV/OC occurs to the IPM at that time input of 

IPM BR signal is enabled after that shut down the IPM unit, which is shown in the internal 

circuit of Figure 4.10. 

4.2.7 Optocouplers 

The function of optocoupler is to isolate the control circuit from the power circuit. The Figure 

4.10 consists of a three blocks of optocouplers. The PWM signals (i.e. PWM 1 to PWM 6) 

come from dSPACE DS-1104 controller board are processed through optocoupler (1) to 

protect the IPM system. The IPM fault output signal is connected to optocoupler (2). The 

optocoupler (3) is connected between protection circuit and break signal. 

4.2.8 System Software 

Historically, control software was developed using assembly language. In recent years, the 

industry began to adopt MATLAB/SIMULINK and Real-Time Workshop (RTW) platform 

based method, which provides a more systematic way to develop control software. Figure 

4.11 shows the Total Development Environment (TDE) of dSPACE and its major component 

blocks are explained as below: 

• MATLAB is widely used as an interactive tool for modelling, analysis and visualization 

of systems, which itself contains more than 600 mathematical functions and supports 

additional toolboxes to make it more comprehensive. 

• SIMULINK is a MATLAB add-on software that enables block diagram based 

modelling and analysis of linear, nonlinear, discrete, continuous and hybrid systems.  
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• RTW is SIMULINK add-on software that enables automatic C or ADA code generation 

from the SIMULINK model. The generated optimized code can be executed on a 

personal computer, microcontrollers and signal processors. 

• Real-Time Interface (RTI) by add-on software of dSPACE provides block libraries for 

I/O hardware integration of DS1104 R&D controller and generates optimized code for 

master and slave processors of the board. 

• The dSPACE control desk is a software tool interfacing with real-time experimental 

setup and provides easy and flexible analysis, visualization, data acquisition and 

automation of the experimental setup. The major feature of real-time simulation is that 

the simulation has to be carried out as quickly as the real system would actually run, 

thus allowing to combine the simulation and the inverter (real plant). 
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Figure 4.11: Total development environment of dSPACE with MATLAB/SIMULINK 

The DSP DS1104 R&D controller board of dSPACE is a standard board that can be 

plugged into Peripheral Component Interconnect (PCI) slot of a desktop computer. The 

DS1104 is specially designed for the development of high-speed multivariable digital 

controllers and real-time simulations for various applications. It is a complete real-time 

control system based on a 603 PowerPC floating-point processor running at 2.6 GHz. It has 

256 MB DDR-400 SDRAM local memory for handling dynamic application data and 128 

MB SDR SDRAM global memory for host data exchange. In the board for advanced I/O 

purposes includes a slave-DSP subsystem based on the TMS320F240 DSP microcontroller. 

Specific interface connectors and connector panels provide easy access to all input and output 

signals of the board and help in rapid control prototyping (RCP). Thus, DS1104 R&D 

controller board is a very good platform for the development of a dSPACE prototype system 

for cost-sensitive RCP applications. It is used for the real-time simulation and 

implementation of the control algorithm in real-time. In the real-time simulation, the plant 
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(power circuit of drive) is controlled by the controller (PI processor) that is simulated in real-

time. This technique is called rapid prototype control. The major feature of real-time 

simulation is that the simulation has to be carried out as quickly as the real system would 

actually run, thus allowing to combine the simulation and the power circuit of the drive [204]. 

The sensed DC link voltage and three phase currents are fed to the dSPACE board via 

available ADC channels on its connector panel. In order to add an I/O block (such as ADCs 

and master bit I/Os in this case) to the Simulink model, the required block is dragged from 

the dSPACE I/O library and dropped into the Simulink model DTFC of an IMD. In fact, 

adding a dSPACE I/O block to a Simulink model is almost like adding any Simulink block to 

the model. In this case, six master bit I/Os configured in the output mode are connected to the 

model for producing six gating signals to the IGBTs. 

The sensed signals are used for processing the designed control algorithm. The vital 

aspect of real-time implementation is the generation of real-time code of the controller to link 

the host computer with the hardware. In dSPACE systems, Real-Time Interface (RTI) carries 

out this linking function. Together with RTW from the Mathworks®, it automatically 

generates the real-time code from Simulink models and implements this code on the dSPACE 

real-time hardware. This saves the time and effort considerably as there is no need to 

manually convert the Simulink model into another language such as ‘C’. RTI carries out the 

necessary steps by the addition of the required dSPACE blocks (I/O interfaces) to the 

Simulink model. In other words, RTI is the interface between Simulink and various dSPACE 

platforms. It is basically the implementation software for single-board hardware and connects 

the Simulink control models to the I/O of the board. In the present case, the optimized C-code 

of the Simulink model of the control algorithm is automatically generated by the RTW of 

MATLAB in conjunction with RTI of dSPACE. 

The generated code is then automatically downloaded into the dSPACE hardware where 

it is implemented in real-time and the gating signals are generated. The gating pulses for the 

power switches of the converter are issued via the Master-bit I/Os available on the dSPACE 

board. The DS2201 Connector/LED combo panel provides easy-to-use connections between 

DS1104 board and the devices to be connected to it. The panel also provides an array of 

LEDs indicating the states of digital signals (gating pulses). The gating pulses are fed to 

driver circuits via optocoupler and dead-band circuits. Figure 4.12 shows the schematic 

diagram of dSPACE-DS1104 board interfaced with the host computer and the real-world 

plant (power circuit of DTFC). Sensed signals are fed to the ADCs and generated gating 

pulses are given at Master bit I/Os. 
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Figure 4.12: Digital signal processor (dSPACE DS-1104) circuit board interfacing 

4.2.9 Hardware Control Development 

The control algorithm is designed and built in MATLAB/SIMULINK software and the 

control pulses for 6 IGBTs (Here only 3 firing pulses are generated and remaining 3 are 

complementary of generated pulses) are generated by real-time simulation using the DSP of 

dSPACE. The optimized C-code of the SIMULINK model of control algorithm is generated 

with the help of RTW of MATLAB. The RTW of MATLAB and the RTI of dSPACE result 

in the real-time simulation of the model. The control pulses are generated at various Master-

bit I/Os of the dSPACE, which are interfaced with the IGBT driver circuits through 

optocoupler and dead-band circuits [204]. This ensures the necessary isolation of the 

dSPACE hardware from the power circuit that is required for its protection. Figure 4.13 

shows the basic schematic diagram of interfacing firing pulses from the dSPACE board to the 

switching devices of two-level VSI. In this figure, the details of only the phase–a cluster of 

two-level VSI is shown. From Figure 4.13, it can be observed that the following hardware 

circuits are required for interfacing the two-level VSI with dSPACE board. 

1. Isolation circuit 

2. Dead-band circuit 

3. IGBT driver circuits 
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Figure 4.13: Schematic diagram of interfacing firing pulses from dSPACE controller board to 

switching devices of VSI (phase-A) 
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4.2.9.1  Optocoupler Circuit 

An optocoupler is used for optical isolation of dSPACE hardware (Master-bit I/Os) from 

direct connection with the power circuit. The optocoupler (6N137) is used for optical 

isolation. 

4.2.9.2  Dead-band Circuit 

A dead-band (dead-time or delay) circuit is employed to provide a delay time (of about 5μs) 

between the switching pulses to two complementary devices connected in the same leg of a 

VSI. This is required to prevent the short circuit of devices in the same leg due to 

simultaneous conduction. The delay time between switches of the same leg of VSI is 

introduced by an RC integrator circuit as shown in Figure 4.14.  

To

Switch
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0.001uf

 
Figure 4.14: Dead-band circuit for each switching device 

An identical dead-band circuit is used for each leg of VSI. The different switching signals 

obtained experimentally for semiconductor devices in the same leg of a two-level VSI are 

shown in Figure 4.15 with 5 μs delay. In Figure 4.15 the top and bottom signals are for the 

switches SA and AS respectively.  

 

Figure 4.15: Firing signals for the switches SA and AS with dead-band circuit 

4.2.9.3  IGBT Driver Circuits 

The IGBT driver circuits are used for pulse amplification and isolation purposes. The IGBT 

driver circuits not only amplify the pulse signals for driving the devices, but also provide an 

optical isolation. The driver circuit has special features such as fault protection and protection 

against the UV lockout.  
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4.3 Experimental Results 
The DTFC of an IMD using PIC, T1FLC and T2FLC are experimentally validated with the 

laboratory developed EPS and the results are presented here. The EPS is built around a 

dSPACE DS-1104 controller board. The detailed development of the EPS has been explained 

in the previous section and the photographic view of the complete experimental prototype is 

given in Appendix C. The proposed control schemes are tested under various operating 

conditions, such as forward motoring, reverse motoring, sudden change in step speed and 

different load torque operations, respectively. Note that the experiments have been performed 

under the similar conditions for which simulations have been carried out in chapter 2 and 3, 

respectively. The IM parameters, PIC gain values, switching frequency of the inverter with 

dead-band and the executed sampling frequency of the DTFC scheme are available in 

Appendix C. At starting, the reference speed of IM is initiated and the controlling signals are 

generated through a dSPACE DS-1104 kit and the required DC-link voltage of the inverter is 

set through a 3-Φ auto-transformer. 
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Figure 4.16: Performance of the IM under no-load torque operating condition using: (a) PIC, (b) 

T1FLC and (c) T2FLC: Traces (from top to bottom): (i) Torque, (ii) speed and (iii) stator current 

4.3.1 Performance under Forward Motoring  

Initially, the performance of the IMD is investigated under no-load torque operation at a 

reference speed of 1200 rpm using PIC, Type-1 and Type-2 FLC are shown in Figure 4.16 

(a)-(c). The presented results are electromagnetic torque ( eT̂ ), reference speed ( *
r� ), actual 

speed ( r� ) and stator current ( ai ) are shown in Figure 4.16 (trace-i)-(trace-iii), respectively. 
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When the reference speed of 1200 rpm is applied, the IM develops an electromagnetic torque 

of 20 Nm with high amplitude of the stator current (±5.8 A) to reach the set reference speed. 

The IM starts at zero speed and it settles (1200 rpm) at 0.82 s, 0.735 s and 0.682 s with an 

overshoot of around 20 rpm, 2.5 rpm and 0.3 rpm (shown in zoomed view of Figure 4.16 (ii)) 

using PIC, Type-1 and Type-2 FLC schemes, respectively. Similarly, the stator current and 

electromagnetic torque is settled at the same time as shown in Figure 4.16 (i)-(iii). However, 

the stator flux ( s�̂ ) and stator flux dq-components (i.e. ds�  and qs� ) in a stationary reference 

frame are almost same from initial state to the steady state is shown in Figure 4.17 (i) and 

(iii), respectively. The zoomed view of Figure 4.17 (i)-(iii) is presented in Figure 4.17 (iv). It 

is observed from the experimental results (from Figure 4.17 (i)) that the stator flux ripples are 

±0.14 Wb, ±0.10 Wb and ±0.08 Wb using PIC, T1FLC and T2FLC, respectively. From 

Figure 4.16 (i), it is observed that the ripple content in electromagnetic torque is ±2.3 Nm, 

±1.71 Nm and ±1.4 Nm using PIC, T1FLC and T2FLC, respectively.  
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Figure 4.17: Performance of the IM under no-load torque operating condition using: (a) PIC, (b) 

T1FLC and (c) T2FLC: (i) stator flux, (ii) stator current, (iii) stator flux dq-components in stationary 

reference frame and (iv) zoomed view of (i-iii) 

The steady-state performance of the IMD under no-load torque operating condition using 

PIC, T1FLC and T2FLC schemes are shown in Figure 4.18 (a)-(c), respectively. Note that the 

experimental results, which are presented in Figure 4.16, Figure 4.17 and Figure 4.18 (a)-(c) 

corresponding to the simulation results of the chapter-2 and chapter-3. It is observed that the 

excellent correlation between the simulation and experimental results. Both simulation and 

experimental results show the superiority of the T2FLC over T1FLC and PIC schemes. 
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Figure 4.18: Steady-state performance of the IM under no-load torque operating condition using: (a) 

PIC, (b) T1FLC and (c) T2FLC: (i) speed, (ii) torque, (iii) stator flux, (iv) stator current and (v) stator 

flux dq-components in stationary reference frame 
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Figure 4.19: Performance of the IM under reversal speed command using: (a) PIC, (b) T1FLC and (c) 

T2FLC: Traces (from top to bottom): (i) Torque, (ii) speed, (iii) stator current and (iv) stator flux dq-

components in stationary reference frame 
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4.3.2 Performance under Reversal Speed Command 

The performance of the IMD is observed under reversal speed command at no-load torque 

using PIC, T1FLC and T2FLC schemes are shown in Figure 4.19 (a)-(c). The reversal speed 

command from +1200 rpm to -1200 rpm is applied at 2 s. To get the required reference speed 

of -1200 rpm, a larger amplitude of the stator current (±6 A) and electromagnetic torque of 20 

Nm are developed during reversal speed. Moreover, directions of the stator current also get 

reversed when the speed crosses to zero speed value. The IM is settled to the set reference 

speed (-1200 rpm) at around 3.5 s, 3.32 s and 3.18 s with an overshoot of around 1.708%, 

0.208% and 0.025% of the reference speed using PIC, T1FLC and T2FLC schemes, 

respectively. Furthermore, the reversal speed is applied from -1200 rpm to +1200 rpm at 4.9 s 

and the corresponding operation of the IM is shown in Figure 4.19 (ii). It is noticed that the 

actual speed follows the reference speed. The electromagnetic torque ( eT̂ ), reference speed 

( *
r� ), actual speed ( r� ), stator current ( ai ) and stator flux dq-components (i.e. ds� , qs� ) in 

the stationary reference frame are illustrated in Figure 4.19 (i)-(iv), respectively. From Figure 

4.19 (iv), it is observed that the magnitude of the stator flux dq-components in the stationary 

reference frame are maintained almost same magnitude throughout the operation. The 

transient response during reversal speed using PIC, T1FLC and T2FLC schemes are shown in 

Figure 4.20 (a)-(c). Note that the experimental results, presented in Figure 4.19 (a)-(c) and 

Figure 4.20 (a)-(c) are corresponding to the simulation results of chapter-2 and chapter-3. 
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Figure 4.20: Transient performance of the IM under reversal speed command using: (a) PIC, (b) 

T1FLC and (c) T2FLC: (i) Torque, (ii) speed, (iii) stator current and (iv) stator flux dq-components in 

stationary reference frame 
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4.3.3 Tracking Performance of the Speed Commands  

Tracking the performance of the actual speed is observed through the applications of various 

changes in step and square speed commands. The response of the IMD under such speed 

commands is presented in the following sections. 

Performance under sudden change in step speed command: 

The performance of the IMD is observed under a sudden change in step speed command 

using three controller schemes are shown in Figure 4.21 (a)-(c). The sudden change in step 

speed command of 300 rpm is applied in four steps (i.e. 600 rpm �  900 rpm �  1200 rpm 

�  900 rpm �  600 rpm) at 1.4 s, 2.4 s, 3.6 s, etc. The corresponding reference and actual 

speed responses under such speed command are shown in Figure 4.21 (ii). The 

electromagnetic torque, stator current and stator flux dq-components in a stationary reference 

frame are shown in Figure 4.21 (i), (iii)-(iv) respectively. From Figure 4.21 (ii), it is observed 

that the actual speed settled the set reference speed (from 600 rpm to 900 rpm) in 0.3 s, 0.2 s 

and 0.15 s using PIC, T1FLC and T2FLC schemes, respectively. Moreover, it is also 

observed that the steady state error between the reference and actual speed is negligible using 

T2FLC compared to T1FLC and PIC scheme. Note that the experimental results, presented in 

Figure 4.21 (a)-(c) are corresponding to the simulation results of previous chapters.  
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Figure 4.21: Performance of the IM under sudden change in step speed command using: (a) PIC, (b) 

T1FLC and (c) T2FLC: (i) Torque, (ii) speed, (iii) stator current and (iv) stator flux dq-components in 

stationary reference frame 
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Performance under square speed command: 

The performance of the IMD is observed under square speed command using PIC, T1FLC 

and T2FLC schemes are shown in Figure 4.22 (a)-(c). The sudden change in speed command 

of 600 rpm is applied in four steps (i.e. 1200 rpm �  600 rpm �  1200 rpm �  600 rpm �  

1200 rpm) at 1 s, 2 s, 3 s, etc. The reference ( *
r� ) and actual speeds ( r� ) are presented in 

Figure 4.22 (ii), it is observed that under such speed command the actual speed settled the 

reference speed (from 600 rpm to 1200 rpm) in 0.52 s, 0.38 s and 0.31 s with an overshoot of 

around 1.718%, 0.212% and 0.026% of the reference speed using PIC, T1FLC and T2FLC 

scheme, respectively. The torque, stator current and stator flux dq-components in a stationary 

reference frame are shown in Figure 4.22 (i), (iii)-(iv), respectively. It is noticed that the 

actual speed accurately tracking the reference speed and settled quickly using T2FLC scheme 

compared to T1FLC and PIC scheme. Note that the experimental results, presented in Figure 

4.22 (a)-(c) are corresponding to the simulation results of the previous chapters.  
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Figure 4.22: Performance of the IM under sudden change in square speed command using: (a) PIC, 

(b) T1FLC and (c) T2FLC: (i) Torque, (ii) speed, (iii) stator current and (iv) stator flux dq-

components in stationary reference frame 

4.3.4 Loading Performance  

The performance of the IMD is observed under the application and removal of sudden load 

torques for the following conditions. 

� Loading at 1200 rpm 

� Loading and unloading at 1200 rpm 

� Loading at different speed commands (i.e. 300 rpm, 600 rpm and 900 rpm) 
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The load torque is applied through the DC machine, which is coupled to the shaft of the 

IM. The load is modeled through the DC machine supplying a resistive load. 

Loading performance at 1200 rpm 

The performance of the IMD is observed under sudden load torque operation using PIC, 

T1FLC and T2FLC schemes are shown in Figure 4.23 (a)-(c). The sudden load torque of 5 

Nm is applied at 1.6 s when an IM was operating at steady state speed. The change in load 

torque has been performed by applying different load resistance at the terminal of the DC 

generator, which is coupled to the induction motor. When the load torque is applied, the IM 

draws large amplitude of stator current, i.e. ±4.1 A, ±3.8 A and ±3.6 A using PIC, T1FLC 

and T2FLC are shown in Figure 4.23 (iii). From Figure 4.23 (i), it is observed that the sudden 

application of load torque causes an undershoot in actual speed around 1.55%, 0.6584% and 

0.35% of the reference speed using PIC, T1FLC and T2FLC schemes, respectively. It is also 

observed that the recovery time of actual speed under sudden load torque condition is 0.38 s, 

0.15 s and 0.05 s using PIC, T1FLC and T2FLC schemes, respectively. From Figure 4.23 (ii), 

the ripple content in torque is ±2.4 Nm, ±1.85 Nm and ±1.4 Nm using PIC, T1FLC and 

T2FLC schemes. Hence, the torque and stator current ripple contents using T1FLC scheme 

are improved by 22.91% and 7.38% over PIC, whereas T2FLC scheme is improved by 

24.32% and 5.26% over T1FLC scheme. 
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Figure 4.23: Performance of the IM under sudden load torque operation at 1200 rpm using: (a) PIC, 

(b) T1FLC and (c) T2FLC: (i) speed, (ii) torque and (iii) stator current 
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Figure 4.24: Performance of the IM under sudden load and unload torque at 1200 rpm using: (a) PIC, 

(b) T1FLC and (c) T2FLC: (i) speed, (ii) torque and (iii) stator current 

Loading and unloading performance at 1200 rpm 

The effect of sudden load and unload torque operation at 1200 rpm using PIC, T1FLC and 

T2FLC schemes are presented in Figure 4.24 (a)-(c). The sudden load torque of 5 Nm is 

applied at 1.6 s and it is withdrawn at 2 s when an IM was operating at steady state speed. 

When the load torque is applied, the effect of load torque is observed in the previous section. 

Similarly, when the load torque is withdrawn an overshoot around 1.5%, 0.65% and 0.366% 

of the reference speed appears using PIC, T1FLC and T2FLC, respectively. From Figure 4.24 

(i), it is observed that the recovery time of actual speed under sudden load torque condition is 

0.35 s, 0.1 s and 0.045 s using PIC, T1FLC and T2FLC, respectively. Hence, the settling time 

using T1FLC scheme is improved by 71.42% over PIC, whereas T2FLC scheme is improved 

by 55% over T1FLC scheme. From Figure 4.24 (iii), it is observed that when the load torque 

is withdrawn the current is dropped to ±2.95 A, ±2.62 A and ±2.4 A using PIC, T1FLC and 

T2FLC scheme, respectively. The corresponding torque response is presented in Figure 4.24 

(ii). The performance of the speed sensorless IM drive is observed under different load torque 

disturbances at 1200 rpm using three different control schemes, which are illustrated in Table 

4.1. 

The error speed ( re� ) between the reference and actual speeds are presented in Figure 

4.25 (a)-(c). From Figure 4.25 (i), it is observed that the error speed around 18.6 rpm, 7.8 rpm 

and 4.2 rpm appears when the sudden load torque disturbance is applied to the IM.  
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The effect of different load torque condition is observed under different speed commands 

using PIC, T1FLC and T2FLC are shown in Figure 4.26 (a)-(c). It is observed from the 

experimental results that the T2FLC shows an improved performance and robustness to 

various load torque disturbances compared to PIC and T1FLC, respectively. 
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Figure 4.25: Performance of the IM under sudden load and unload torque operation at 1200 rpm using: (a) 

PIC, (b) T1FLC and (c) T2FLC: (i) speed, (ii) error speed and (iii) zoom of speed and error speed 
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Figure 4.26: Steady-state performance of the actual speed under various load torque conditions at 

different speed commands using: (a) PIC, (b) T1FLC and (c) T2FLC 
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Figure 4.27: THD performance of the stator current using: (a) PIC, (b) T1FLC and (c) T2FLC 

The percentage of line current THDs for DTFC of an IMD using PIC, T1FLC and T2FLC 

scheme under no-load operation is shown in Figure 4.27 (a)-(c). The corresponding values 

are 6.4, 5.2 and 4.5, respectively. From Figure 4.27, it is observed that the T2FLC offers less 

current THD compared to T1FLC and PIC scheme.  

Table 4.1: Comparison of three controller schemes under different load torque conditions  

Load 

Torque 

 

Controller 

 Under Load Torque Applied  Under Load Torque Withdrawn 

 
 

Speed Undershoot 

(rpm) 

Recovery Time 

(s) 

 Speed Overshoot  

(rpm) 

Recovery Time 

(s) 

2 

 PIC  7.540 0.271  6.74 0.262 

 T1FLC  3.480 0.078  3.39 0.076 

 T2FLC  1.950 0.031  1.88 0.030 

3 

 PIC  10.68 0.312  9.62 0.295 

 T1FLC  4.920 0.087  4.79 0.084 

 T2FLC  2.690 0.035  2.55 0.033 

4 

 PIC  14.50 0.343  14.2 0.314 

 T1FLC  6.420 0.098  6.29 0.095 

 T2FLC  3.460 0.041  3.57 0.039 

5 

 PIC  18.60 0.380  18.0 0.350 

 T1FLC  7.900 0.150  7.80 0.100 

 T2FLC  4.200 0.050  4.40 0.045 
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Table 4.2: Comparison of three controller schemes under various operating conditions 

Measured 

Parameter 

Simulation Results Experimental Results 

PIC T1FLC 
%T1FLC

-IOPI 
T2FLC 

%T2FLC 

-IOT1 
PIC T1FLC 

%T1FLC

-IOPI 
T2FLC 

%T2FLC

-IOT1 

± (Nm) TdNLT  1.750 1.400 20.00 1.150 17.86 2.30 1.710 25.62 1.400 18.12 

± (Wb) dNLT�  0.040 0.022 45.00 0.012 45.45 0.14 0.100 28.57 0.080 18.13 

(rpm) cLTA�  13.50 5.200 61.51 2.300 55.77 18.6 7.900 57.52 4.200 46.83 

(rpm) cLTW�  13.30 5.000 62.24 2.200 56.00 18.0 7.800 56.66 4.400 43.59 

(s) tss  0.695 0.537 22.73 0.498 7.260 0.82 0.735 10.36 0.682 7.210 

(s) tsr  3.170 3.050 3.790 2.930 3.930 3.50 3.320 5.14 3.180 4.210 

(s) t scss  0.220 0.136 38.18 0.120 11.64 0.30 0.200 33.33 0.150 25.00 

(s) tscsqs  0.450 0.282 37.33 0.266 5.670 0.52 0.380 26.92 0.310 18.42 

(s) tsLTA  0.320 0.120 62.50 0.035 70.83 0.38 0.150 60.52 0.050 66.66 

(s) tsLTW  0.310 0.100 67.74 0.042 58.00 0.35 0.100 71.42 0.045 55.00 

(rpm) e r�  13.50 5.100 61.36 2.200 55.86 18.0 7.800 56.66 4.200 46.15 

(%) ITHD  3.43 2.98 13.11 2.50 16.10 6.40 5.200 18.75 4.500 13.46 

 

The comparative performance of the IMD using PIC, T1FLC and T2FLC schemes under 

various operating conditions, such as starting, reversal speed, step change in speed, square 

change in speed and change in speed during load torque applied and withdrawn are illustrated 

in Table 4.2 in detail. Where, rNLTT , rNLT� , cLTA� , cLTW� , sst , srt , scsst , scsqst , sLTAt , sLTWt , 

THDNLTI% ,  %T1FLCIOPI  and  %T2FLCIOT1  represents the no-load torque ripples (Nm), stator 

flux ripples (Wb), change in speed during load torque applied (rpm), change in speed during 

load torque withdrawn (rpm), settling time during forward motoring (s), settling time during 

reversal speed (s), settling time during change in step speed (s), settling time during change in 

square speed (s), settling time during load torque applied (s), settling time during load torque 

withdrawn(s), percentage of current THD during no-load torque, percentage of T1FLC 

improvement over PI controller and percentage of T2FLC improvement over T1FLC, 

respectively. 

4.4 Conclusion 
In this chapter, the detailed descriptions of the various components used for the development 

of the laboratory experimental setup for DTFC of an IMD using two-level VSI are presented. 

A DSP DS1104 of dSPACE is used for the real-time implementation of various control 

schemes. The main components of the experimental prototype and software configurations of 

the EPS have been explained in detail. The developed control scheme and interfacing of the 

dSPACE DS-1104 between real-time and MATLAB/SIMULINK is described in detail. Also, 

the control desk features are explained well for conducting the experiment.  
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The performance of the DTFC of IM drive using proposed schemes has been 

experimentally validated. It is observed that the experimental results closely follow their 

simulation counterparts.  Initially, the PIC based DTFC of an IM drive is implemented. It is 

observed that the PIC provides large flux and torque ripples under various operating 

conditions. Moreover, it has poor dynamic performance and load torque disturbance 

rejections. In order to improve the dynamic performance of the IMD, the PIC is replaced by 

T1FLC. The T1FLC provides satisfactory dynamic performance compared to PIC. However, 

it does not improve the dynamic performance considerably due to certain limits of T1FLC. 

Furthermore, the PIC is replaced by the proposed T2FLC to get quick dynamic as well as 

steady-state performance. A rigorous simulation and experimental comparison between the 

PIC, T1FLC and T2FLC have been carried out under various operating conditions. It is 

observed that the T2FLC shows improved performance to sudden changes in speed and also 

robustness to load torque disturbances. Moreover, it is also noticed that the T2FLC perform 

satisfactorily in all speed ranges with different loading conditions. 

The DTFC of an IMD requires the rotor speed information for accurate speed control. 

However, the use of speed sensor is associated with several drawbacks, such as requirement 

of shaft extension, reduction of mechanical robustness of the motor, unsuitability for hostile 

environment, poor signal-transmission, lower reliability, etc. Also, the cost of the speed 

sensor increases the economy of the drive. In order to overcome these drawbacks, the speed 

estimation from machine terminal quantities (i.e. voltage and current) is preferred than the speed 

sensing for high performance industrial applications. Therefore, this aspect will be studied in the 

following chapter. 
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CHAPTER 5: MRAS SPEED ESTIMATOR FOR DTFC 
OF A SPEED SENSORLESS IMD 

The speed sensors used in DTFC of an IMD are for rotor speed/position information. These 
speed/position sensors have major drawbacks. Therefore, the speed estimation from machine 
terminal quantities (i.e. current and voltage) is preferred than the speed sensing in various 
applications. Initially, this chapter presents various types of speed estimation methods, such 
as signal injection based methods, observer based methods and model reference adaptive 
system (MRAS) based methods for estimating rotor speed. Among these methods, the MRAS 
is a simple method with a less computational effort to estimate the rotor speed. Furthermore, 
in order to improve the performance of the MRAS, its adaptation mechanism is implemented 
using Type-1 and Type-2 FLCs, which are replaced in place of PIC. Finally, the MRAS speed 
estimator for DTFC of a sensorless IMD is simulated in the MATLAB/SIMULINK 
environment under various operating conditions with speed sensor and without any speed 
sensor. Moreover, the speed estimation algorithm is experimentally validated with laboratory 
developed EPS using dSPACE DS-1104 controller board and the experimental results are 
presented under various operating conditions, such as forward motoring, reversal speed, 
sudden changes in speed, different load torque disturbances, low speed, etc. The development 
of EPS has been covered in the previous chapter. 

This chapter is organized as follows:  

� The various types of speed estimation methods are presented and discussed in detail 
in section 5.1.  

� The mathematical modelling of rotor-flux based MRAS (RFMRAS) speed estimation 
for DTFC of a speed sensorless IM drive and various types of adaptation mechanism 
schemes are presented in section 5.2. 

� The RFMRAS speed estimator for DTFC of a speed sensorless IM drive using three 
different adaptation schemes is simulated in the MATLAB/SIMULINK environment 
and corresponding results under various operating conditions are presented in 
section 5.3. 

� The simulation results are validated with the experimental results, which are 
presented in section 5.4. 

� Finally, section 5.5 presents the conclusion and remarks of the system.  
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5.1 Introduction 
Generally, all the control system design methods for the IMD were developed under the 

assumption that the rotor speed of the IM is available. In practice, the rotor speed is measured 

through a speed sensor which is mounted on the shaft of the IM. However, the use of speed 

sensor is associated with some drawbacks, such as requirement of shaft extension, lower 

reliability, high cost, increase in size and weight, increase electrical susceptibility, difficulty 

in mounting in some cases such as motor drives in a harsh environment, etc. In order to 

overcome these drawbacks, in recent years, the removal of the speed sensors that are 

measuring mechanical coordinates of the system is one of the main ongoing research and 

attractive prospect due to the advantages of high reliability, low cost, less maintenance and 

easy to operation in the harsh environment. The rotor speed is estimated from machine 

terminal components (i.e. measured voltage and stator currents) [93-145]. The various types 

of speed estimation methods are presented in Figure 5.1. 
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MRAS Observer 

Extended 
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scheme 

Reactive 

power 

scheme 

Signal 
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Figure 5.1: Various types of speed estimation methods 

In general, an estimator is defined as a dynamic system whose state variables are 

estimates of another system. The estimators are of two types, open-loop and closed-loop 

estimators. The difference between these estimators is the correction term in error estimation 

and is used to adjust the response of the estimator. In open-loop estimators, especially at low 

speeds, parameter deviations have a significant influence on the performance of the drive in 

both transient and steady states [3]. In contrast, closed-loop estimators are robust to 

parameter variations and noise. In closed-loop speed estimators, the accuracy of estimation 

can be improved. This is achieved by introducing a certain corrective action, based on an 

error between two conveniently chosen quantities, within the speed estimator. 

There are three basic types of closed-loop machine model based speed estimators. The 

first one is the observer based speed estimator [95-111], which is further classified into three 

types, such as, Luenberger observer (speed adaptive flux observer) [95-98], Kalman filter 

observer (KFO) [99-105] and sliding mode observer (SMO) [106-111], respectively. The 
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second one is the signal injection method [94]. The third type of speed estimation relies on 

MRAS methods [112-146]. The MRAS based speed estimation is the simplest approach and 

it is analyzed in detail in this chapter. The above mentioned various types of speed estimation 

methods are discussed in detail in the following subsections. 

5.1.1 Observers 

An observer can be classified based on the type of representation used for the plant to be 

observed. If the plant is deterministic, then the observer is a deterministic observer; otherwise 

it is a stochastic observer. The most commonly used observers are Luenberger and Kalman 

filter types. The Luenberger observer (LO) is of deterministic type while the Kalman filter 

(KF) is of stochastic type [3]. The basic LO is applied to a linear, time invariant deterministic 

system, whereas the extended Luenberger observer (ELO) is applicable to nonlinear time 

varying deterministic system. The basic KF is applicable to only linear stochastic systems, 

whereas the extended KF (EKF) can be used for nonlinear systems. The EKF can provide an 

estimate of the states of a system or estimates of both the states and parameters [109]. Both 

ELO and EKF are summarized as nonlinear estimators where the former is applicable to 

deterministic systems and the latter is applicable to stochastic systems.  

5.1.1.1  Luenberger Observer (speed adaptive flux observer) 

The LO can be used to estimate states which cannot be measured or where the measurements 

are corrupted by noise. To obtain the full-order nonlinear speed observer, initially the IM 

model is considered in the stationary reference frame, which can be described as follows [3]:  

sBVAXX ��
�

 (5.1) 

CXis �  (5.2) 

The states can be estimated by using equations (5.3a)-(5.3b): 

)îi(GVBXÂX̂ sss
���
����

�

 (5.3a) 

X̂Cîs �
�

 (5.3b) 

where, A  is the state matrix of the observer, G is an observer gain matrix, X is state vector, B 

is a control input matrix, sV  is input vector, C is output matrix and si  is output vector. 

The state matrix of the observer ( Â ) is a function of the estimated speed ( r�̂ ), and in a 

speed sensorless drive, the rotor speed must be estimated. It is important to note that the 

estimated speed is considered as a parameter in Â . In equation (5.3a) the observer gain 

matrix is multiplied by the error vector, where si
�

 and sî
�

 are the actual and estimated stator 

current vectors respectively. By using equations (5.3a) and (5.3b) it is possible to implement 
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a speed estimator for SIMD by using MATLAB/SIMULINK environment. The 

corresponding schematic model of the adaptive state observer is shown in Figure 5.2. 
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Figure 5.2: Adaptive speed observer (Speed adaptive flux observer) 

In Figure 5.2, the estimated rotor flux linkage components and stator current error 

components are used to obtain the speed tuning signal and this signal is processed through a 

PI controller to get the estimated speed as:  

 dt )eˆeˆ(K)eˆeˆ(Kˆ qsdrdsqriqsdrdsqrp � ���������  (5.4) 

where dsdsds îie ��  and qsqsqs îie ��  are the direct and quadrature axis stator current errors 

respectively.  

5.1.1.2  Kalman Filter 

In recent years, the EKF algorithm has been used for the rotor speed estimation of the 

sensorless IM drive. The EKF is basically a full-order stochastic observer for the recursive 

optimum state estimation of a nonlinear dynamic model in real-time by using signals that are 

corrupted by noise [92]. The EKF can also be used for unknown parameter estimation (i.e. 

rotor resistance Rr). The noise sources in EKF take into account of the measurement and 

modeling inaccuracies [102-105]. Figure 5.3 shows the schematic model of the EKF for 

speed estimation. The EKF uses the machine model, where estimated speed ( r�̂ ) is 

considered as a parameter as well as a state. However, in the case of LO the estimated speed 

is considered only as a parameter. The augmented machine model can be given as [3]: 

sBVAX
dt
dX

��  (5.5a) 

CXis �  (5.5b) 

where     	
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The equations (5.5a)-(5.5b) can be described in discrete time system as [3]: 

)k(BV)k(AX)k(X s���1  (5.6a) 

)k(CX)k(is �  (5.6b) 

The observer described in equations (5.6a)-(5.6b) will be under the influence of two noise 

sources when applied to a physical system:  

 1. Process noise - i.e. the thermal noise in a resistor, which is a part of the system.  

 2. Measurement noise - i.e. quantization noise.  

Considering these two noises and whose covariance matrices are Q and R, the above 

equations (5.6a) and (5.6b) can be rewritten as [3]:  

)k(V)k(BV)k(AX)k(X s ����1  (5.7a) 

)k(W)k(CX)k(is ��  (5.7b) 

where )k(V and )k(W are zero-mean white Gaussian noise vectors of )k(X and )k(is  with 

covariance Q(k) and R(k), respectively. Both )k(V and )k(W  are independent of )k(X  and 

)k(is , respectively. The statistics of noise and measurements are given three covariance 

matrices, Q, R and P, where Q is system noise vector covariance matrix (5x5), R is 

measurement noise vector covariance matrix (2x2) and P is system state vector covariance 

matrix (5x5). 

The sequence of the EKF algorithm implementation is shown in a flowchart Figure 5.4. 

The EKF is designed in two stages, in the first stage, the states are predicted (x(k+1)) by 

using a mathematical model and in the second stage, the predicted states are continually 

corrected by using a feedback correction (eK) scheme. Thus, this scheme uses actual 

measured states, by adding a term to the predicted states. The additional term contains the 

weighted difference of measured and estimated output signals ( ss îie �� ). Based on the 

deviation from the estimated value, the EKF provides an optimum output value at the next 

input instant. The EKF equation is [3, 92, 101-102]: 

)îi(KVBX̂AX̂ sss
���
����

�

 (5.8) 
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It can be used for the estimation of the rotor speed of an induction motor and the 

schematic model of EKF is shown in Figure 5.3. It can be seen that the structure of EKF is 

similar to that of LO, except that its gain K is designed to minimize the error between the real 

and estimated state vectors [109]. 
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Figure 5.3: Extended Kalman filter based speed estimation 

Initialize state vector and covariance matrices 
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)k(BV)k(X̂A)1k(X)k|1k(X s
** �����  
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Figure 5.4: Flowchart diagram of EKF algorithm [3] 

The main difference between the KF and the LO is that the gains are not fixed in KF 

whereas in the LO the gains are fixed, but they are computed at every cycle, in function of the 

level of the noise, the dependence between parameters and the error of the estimation. The 

KF has a very good immunity to noise, but the main drawback is that the computational 

complexity of KF is very high, even with powerful DSP, it takes a long time to execute and 

difficult to apply in real-time, particularly for fast-speed variations. Besides, there is also a 

parameter variation problem, which makes accuracy poor at low speeds. Moreover, the KF is 

a bit difficult to tune: there are many gains and parameters which shall be tuned, and it is only 

effective for a certain level of noise [1, 3, 109]. 



Chapter 5: MRAS Speed Estimator for DTFC of a Speed Sensorless IMD    106 

  

5.1.1.3  Sliding-Mode Observer 

A sliding mode observer (SMO) based sensorless algorithm of the IM is robust to the 

parameter variation, system disturbance, system order reduction and easy implementation. In 

general, the sliding mode observer for motor control is implemented through the error 

between the measured and estimated currents. In an IM, the error between the measured and 

estimated currents is used to construct sliding mode (SM) surfaces so that after SM, the 

estimated flux values are driven to converge to real ones exponentially [3, 106-111]. 

Compared to LO, SMO is different as it employs the sign function of the current error in the 

feedback correction item, which is expressed in equations (5.9)-(5.10), while LO employs the 

continuous function. However, chattering phenomena is a severe concern of such observer 

(i.e. SMO), which may be eliminated by appropriate gain selection [3]. 

 )îisgn(KVBX̂A
dt
X̂d

sss
���
����  (5.9) 

X̂Cis �
�

 (5.10) 

where gain K is selected so as the observer is stable. 

5.1.2 Model Reference Adaptive System 

The MRAS is used for rotor speed estimation of speed sensorless IM drive. Among various 

types of adaptive system configurations, MRAS is important because it leads to relatively 

easy to implement with high speed adaptation for a wide range of applications. The high 

performance ability and easy stability analysis of the MRAS make it as one of the major 

approaches in adaptive control [3, 116]. The advantage of MRAS is to allow an improved 

noise rejection property which is helpful to obtain unbiased parameter estimation and makes 

it most popular MRAS scheme. Figure 5.5 shows the basic structure of the MRAS, which 

mainly consists of three blocks, i.e., reference model (RM), adjustable model (AM) and 

adaptation mechanism (AM). It works on the principle of deriving an error vector using the 

difference between the outputs of two dynamic models, i.e. the RM and AM. Both the models 

generate the same quantity, but have different ways (i.e. RM follows ),( ss iVfX
��

�  whereas 

the AM uses )ˆ,(ˆ
rsifX ��

�
). The error ( �� ) between the outputs of these two models are 

used to drive a suitable AM that generates the estimated rotor speed ( r�̂ ). The error ( �� ) is 

driven to zero through an AM, as a result, the estimated parameter ( X̂ ) will converge to its 

true value (X). The reference model is independent of the estimated speed whereas the 

adjustable model is dependent on the estimated speed. The appropriate AM can be derived by 

using Popov’s criterion of hyperstability [114-115]. This results in a stable and quick 
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response system, where the differences between the state-variables of the RM and AM are 

adapted as a speed tuning signal, which is then fed into a PIC, which outputs the estimated 

rotor speed. 
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Figure 5.5: The basic schematic model of MRAS speed estimator 

In the MRAS speed estimation method, the RM is induction motor itself, and the 

adjustable model is a suitable equation where the rotor speed is involved. These suitable 

equations may be function of flux [116-133, 140-146] or back-EMF [112-113] or reactive 

power [135-139]. The information actuating the adaptation scheme is the difference between 

the outputs of the reference and the adaptive models. The difference between the output states 

of the reference model and adaptive model forms error function, depending on this error 

function various MRAS observers have been classified as:  

1. Rotor-flux based MRAS,  

2. Back-EMF based MRAS,  

3. Reactive power based MRAS. 

5.1.2.1  Rotor-Flux Based MRAS  

The Rotor-Flux based MRAS (RFMRAS) is the most popular MRAS strategy in adaptive 

control because of its simplicity. RFMRAS method was first introduced by C. Schauder 

[116]. The RFMRAS based speed estimator is shown in Figure 5.5, which consists of a RM, 

an AM and an AM which generates the estimated speed. The RM and AM are used to 

estimate the rotor flux linkages of IM and the AM gives the speed tuning signal. The 

expressions of the rotor flux linkage components in the stationary reference frame can be 

obtained by using the stator currents and voltages of the IM. The RM calculates the actual 

rotor flux linkage components (i.e. qrdr �� , ) using the voltage model (VM) according to 

equation (5.11) and the AM calculates the estimated rotor flux linkages (i.e. qrdr �� ˆ,ˆ ) using 

the current model (CM) according to equation (5.12), respectively. The RM is independent of 

rotor speed whereas the AM is dependent on the rotor speed [3, 116].  
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� �� �dt i pLRv
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dr � �����  (5.11a) 
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where 
r

r
r R

LT � , 
dt
dp � , and ‘ ’ indicates estimated signal. 
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Figure 5.6: Rotor-flux based MRAS speed estimation 

The angular difference between the outputs of these two models is used to generate the 

STS )ˆIm( �
� ���� rr

��
, which is then fed into the AM. The AM is used to generate the estimated 

rotor speed ( r�̂ ) and it is then fed into AM, which updates the AM by generating the proper 

rotor speed estimation until error reduced to zero [113, 116, 127-133].  

qrdrqrdrrr ���������� �
� ˆˆ)ˆIm(

��
 (5.13) 

where ��  indicates the speed tuning signal.

  

 

This speed tuning signal is then processed through the PIC to get the estimated speed and 

it is given by equation (5.14) as: 
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p
KK i

prˆ  (5.14) 

The schematic model of RFMRAS speed estimation is implemented using the 

mathematical expression of Equations (5.15-5.18) as shown in Figure 5.6. 
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Figure 5.7: The schematic model of back emf based MRAS speed estimator 

5.1.2.2  Back-EMF based MRAS  

The back EMF based MRAS (BEMFMRAS) scheme was proposed by Peng et al. [112] to 

provide an enhancement to the RFMRAS scheme. The basic block diagram of BEMFMRAS 

is shown in Figure 5.7. The advantage of the BEMFMRAS scheme is that it does not require 

any integration in its RM. The RFMRAS uses rotor flux linkages as the RM and AM, 

whereas the BEMFMRAS uses the induced back EMFs.  

The expressions of RM and AM for estimating rotor speed are [3, 112]: 
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The AM for BEMFMRAS scheme can be derived similarly to the RFMRAS as follows: 

qdqd
* êeeê)êeIm( ���
��

��  (5.17) 

��� ��
�

�
��
�

�
��

p
KKˆ i

pr  (5.18) 

This scheme avoids the use of an integrator in the reference model (which is common for 

RFMRAS) and has neither drift nor initial condition problems. However, the reference model 

is highly sensitive to the stator resistance variations and may have stability problems at a low 

stator frequency. Moreover, it shows low noise immunity due to stator current differentiation 

and poor dynamic performance at the low stator frequency compared to RFMRAS [3, 127-

129].  
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Figure 5.8:  Reactive power based MRAS speed estimator 

5.1.2.3  Reactive Power based MRAS  

In this method, the STS is deliberately chosen to be eiie ss
����
���� �)Im( , where eee �̂��

���  

and e� , ê�  are the space vectors of the BEMFMRAS in RM and AM respectively. This 

method is called the reactive power based MRAS (RPMRAS). This method was proposed by 

Maiti et al. [136] to estimate the rotor speed without stator resistance sensitivity, as shown in 

Figure 5.8. As stator resistance varies with the temperature, its variation affects the 

performance and the stability of the rotor flux, back-EMF based MRAS speed estimators, 

especially more at low speeds.  
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The expressions of RM and AM power components for estimating rotor speed are [136]: 

 piLVieiQ dssdsdsddsd )( �����  (5.19a) 

 piLVieiQ qssqsqsqqsq )( �����  (5.19b) 
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The AM for BEMFMRAS scheme can be derived similarly to rotor-flux based MRAS as 

follows [3, 135-139]: 

qddqsse QQQQeiie ˆˆ)Im(
* ��������
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 (5.21) 
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The RPMRAS offers robustness against stator resistance variation and also avoids 

integrator. However, this method exhibits an unstable system when operating in the 

regeneration mode. The noise sensitivity is high due to the presence of stator current 

differentiation. The AM requires flux computation through CM. Therefore, the estimator is 

highly dependent on the variation of the rotor time constant.  

The various types of speed estimation methods for sensorless drives are presented. The 

KF methods are not widely employed because of its complexity and large computational 

burden, SMO schemes require the prior knowledge of an upper bound for the system 

uncertainties, it needs to be determined precisely as this is employed in the switching gain 

calculation. The control effort required for precise upper bound determination is high, which 

is undesirable in a practice. Therefore, among these sensorless speed estimation techniques 

MRAS speed estimation offer simple implementation and require less computational effort 

compared to other methods. The MRAS schemes are classified as RF, BEMF and RP based 

MRAS schemes depending on the error vector. The BEMFMRAS method is having stability 

problems at low stator frequencies and shows low noise immunity due to stator current 

differentiation and the RPMRAS has an instability problem during the regenerative mode. 

Moreover, BEMF and RP quantities vanish at low and zero speed. Therefore, the simplicity 

of RFMRAS speed observer makes it most popular speed estimation method and it is 

considered in this thesis work.  
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5.2 Rotor-Flux based MRAS Speed Estimator 
The schematic model of the RFMRAS speed estimator for DTFC of a speed sensorless IM 

drive is shown in Figure 5.9. The speed of the IMD can be estimated by using the RFMRAS 

speed estimator scheme, which is developed using the voltage model (VM) as a RM and the 

current model (CM) as an AM. The RM is independent of rotor speed whereas the AM is 

dependent on the rotor speed [116]. The outputs of these two models are used to generate the 

STS, which is fed into the AM. The AM is used to generate the estimated rotor speed and 

then it is fed into AM, which updates the AM by producing the proper rotor speed estimation 

until error reduced to zero. The process of updating AM is made to continue till the error 

signal between RM and AM tends to be zero and the estimated speed is accurately tracking 

the reference speed.  
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Figure 5.9: Schematic model of RFMRAS speed estimator for DTFC of a speed sensorless IM drive 

The mathematical modelling of RFMRAS speed estimation for a speed sensorless IM drive 

is derived using its dq-model. The stator and rotor voltage equations of the IM from equations 

(2.43) can be written in the stationary reference frame dq-coordinates as [3]: 

dsdssds piRV ���  (5.23) 
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qsqssqs piRV ���  (5.24) 

qrrdrdrr piR ������0  (5.25) 

drrqrqrr piR ������0  (5.26) 

where  

drmdssds iLiL ���  (5.27) 

qrmqssqs iLiL ���  (5.28) 

dsmdrrdr iLiL ���  (5.29) 

qsmqrrqr iLiL ���  (5.30) 

Reference Model: 

Solving the equation (5.27) in terms of rotor current and substituting it in (5.29) yields:  

dsmdssds
m

r
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L
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����� )(  (5.31) 

Simplifying the above equation (5.31) and applying derivative yields: 

)( dssds
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L
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Simplifying the equation (5.24) in terms of stator flux component and substituting it in 

equation (5.32), which yields d-axis rotor flux linkage of the RM as: 
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Similarly, the q-axis rotor flux linkage of the RM as: 
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Adaptive Model: 

Solving the d-axis rotor current from the equation (5.29) and substituting it in equation 

(5.25), we get: 
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Solving the equation (5.35) results in expression for d-axis AM rotor flux as: 
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Similarly, the q-axis AM rotor flux as: 
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The RM and AM equations of dq-axes rotor flux components, i.e. equation (5.33)-(5.34) 

and (5.36)-(5.37) are used for generating the speed tuning signal ( �� ), which is then fed into 

the AM to generate the estimated speed. 

Adaptation Mechanism: 

The AM plays a crucial role in the dynamics and stability of the MRAS. The AM can be 

derived in two ways: (i) approach based on Popov’s Hyperstability theory and (ii) 

Lyapunov’s method. Here, Popov’s Hyperstability theory is considered for designing the 

AM. The Hyperstability theory mainly deals with the stability properties of the feedback 

control system, which is shown in Figure 5.10. 

Figure 5.10 consists of two blocks: they are linear time-invariant block and nonlinear 

time-varying block. According to Hyperstability theory, the nonlinear and time varying 

feedback system is asymptotically stable, i.e. 0��
� t

Lim , if the following two conditions hold. 

Linear time invariant 

block 

Non-linear time-

varying block 

�

�

u� ��
_ 

 

Figure 5.10: Nonlinear and time-varying feedback system. 

Condition I: the input �  and the output �  of the non-linear time-varying block satisfy the 

Popov’s integral inequality [114-115]: 

� !�"��
1

0

2
t

T dt  for all 01 "t  (5.38) 

where !  is an arbitrary finite constant. 

Condition II: The transfer function matrix � �# $sF  of the linear time-invariant block is strictly 

positive and real, i.e. � � � �# $���� jFjF T is a strictly positive definite Hermitian matrix. 

Initially, for the purpose of designing AM the error (� ) between the output of RM and 

AM is treated as a state variable [114]. 

drdrd ����� ˆ  (5.39a) 

qrqrq ����� ˆ  (5.39b) 

From the above equation the error vector can be defined as: 

# $ T
qd ][ ����  (5.40) 
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In general r� is variable, but for the derivation of the adaptation mechanism it is valid to 

initially consider the rotor speed as a constant parameter of the reference model. 

By using the equations (5.33), (5.34), (5.36), (5.37) and (5.39), the state equations of the 

linear time-invariant block can be derived as: 
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The above equation (5.41) can be represented in the matrix form as: 
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The above equation (5.42) can be represented as [116, 114, 128]: 
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According to the general structure of the adaptation law, r�̂  can be expressed as [114]: 
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Figure 5.11: Equivalent model of the rotor flux-based MRAS 

Using the equations (5.43) and (5.44), the MRAS represents as a nonlinear feedback 

system and it is shown in Figure 5.11. 
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By substituting the components of # $�  and # $W  in equation (5.38), we get Popov’s 

criterion for the present system as follows [114]: 
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The equation (5.45) can be rewritten as: 
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By substituting the equation (5.44) in equation (5.46), we get: 
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The above inequality can be solved by using the following well-known relation: 
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By using equation (5.48), it can be shown that equation (5.47) is satisfied by the following 

functions [114]: 

� � � �drdrdrqriqrddrq KK ������������& ˆˆˆˆ21  

� � � �drdrdrqrpqrddrq KK ������������& ˆˆˆˆ12  (5.49) 

where 1&  and 2&  are the integral and proportional parts of the adaptation law respectively. 

The speed tuning signal (STS) can be obtained from the equation (5.49) as follows: 

drdrdrqr �������� ˆˆ  (5.50) 
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Figure 5.12: Adaptation mechanism for MRAS observer 

The speed tuning signal is processed through the PIC, it generates the estimated rotor 

speed by minimizing the speed tuning signal which is shown in the Figure 5.12 and the 

estimated rotor speed can be expressed as: 
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The speed tuning error signal is fed into PIC and it generates the estimated rotor speed, 

this estimated speed is used to adjust the AM until the satisfactory performance achieved. 

Since, the RFMRAS scheme is a closed-loop system, the accuracy of the system can be 

enhanced. However, the use of integrator in the RM may create the initial value and DC drift 

problems during experimental implementation. Therefore, in order to mitigate these 

problems, a low-pass filter (LPF) with low cutoff frequency (i.e. typically 1Hz) can be used 

in place of RM integrator [3, 116]. In order to adjust the rotor flux linkage outputs of AM 

with the rotor flux linkage outputs of RM, a high pass filter (HPF) is placed in front of the 

original AM, which is shown in Figure 5.13.  
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Figure 5.13: Schematic model of RFMRAS speed estimator using PIC based adaptation mechanism 

5.2.1 PIC based MRAS Speed Estimator 

The schematic model of the RFMRAS speed estimator using PIC based adaptation 

mechanism scheme is shown in Figure 5.13. The speed tuning signal ( �� ) is fed into the PIC, 

which estimates the rotor speed and then the estimated rotor speed is fed back into AM. The 

PIC based AM offers satisfactory performance over a wide range of operation and it is 

widely used in industrial control system applications. The linear PIC were used in adaptation 

scheme for the majority of MRAS speed observer to estimate the rotor speed. However, the 

PIC may not be able to provide the satisfactory performance under a sudden change in speed, 

load torque disturbance conditions, low speed commands due to continuous variation in 

machine parameters and the operating conditions in addition to the nonlinearities present in 

the inverter. Moreover, it requires a precise mathematical model, continuous tuning and 

accurate gain values (Kp and Ki) to achieve high performance drive [127-129, 132-133]. 
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Therefore, in order to overcome with the above drawbacks, the adaptive control based 

adaptation mechanisms are highly desirable.  

The PIC in the adaptation mechanism is replaced with artificial intelligence techniques, 

such as Type-1 FLC and Type-2 FLC to improve the performance of the sensorless drive 

under a wide range of speed operations.  

5.2.2 Type-1 Fuzzy Logic Controller based MRAS Speed Estimator 

In this section, the PIC based adaptation mechanism is replaced by T1FLC. The T1FLC can 

handle complicated nonlinear systems and it does not require precise mathematical modelling 

and gain values unlike constant gain PIC, which makes the controller highly suitable for a 

speed sensorless drive. The schematic model of the MRAS speed estimator using T1FLC 

based adaptation mechanism is shown in Figure 5.14.  
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Figure 5.14: Schematic model of T1FLC based MRAS speed estimator 
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Figure 5.15: Type-1 FLC: (a) Input MFs ( ��  and ��� ) and (b) output MF of r�̂  

Similar to the PIC, the speed tuning signal ��  is fed into T1FLC to determine the rotor 

speed estimation. The input variables of T1FLC are speed tuning signal ‘ �� ’ (i.e. equation 



119 Chapter 5: MRAS Speed Estimator for DTFC of a Speed Sensorless IMD  
5.50) and rate of change in speed tuning error signal ‘ ��� ’ (i.e. equation 5.52) and the output 

variable is estimated rotor speed ‘
rω̂ ’, which are shown in Figure 5.15.  

)1k()k()k( ������� ���  (5.52)  

where, )k(��  and )1k( ���  are the present and the previous values of the STSs, respectively.   

The Mamdani type and triangular MFs (i.e. 7MFs) are considered for both input and 

output variables and therefore, the total number of possible rules should be 49 as illustrated in 

Table 5.1, in which each rule base has the following form as [48-49]:   

 lR : IF �� is lF ��  AND ��� is lF
���

THEN r�̂  is 
l

rˆG�   

where, M1,2,...,l � , lF ��  and lF
���

represent the antecedent MFs of fuzzy sets (IF-

ingredients) and 
l

rˆG�   represents consequent MF (THEN-ingredients) respectively. 

In this control scheme, the centroid method is considered for the defuzzification purpose. 

The centroid of the estimated speed Cr�̂  (found from the crisp output of T1FLC) is estimated 

for the overall MF and which can be expressed as follows [177]:  
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where, )ˆ( CkrA �'  and Ckr�̂  are overall output MF and crisp output quantity of adaptation 

mechanism and k=1, 2, …, n number of samples of the aggregated output MF. 
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Figure 5.16: Schematic model of T2FLC based MRAS speed estimator 
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5.2.3 Type-2 Fuzzy Logic Controller based MRAS Speed Estimator 

The schematic model of T2FLC based MRAS speed estimator is shown in Figure 5.16. The 

T1FLC based adaptation mechanism is replaced by T2FLC to further enhance the dynamic as 

well as the steady state performance of the speed sensorless IM drive. The input and output 

triangular MFs of T2FLC is illustrated in Figure 5.17. Here, the number of inputs (i.e. )k(ωξ  

and )1k( −ξω ) and the output ( rω̂ ) MFs are considered to remain same as that of the T1FLC 

to show the improvement of T2FLC over T1FLC, which are shown in Figure 5.17 (a) and 

Figure 5.17 (b), respectively. Moreover, the corresponding number of rules for T2FLC is also 

same as that of T1FLC, which is illustrated in Table 5.1. 

The rule base of T2FLC is framed using IF and THEN form as follows [85, 81]:  

lR : IF ωξ is lF ωξ
~

 AND ωξ∆ is lF
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Figure 5.17: Type-2 FLC: (a) Input MFs (ωξ  and ωξ∆ ) and (b) output MF of rω̂  

Table 5.1: Rule base of fuzzy logic controller 
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5.2.3.1  Design of Type-2 FLC Rule Base 

The type-2 fuzzy sets of l th rule can be obtained as [81-85]: 
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Type-reducer: 

The type-reducer block transforms a T2FS output of T2FIS into Type-1 reduced a fuzzy set, 

which is then transformed into a crisp output through the defuzzifier. The COS is considered 

for TR operation. A singleton fuzzification with minimum t-norm is used and the output can 

be expressed as [85, 177-178]: 
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where rCOSω̂  is an IT2FS determined by the left-most and right-most end points (
rrlr ωω ˆ,ˆ ), 

which can be derived from the consequent centroid set ( l
r

l
l yy , ) and the estimated speed 

strength ( )llll f,fFf =∈  must be computed or set first before the computation of rCOSω̂  [79].  
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Figure 5.18: The flowchart of T2FLC for finding the crisp value of the estimated speed 
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The LMP (
lrω̂ ) and RMP ( rrω̂ ) can be expressed as follows [80, 178]: 
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Computation of 
lrω̂  and 

rrω̂ is done using Karnik-Mendal algorithm [79], which is given 

in Figure 5.18. The procedure to compute the RMP (
lrω̂ ) and LMP (

rrω̂ ) is considered 

similar to that of used for computing 
l

*
eT  and r

*
eT , respectively. 

Defuzzification: 

The type-reducer output is fed into the defuzzification block. Then the defuzzification block 

converts from the T1FS to crisp output. The defuzzified crisp output is the average value of 

rrω̂  and lrω̂ , it is given by: 

 
2

ˆˆ
)( rrlrxyCentroid

ω+ω==  (5.57) 

5.3 Simulation Results 

The RFMRAS speed estimator for sensorless IMD (Figure 5.9) is mathematically modelled 

in the MATLAB/SIMULINK environment using PIC, T1FLC and T2FLC schemes, 

respectively. The Simulink model is then used to verify the performance of the DTFC of an 

IMD under various operating conditions, such as no-load torque, load torque, sudden changes 

in speed and low speed, respectively.  
 

5.3.1 Performance under Forward Motoring  
 

Initially, the performance of the sensorless IMD is simulated under no-load torque operation 

at 1200 rpm using three adaptation schemes and it is shown in Figure 5.19 (a)-(c). The 

reference speed (*rω ), actual speed (rω ) and estimated speed (rω̂ ) under such command is 

shown in Figure 5.19 trace-(ii).  The electromagnetic torque, stator current, stator flux dq-

components in a stationary reference frame (i.e.dsψ , qsψ ) and stator flux are shown in Figure 

5.19 (i), (iii)-(v), respectively. It is observed that the IM drive starts at zero speed and reaches 

the set reference speed ( 1200r =ω  rpm) at 0.69 s with an overshoot of 13.9 rpm using PIC, 

whereas it reaches the set reference speed quickly at 0.496 s with zero overshoot using 
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T2FLC, respectively. It is observed from the simulation results that the transient response of 

the IM drive using T2FLC is faster compared to the PIC and T1FLC, respectively.  
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Figure 5.19: Performance under no-load torque operating condition using: (a) PIC, (b) T1FLC and (c) 

T2FLC: Traces (from top to bottom): (i) Torque, (ii) speed, (iii) stator current, (iv) stator flux dq-

components in stationary reference frame and (v) stator flux  

5.3.2 Loading Performance  
 

The performance of the sensorless IMD is observed under the application and removal of 

sudden load torque disturbances in the following conditions. 

� Loading at 1200 rpm, 

� Loading and unloading at 1200 rpm, 

� Loading at different speed commands (i.e. 300 rpm, 600 rpm and 900 rpm). 
 

Loading performance at 1200 rpm 

The effect of sudden load torque operation is observed at 1200 rpm using PIC, T1FLC and 

T2FLC shown in Figure 5.20 (a)-(c). The sudden load torque of 9 Nm is applied at 1.4 s when 

the induction motor is operating at steady state speed. It is observed that the sudden 
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application of load torque causes an undershoot around 1.083%, 0.45% and 0.166% of the 

reference speed using PIC, T1FLC and T2FLC as shown in Figure 5.20 (ii). It is also observed 

that the recovery time of the estimated speed under such command is 0.298 s, 0.11 s and 0.04 

s using PIC, T1FLC and T2FLC schemes, respectively. Moreover, slight error speed, ripple 

contents in torque and stator currents are less using T2FLC compared to T1FLC and PIC, 

which are shown in Figure 5.20 (i), (iii)-(iv), respectively. Similarly, when the load torque is 

removed (i.e. at 2.1 s), an overshoot around 1.125%, 0.43%, 0.166% of the reference speed 

appears using PIC, T1FLC and T2FLC as shown in Figure 5.21 (ii). The torque, reference 

speed, estimated and actual speeds, stator current and the error speed between the estimated 

and actual speeds are shown in Figure 5.21 (i)-(iv), respectively. 

(a) (b) (c)  

Time (s) 

1 1.2 1.4 1.6 1.8 2
-6

-4

-2

0

2

4

6

ai

1 1.2 1.4 1.6 1.8 2
-20

-10

0

10

20

eT̂

1 1.2 1.4 1.6 1.8 2
-6

-4

-2

0

2

4

6

ai

Time (s) 

1 1.2 1.4 1.6 1.8 2
-20

-10

0

10

20

eT̂

reω

*
rω

rω

1 1.2 1.4 1.6 1.8 2
1170

1180

1190

1200

1210

1220

1 1.2 1.4 1.6 1.8 2
-6

-4

-2

0

2

4

6

1 1.2 1.4 1.6 1.8 2
-20

-10

0

10

20

1 1.2 1.4 1.6 1.8 2
1170

1180

1190

1200

1210

1220

1 1.2 1.4 1.6 1.8 2
1170

1180

1190

1200

1210

1220

*
rω

rω rω̂

*
rω

rω̂
rω

*
rω rω̂

rω

eT̂

1 1.2 1.4 1.6 1.8 2
-15

-10

-5

0

5

10

15

(i
) T

or
q

ue
 (

N
m

) 
(i

i)
 S

pe
ed

 (
rp

m
) 

(ii
i)

 C
u

rr
e

nt 
(A

) 
(i

v)
 E

rr
or

 S
pe

ed
 (

rp
m

) 

ai

ωE rEω

1 1.2 1.4 1.6 1.8 2
-15

-10

-5

0

5

10

15

(a) (b) (c) 

1 1.2 1.4 1.6 1.8 2
-15

-10

-5

0

5

10

15

rEω
rEω

Time (s)  
Figure 5.20 Loading performance at 1200 rpm using: (a) PIC, (b) T1FLC and (c) T2FLC: Traces 

(from top to bottom): (i) Torque, (ii) speed, (iii) stator current and (iv) error speed 

The effect of different load torque conditions is observed under different speed 

commands using PIC, T1FLC and T2FLC schemes, which are illustrated in Figure 3.21(a)-

(c). It is observed that the T2FLC shows an excellent performance and robustness to various 

load torque disturbances compared to PIC and T1FLC, respectively. 

5.3.3 Performance under Reversal Speed Command 

The performance of the sensorless drive is observed under the reversal speed command using 

PIC, T1FLC and T2FLC shown in Figure 5.23 (a)-(c). The reversal speed command from 

+1200 rpm to -1200 rpm is applied at 2 s. The estimated speed reaches its reference speed 

during reversal speed at 3.16 s, 3.04 s and 2.93 s using PIC, T1FLC and T2FLC, respectively. 

The reference, actual and estimated speeds are shown in Figure 5.23 (ii), which reveals that 



125 Chapter 5: MRAS Speed Estimator for DTFC of a Speed Sensorless IMD 
 

the estimated speed tracking the reference speed with an overshoot of 13.8 rpm, 0.8 rpm and 

0 rpm of the reference speed using PIC, T1FLC and T2FLC schemes, respectively. The 

torque, stator current and stator flux dq-axis components in a stationary reference frame are 

shown in Figure 5.23 (i), (iii)-(iv), respectively. The transient response of reversal speed is 

shown in Figure 5.24 (a)-(c). 
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Figure 5.21: Loading and unloading performance at 1200 rpm using: (a) PIC, (b) T1FLC and (c) 

T2FLC: Traces (from top to bottom): (i) Torque, (ii) speed, (iii) stator current and  (iv) error speed 

5.3.4 Tracking Performance of the Speed Commands  

Tracking performance of the sensorless IM drive is observed through the applications of 

various changes in speed, such as step and square speed commands, respectively. The 

simulation results for each case are presented as follows. 

Performance under step change in speed command: 

The performance of the sensorless IMD is observed under a sudden change in step speed 

command using three controller schemes are shown in Figure 5.25 (a)-(c). The sudden 

change in step speed command of 300 rpm is applied in four steps (i.e. 600 rpm→900 rpm→ 

1200 rpm→900 rpm→600 rpm) at 1.4 s, 2.4 s, 3.6 s, etc. The corresponding reference and 

actual speed responses under such speed commands are shown in Figure 5.25 (ii). The 

electromagnetic torque, stator current and stator flux dq-components in a stationary reference 

frame are shown in Figure 5.25 (i), (iii)-(iv) respectively. From Figure 5.25 (ii), it is observed 

that the estimated speed settles at the reference speed (from 600 rpm to 900 rpm) in 0.22 s, 

0.136 s and 0.12 s using PIC, T1FLC and T2FLC, respectively. Moreover, it is also observed 
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that the error between the estimated and actual speed is negligible using T2FLC compared to 

T1FLC and PIC.  
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Figure 5.22: Steady-state performance of the estimated speed under various load conditions at 

different speed commands using: (a) PIC, (b) T1FLC and (c) T2FLC 

(a) (b) (c) 

Time (s) 

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
-30

-20

-10

0

10

20

30

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
-15

-10

-5

0

5

10

15

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
-15

-10

-5

0

5

10

15

ai

eT̂

Time (s) 
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

-1.5

-1

-0.5

0

0.5

1

1.5

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
-1.5

-1

-0.5

0

0.5

1

1.5

dsψ

qsψ

dsψ

qsψ

ai

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
-1500

-1000

-500

0

500

1000

1500

rω

*
rω

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
-30

-20

-10

0

10

20

30

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
-1.5

-1

-0.5

0

0.5

1

1.5
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

-15

-10

-5

0

5

10

15
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

-1500

-1000

-500

0

500

1000

1500

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
-1500

-1000

-500

0

500

1000

1500

rω

*
rω

rω̂

rω

*
rω

rω̂

rω

*
rω

rω̂

ai

eT̂

dsψ

qsψ

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
-30

-20

-10

0

10

20

30

eT̂

(i
) T

or
qu

e
 (

N
m

) 
(i

i)
 C

ur
re

nt
 (

A
) 

(i
ii

) 
S

p
e

ed
 (

rp
m

) 
(i

v)
 

(W
b

)
 

,
qs

ds
ψ

ψ
 

Time (s) 

(b) (c) (a) 

 
 

Figure 5.23: Performance under reversal speed command using: (a) PIC, (b) T1FLC and (c) T2FLC: 

(i) Torque, (ii) speed (iii) stator current and (iv) stator flux dq-components 
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Figure 5.24: Transient performance under reversal speed command using: (a) PIC, (b) T1FLC and (c) 

T2FLC: (i) Torque, (ii) speed and (iii) stator current 
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Figure 5.25: Performance under a step change in speed command using: (a) PIC, (b) T1FLC and (c) 

T2FLC: (i) Torque, (ii) speed and (iii) stator current and (iv) stator flux components 

Performance under square change in speed command: 

The performance of the sensorless IMD is observed under a square change in speed command 

using PIC, T1FLC and T2FLC as shown in Figure 5.26 (a)-(c). The sudden change in speed 

command of 600 rpm is applied in four steps (i.e. 1200 rpm → 600 rpm → 1200 rpm → 

600 rpm→1200 rpm) at 1 s, 2 s, 3 s, etc. The reference (*
rω ), actual speed (rω ) and estimated 

speed ( rω̂ ) are presented in Figure 5.26 (ii), it is observed that under such speed command 
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the estimated speed settles at the reference speed (from 600 to 1200 rpm) in 0.442 s, 0.28 s 

and 0.262 s with an overshoot around 1.14%, 0.067% and 0.002% of the reference speed 

using PIC, T1FLC and T2FLC scheme, respectively. The torque and stator current are shown 

in Figure 5.26 (i) and (iii), respectively. It is noticed that the estimated speed accurately 

tracking the reference speed and settles quickly using T2FLC compared to T1FLC and PIC. 
(a) (b) (c) 

Time (s) Time (s) 

rω

*
rω

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
-15

-10

-5

0

5

10

15

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
-15

-10

-5

0

5

10

15

ai

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
-30

-20

-10

0

10

20

30

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
-30

-20

-10

0

10

20

30

eT̂ eT̂

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

500

1000

1500

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

500

1000

1500

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

500

1000

1500
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

-30

-20

-10

0

10

20

30

Time (s) 

eT̂

rω̂

*
rω

rω

rω̂

*
rω

rω

rω̂

*
rω

rω

ai

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
-15

-10

-5

0

5

10

15

(i
) 

T
o
rq

u
e
 (

N
m

) 
(i
i)

 S
p
e

e
d (

rp
m

) 
(i

ii
) 

C
u

rr
e

n
t (

A
) 

(b) (c) (a) 

aiai

 
Figure 5.26: Performance under square change in speed command using: (a) PIC, (b) T1FLC and (c) 

T2FLC: (i) Torque, (ii) speed and (iii) stator current 

Table 5.2: Performance indices under forward motoring with different starting load torque conditions 

using three different controller schemes 

Starting
Load 

Torque 

 

Controller 

 Time domine specification  Performance indices  
Total 

Indices 
  

rt  
(s) 

pM  

(%) 

st  

(s) 
 

 
IAE ISE ITAE ITSE RMSE 

 

0 

 
 

PIC  
 

0.583 
 

1.158 0.690   37.49 3042 8.040 447.40 40.18  3575.11 

 T1FLC  0.425 0.080 0.531   33.12 2796 5.950 369.60 38.48  3243.15 

 T2FLC  0.394 0.000 0.496   31.75 2705 5.272 335.90 38.15  3116.07 

4 

 PIC  0.781 1.062 1.092   47.14 3892 12.17 735.80 45.21  4732.32 

 T1FLC  0.550 0.066 0.790   42.41 3532 9.617 592.75 43.52  4220.29 

 T2FLC  0.500 0.000 0.628   39.89 3393 8.312 529.05 42.62  4012.87 

7 

 PIC  1.004 0.898 1.296   60.75 4939 20.05 1202.5 51.28  6273.58 

 T1FLC  0.700 0.054 0.875   53.02 4411 15.04 928.20 48.54  5455.80 

 T2FLC  0.615 0.000 0.780   49.25 4194 12.52 808.70 47.27  5111.74 

9 

 PIC  1.294 0.825 1.465   77.69 5981 30.56 1791.5 56.34  7937.09 

 T1FLC  0.840 0.041 1.060   63.72 5293 21.80 1341.5 53.20  6773.22 

 T2FLC  0.762 0.000 0.920   58.30 4981 17.89 1141.5 51.18  6249.87 
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5.3.5 Performance under Forward Motoring with Load Torque Operation 

The performance of the speed sensorless IM drive is observed under forward motoring with 

different load torque at starting using PIC, T1FLC and T2FLC, respectively. A load torque of 

9 Nm is applied at starting with the reference speed of 1200 rpm. It is found that the 

estimated speed reaches the reference speed quickly at 0.92 s using T2FLC, whereas it is 

reached at 1.465 s using PIC scheme is illustrated in Table 5.2.  

5.3.6 Performance Indices 

In order to give a clear idea of the performance of the three controller schemes, the 

performance indices (IAE, ITAE, ISE, ISTE and RMSE) are calculated using each control 

scheme under forward motoring (i.e. reference speed of 1200 rpm) with no-load torque and 

load torque operation is illustrated in Table 5.2. From the Table 5.2, it is found that the 

T2FLC has superior time domain specifications and performance indices, because the T2FLC 

can cope with the uncertainties in a better way by modelling them and reducing their effect 

on the controller performance compared to PI and Type-1 fuzzy logic controller. The T2FLC 

is able to perform effectively when various disturbances occur in the system like; sudden 

changes in speed or load torques as it has advantages of both type-2 fuzzy sets and type-1 

fuzzy sets (i. e. type-2 reducer set) compared to the PIC and T1FLC.  

5.4 Experimental Results 

The performance of the speed sensorless IM drive using PIC, T1FLC and T2FLC is 

experimentally validated with the laboratory developed EPS and the results are presented. 

The EPS is built around a dSPACE DS-1104 controller board. The detailed development of 

the EPS has been explained in the chapter-4. The proposed control schemes are tested under 

various operating conditions, such as forward motoring, reversal speed, sudden change in 

speed and load torque operations, respectively. Note that the experiments have been 

performed under the same operating conditions in which simulations have been carried out in 

the section 5.3. 

5.4.1 Performance under Forward Motoring  

Initially, the performance of the speed sensorless IM drive is investigated under no-load 

torque operation at a reference speed of 1200 rpm using PIC, T1FLC and T2FLC as shown in 

Figure 5.27 (a)-(c). The reference speed (*
rω ), actual speed (rω ) and estimated speed (rω̂ ) are 

shown in Figure 5.27 (ii). The actual speed is measured through the incremental encoder. The 

measured speed is used only for checking the tracking performance of the estimated speed 

not for any computation purposes. The IM starts at zero speed and settles (1200 rpm) at 0.81 
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s, 0.726 s and 0.678 s with an overshoot of around 20 rpm, 2.5 rpm and 0.3 rpm using PIC, 
Type-1 and Type-2 FLCs, respectively. The electromagnetic torque and stator current are 
shown in Figure 5.27 (i) and (iii), respectively. From Figure 5.27 (i), it is observed that the 
ripple content in electromagnetic torque is ±2.41 Nm, ±1.74 Nm and ±1.41 Nm using PIC, 
T1FLC and T2FLC, respectively. The steady-state performance of the speed sensorless IM 
drive is shown in Figure 5.28 (a)-(c). Note that the experimental results, which are presented 
in Figure 5.28 (a)-(c) and Figure 5.28 (a)-(c) corresponding to the simulation result of the 
Figure 5.19 (a)-(c). The results reveal an excellent correlation between the simulation and 
experimental results. Both simulation and experimental results show the superiority of the 
T2FLC compared to the T1FLC and PIC. 
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Figure 5.27: Performance under no-load torque operating condition using: (a) PIC, (b) T1FLC and (c) 
T2FLC: Traces (from top to bottom): (i) Torque, (ii) speed and (iii) stator current 

5.4.2 Performance under Reversal Speed Command 

The performance of the speed sensorless IM drive is observed under the reversal speed 
command using PIC, T1FLC and T2FLC as shown in Figure 5.29 (a)-(c). The reversal speed 
command from +1200 rpm to -1200 rpm is applied at 2 s. Furthermore, the direction of the 
speed is changed from -1200 rpm to +1200 rpm at 4.9 s and the corresponding responses are 
shown in Figure 5.29 (ii). From Figure 5.29 (ii), it is noticed that the estimated speed settles 
the set reference speed (i.e. -1200 rpm) at around 3.5 s, 3.31 s and 3.18 s with an overshoot 
around 1.712%, 0.21% and 0.025% of the reference speed using PIC, T1FLC and T2FLC, 
respectively. The electromagnetic torque, stator current and stator flux dq-components in the 
stationary reference frame are illustrated in Figure 5.29 (i), (iii)-(iv), respectively. From 
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Figure 5.29 (iv), it is observed that the magnitude of the stator flux dq-components are 
maintained almost same magnitude throughout the operation. The transient response during 
reversal speed command using PIC, T1FLC and T2FLC is shown in Figure 5.30 (a)-(c). Note 
that the experimental results, presented in Figure 5.29 (a)-(c) and Figure 5.30 (a)-(c) are 
corresponding to the simulation results of Figure 5.23 (a)-(c) and Figure 5.24 (a)-(c), 
respectively. 
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Figure 5.28: Steady-state performance under no-load torque operating condition using: (a) PIC, (b) 
T1FLC and (c) T2FLC: (i) speed, (ii) torque, (iii) stator flux, (iv) stator current and (v) stator flux dq-
components in a stationary reference frame 
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Figure 5.29: Performance under reversal speed command using: (a) PIC, (b) T1FLC and (c) T2FLC: 
Traces (from top to bottom): (i) Torque, (ii) speed, (iii) stator current and (iv) stator flux dq-
components in a stationary reference frame 
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Figure 5.30: Transient performance under the reversal speed command using: (a) PIC, (b) T1FLC and 
(c) T2FLC: (i) Torque, (ii) speed, (iii) stator current and (iv) stator flux dq-components in the 
stationary reference frame 
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Figure 5.31: Performance under a step change in speed command using: (a) PIC, (b) T1FLC and (c) 
T2FLC: (i) Torque, (ii) speed, (iii) stator current and (iv) stator flux dq-components in the stationary 
reference frame 

5.4.3 Tracking Performance of Various Speed Commands  

The tracking performance of the estimated speed is observed through the applications of 
various speed commands, such as step and square changes in speed command respectively. 
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The performance of the speed sensorless IMD under such speed commands are presented in 
the following sections. 

Performance under step change in speed command: 

The performance of the speed sensorless IM drive is observed under a step changes in speed 
command using three different controllers are shown in Figure 5.31 (a)-(c). The step change 
in speed command of 300 rpm is applied in four steps (i.e. 600 rpm�900 rpm�1200 rpm 
�900 rpm�600 rpm) at 1.4 s, 2.4 s, 3.6 s, etc. The corresponding reference, actual and 
estimated speed responses under such speed commands are shown in Figure 5.31 (ii). From 
Figure 5.31 (ii), it is observed that the estimated speed settles (from 600 rpm to 900 rpm) in 
0.29 s, 0.2 s and 0.15 s using PIC, T1FLC and T2FLC, respectively. Moreover, it is also 
observed that the steady state error between the actual and estimated speed is negligible using 
T2FLC compared to T1FLC and PIC. The electromagnetic torque, stator current and stator 
flux dq-components in a stationary reference frame are shown in Figure 5.31 (i), (iii)-(iv), 
respectively. Note that the experimental results, presented in Figure 5.31 (a)-(c) are 
corresponding to the simulation results of Figure 5.25 (a)-(c).  
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Figure 5.32: Performance under square change in speed command using: (a) PIC, (b) T1FLC and (c) 
T2FLC: (i) Torque, (ii) speed, (iii) stator current and (iv) stator flux dq-components in the stationary 
reference frame 

Performance under square change in speed command: 

The performance of the speed sensorless IM drive is observed under square changes in speed 

command using PIC, T1FLC and T2FLC as shown in Figure 5.32 (a)-(c). The square change 
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in speed command of 600 rpm is applied in four steps (i.e. 1200 rpm�  600 rpm �1200 

rpm �  600 rpm �  1200 rpm) at 1 s, 2 s, 3 s, etc. The reference speed, actual and estimated 

speeds are shown in Figure 5.32 (ii), it is observed that under such speed command the 

estimated speed settles at the set reference speed (from 600 to 1200 rpm) in 0.51 s, 0.376 s 

and 0.31 s with an overshoot of around 1.708%, 0.211% and 0.026% of the reference speed 

using PIC, T1FLC and T2FLC, respectively. The torque, stator current and stator flux are 

shown in Figure 5.32 (i), (iii)-(iv), respectively. It is noticed that the estimated speed 

accurately tracks the reference speed and also settles quickly using T2FLC compared to 

T1FLC and PIC. Note that the experimental results, presented in Figure 5.32 (a)-(c) are 

corresponding to the simulation results of the Figure 5.26 (a)-(c). 
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Figure 5.33: Performance under sudden load torque operation at 1200 rpm using: (a) PIC, (b) T1FLC 
and (c) T2FLC: (i) speed, (ii) torque and (iii) stator current 

5.4.4 Loading Performance  
The performance of the speed sensorless IM drive is observed under the application and 
rejection of sudden load torques for the following conditions: 

� Loading at 1200 rpm 
� Loading and unloading at 1200 rpm 
� Loading at different speed commands (i.e. 300 rpm, 600 rpm and 900 rpm) 

Loading performance at 1200 rpm 

The performance of the sensorless IM drive is observed under sudden load torque operation 
using PIC, T1FLC and T2FLC as shown in Figure 5.33 (a)-(c). The sudden load torque of 5 
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Nm is applied at 1.4 s when IM is operating at steady state speed (i.e. 1200 rpm). When the 
sudden load torque is applied, the IM draws large amplitude of stator current, i.e. ±4.14 A, 
±3.83 A and ±3.61 A using PIC, T1FLC and T2FLC is shown in Figure 5.33 (iii). From 
Figure 5.33 (i), it is observed that the sudden application of load torque causes an undershoot 
in estimated speed around 1.566%, 0.734% and 0.35% of the reference speed using PIC, 
T1FLC and T2FLC, respectively. It is also observed that the recovery time of the estimated 
speed under sudden load torque operation is 0.31 s, 0.11 s and 0.05 s using PIC, T1FLC and 
T2FLC, respectively. From Figure 5.33 (ii), it is observed that the ripple content in torque is 
±2.45 Nm, ±1.84 Nm and ±1.41 Nm using PIC, T1FLC and T2FLC, respectively. Hence, the 
torque and stator current ripple contents using T1FLC are reduced by around 24.89% and 
7.49% over PIC, whereas T2FLC is reduced by 23.36% and 5.745% over T1FLC. 
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Figure 5.34: Performance under loading and unloading torque at 1200 rpm using: (a) PIC, (b) T1FLC 
and (c) T2FLC: (i) speed, (ii) torque and (iii) stator current 

Loading and unloading performance at 1200 rpm 

The effects of sudden load and unload torque operation is observed under steady-state speed 

(i.e.1200 rpm) using PIC, T1FLC and T2FLC are shown in Figure 5.34 (a)-(c). The sudden 

load torque of 5 Nm is applied at 1.4 s and is withdrawn at 1.8 s when an IM was operating at 

steady-state speed. When the load torque is applied, the effect of load torque is observed in 

the previous section. Similarly, when the load torque is withdrawn, an overshoot appears in 

the estimated speed around 1.55%, 0.7167% and 0.3% of the reference speed using PIC, 

T1FLC and T2FLC are shown in Figure 5.34 (i). It is also observed that the recovery time of 

the estimated speed under sudden load torque condition is 0.32 s, 0.1 s and 0.05 s using PIC, 
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T1FLC and T2FLC, respectively. The T2FLC scheme shows faster response compared to the 

PIC and T1FLC schemes. Hence, the settling time using T1FLC is improved by 75% over 

PIC, whereas using T2FLC is improved by 50% over T1FLC. From Figure 5.34 (iii), it is 

observed that when the load torque is withdrawn the current drops down to ±2.97 A, ±2.64 A 

and ±2.45 A using PIC, T1FLC and T2FLC, respectively. The torque responses under such 

commands are presented in Figure 5.34 (ii). The performance of the sensorless drive is also 

observed under various load torque disturbances at steady-state speed using three control 

schemes are illustrated in Table 5.3. 

The speed errors under load torque disturbance condition using three different control 

schemes are shown in Figure 5.35 (a)-(c). The actual speed error ( r
*
rre ����� ) and the 

estimated speed error ( rrr ˆE ����� ) are shown in Figure 5.35  (ii) and (iii), respectively. 

From Figure 5.35  (ii), it is observed that the estimated speed error appears around 11.8 rpm, 

6.8 rpm and 2.1 rpm when sudden load torque is applied and is withdrawn. 

Table 5.3: Comparison of three control schemes under different load torque conditions at 1200 rpm 

Load 
Torque 

 
Controller 

 Under Load Torque Applied  Under Load Torque Withdrawn 

 
 

Speed Undershoot 
(rpm) 

Recovery Time 
(s) 

 Speed Overshoot 
(rpm) 

Recovery Time 
(s) 

2 

 PIC  7.83 0.252  7.49 0.248 

 T1FLC  3.88 0.078  3.83 0.071 

 T2FLC  1.97 0.030  1.86 0.029 

3 

 PIC  10.8 0.267  10.2 0.271 

 T1FLC  5.31 0.081  5.28 0.078 

 T2FLC  2.71 0.035  2.54 0.033 

4 

 PIC  14.6 0.289  14.3 0.295 

 T1FLC  6.89 0.095  6.54 0.087 

 T2FLC  3.52 0.041  3.28 0.040 

5 

 PIC  18.8 0.310  18.6 0.320 

 T1FLC  8.80 0.110  8.60 0.100 

 T2FLC  4.20 0.050  3.90 0.050 
 

The effect of different load torque conditions is observed under different speed 
commands using PIC, T1FLC and T2FLC are shown in Figure 5.36 (a)-(c). It is observed 
from the experimental results that the T2FLC shows an improved performance and 
robustness to various load torque disturbances compared to PIC and T1FLC, respectively. 
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Figure 5.35: Performance under load torque operation at 1200 rpm using: (a) PIC, (b) T1FLC and (c) 
T2FLC: (i) speed, (ii) error speed, (iii) actual error speed and (iv) zoom of speed and error speeds 

5.4.5 Performance under Low Speed Operation 

The tracking performance of the sensorless IMD is observed under very low speed operation, 
such as step-up (i.e. acceleration mode) and step-down (i.e. deceleration mode) speeds from 0 
rpm to 100 rpm and 100 rpm to 0 rpm, respectively. 
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Figure 5.36: Steady-state performance of the estimated speed under various load torque conditions at 
different speed commands using: (a) PIC, (b) T1FLC and (c) T2FLC 
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Figure 5.37: Performance of the sensorless IMD under low speed operation using: (a) PIC, (b) T1FLC 
and (c) T2FLC: (i) speed and (ii) error speed and (iii) zoomed view of (i)-(ii) 

Step-up speed from 0 rpm to 100 rpm in a series of five 20 rpm steps: 

The step change in speed command from 0 to 100 rpm is applied in a series of five 20 rpm 
steps using three control schemes are shown in Figure 5.37 (a)-(c). The step change in speed 
command of 20 rpm is applied in six steps (i.e. 0 rpm�20 rpm�40 rpm�60 rpm�80 rpm 
�100 rpm�80 rpm) at a time interval of 0.8 s (i.e. 0.8 s�1.6 s� etc). The reference speed, 
actual and estimated speeds are available in Figure 5.37 (i) and the estimated speed error is 
shown in Figure 5.37 (ii). Unstable operation is observed with high disturbances at a speed of 
20 rpm using PIC, while stable operation with fewer disturbances obtained using T2FLC, 
respectively. The zoomed view of Figure 5.37 (i)-(ii) is presented in Figure 5.37 (iii).  

Similarly, the step change in speed command from 100 rpm to 0 rpm is applied in a series 
of five 20 rpm steps using three different controllers are shown in Figure 5.38 (a)-(c). It is 
observed that under low speed operation the T2FLC shows better performance with less 
steady-state errors compared to the PIC and T1FLC. The percentage of line current THDs 
using PIC, T1FLC and T2FLC under no-load torque is shown in Figure 5.39 (a)-(c). The 
corresponding values are 6.5, 5.3 and 4.6, respectively. From Figure 5.39, it is observed that 
the T2FLC offers less current THD compared to T1FLC and PIC.  
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Figure 5.38: Performance of the sensorless IMD under the deceleration command at 1200 rpm using: 
(a) PIC, (b) T1FLC and (c) T2FLC: (i) speed and (ii) error speed 
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Figure 5.39: THD performance of the stator current using: (a) PIC, (b) T1FLC and (c) T2FLC. 

The comparative analysis of the speed sensorless IM drive using PIC, T1FLC and T2FLC 

under various operating conditions, such as, forward motoring, reversal speed, step change in 

speed, square change in speed and change in speed during load torque applied and is 

withdrawn are illustrated in Table 5.4 in detail. Where, rNLTT , rNLT� , cLTA� , cLTW� , sst , srt , 

scsst , scsqst , sLTAt , sLTWt , THDI% ,  %T1FLCIOPI  and  %T2FLCIOT1  represents the no-load torque 
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ripples (Nm), stator flux ripples (Wb), change in speed during load torque applied (rpm), 

change in speed during load torque withdrawn (rpm), settling time during starting (s), settling 

time during reversal speed (s), settling time during change in step speed (s), settling time 

during change in speed during square change in speed (s), settling time during load torque 

applied (s), settling time during load torque withdrawn (s), percentage of stator current THD, 

percentage of T1FLC improvement over PI controller and percentage of T2FLC 

improvement over T1FLC, respectively.  

Table 5.4: Comparison of three different controllers under various operating conditions 

Measured 
Parameter 

Simulation Results Experimental Results 

PIC T1FLC %T1FLC
-IOPI T2FLC %T2FLC

-IOT1 PIC T1FLC %T1FLC
-IOT1 T2FLC %T2FLC

-IOT1 
± (Nm) TdNLT  1.780 1.420 20.22 1.150 19.01 2.41 1.740 27.801 1.410 18.965 
± (Wb) dNLT�  0.042 0.022 47.62 0.012 45.45 0.14 0.100 28.571 0.080 20.000 

(rpm) cLTA�  13.00 5.400 58.46 2.000 62.96 18.8 8.800 53.191 4.20 52.272 
(rpm) cLTW�  13.50 5.100 62.22 2.000 60.78 18.6 8.600 53.763 3.600 58.139 
(s) tss  0.690 0.531 23.04 0.496 6.591 0.81 0.726 10.370 0.678 6.6115 
(s) tsr  3.160 3.040 3.797 2.930 3.618 3.50 3.310 5.4285 3.180 3.9274 
(s) t scss  0.220 0.136 38.18 0.120 11.76 0.29 0.200 32.659 0.150 25.000 
(s) tscsqs  0.442 0.280 36.65 0.262 6.428 0.51 0.376 26.562 0.310 17.553 
(s) tsLTA  0.298 0.110 63.08 0.040 63.63 0.31 0.110 64.516 0.050 54.545 
(s) tsLTW  0.310 0.096 64.51 0.032 66.66 0.32 0.100 68.750 0.050 50.000 

(rpm) e r�  13.30 5.200 60.90 2.000 61.53 17.6 8.100 53.977 3.800 53.086 
(rpm) E r�  5.200 2.300 55.76 1.050 54.34 8.50 6.200 27.058 2.500 59.677 
(%) ITHD  3.520 3.080 12.50 2.610 15.25 6.50 5.300 18.460 4.600 13.200 

 

5.5 Conclusion 
In this chapter, RFMRAS speed estimator for DTFC of a sensorless IMD using PIC, T1FLC 
and T2FLC is presented. Initially, PIC based MRAS speed estimator is implemented. This 
scheme shows significant ripples in torque, flux, speed and stator current and also takes a 
large time to reach the steady-state under load torque disturbances. In order to improve the 
performance of the sensorless drive, PIC is replaced by T1FLC. It shows improved 
performance compared to PIC. However, the MFs of T1FSs are two-dimensional and unable 
to provide satisfactory performance when various disturbances occur in the system and 
produces ripple content in torque, rotor speed and stator currents. Therefore, T2FLC is 
implemented. It shows improved dynamic as well as steady-state performance and also robust 
to various load torque disturbances and sudden change in speed conditions. A detailed 
simulation and experimental comparison of the three adaptation schemes have been carried 
out in a speed sensorless mode of operation under no-load, load, various changes in speed 
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and low speed operating conditions, respectively. The simulation and experimental system 
verification confirm that the T2FLC shows better dynamic as well as steady-state 
performance and is capable of sudden change in speed and robustness to load torque 
disturbance rejection. Moreover, it is also noticed that the T2FLC performs satisfactorily in 
all speed ranges with different loading conditions compared to T1FLC and PIC, respectively.  

The DTFC of a sensorless IMD offers satisfactory performance over a wide range of 
operation and also simple to implement. However, it requires flux hysteresis and torque 
hysteresis comparators. The use of flux and torque hysteresis comparators causes a variable 
switching frequency and produces high ripple contents. Therefore, these aspects will be 
studied in the next chapter. 
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CHAPTER 6: MRAS SPEED ESTIMATOR FOR DTFC-
SVM OF A SPEED SENSORLESS IMD 

The DTFC of a speed sensorless IM drive is developed using switching table, flux and torque 
hysteresis controllers to get a quick dynamic response. The torque and flux are controlled 
independently using hysteresis controllers. However, the hysteresis controller provides 
considerable torque and flux ripples with variable switching frequency. In order to overcome 
these drawbacks, DTFC with space vector modulation (DTFC-SVM) technique is 
implemented for a speed sensorless IMD employing PIC, T1FLC and T2FLC schemes, 
respectively. Initially, the PIC based DTFC-SVM of a speed sensorless IM drive is 
implemented. It gives considerable flux and torque ripples with poor dynamic and tracking 
the performance of the sensorless IMD. In order to enhance the dynamic and tracking the 
performance of the sensorless drive, the PI controllers (i.e. Speed, torque, flux and 
adaptation) are replaced by T1FLCs. However, the T1FLC unable to cope with the large 
footprint of uncertainty because of single MFs and two-dimensional (2-D) control and also 
lack of type-reduction. Therefore, Type-2 FLC is proposed to further enhance the dynamic 
and tracking performance of the speed sensorless IMD. The T2FLC consists of 3-D control 
with type-reduction in defuzzification process to effectively deal with the large uncertain data 
(i.e. larger footprint of data) than T1FLC. Additionally, Mamdani and Centroid method with 
simple IF and THEN rules are used in both control schemes (i.e. T1FLC and T2FLC). 
Finally, the RFMRAS speed estimator for DTFC-SVM of the sensorless IMD is simulated in 
the MATLAB/SIMULINK environment under various operating conditions with speed sensor 
and speed sensorless. Moreover, the speed estimation algorithm is experimentally validated 
with laboratory developed EPS using dSPACE DS-1104 controller board and the 
experimental results are presented under various operating conditions, such as forward 
motoring, reversal speed, sudden change in speed, load torque, low speed, etc.  

This chapter is organized as follows:  

� Various types of DTFC-SVM methods are presented and are discussed in detail in 
section 6.1.  

� The mathematical modeling of space vector modulation is presented in section 6.2. 

� Various types of speed, torque, flux and adaptation control schemes for DTFC-SVM 
of a speed sensorless IMD (SSIMD) are presented in section 6.3.   

� The RFMRAS speed estimator for DTFC of a SSIMD using three different control 
schemes are simulated in the MATLAB/SIMULINK environment and corresponding 
simulation results under various operating conditions are presented in section 6.4. 
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� The simulation results are validated with the experimental results, which are 

presented in section 6.5. 

� Finally, section 6.6 presents the conclusion and remarks of the system.  

6.1 Introduction 

The main disadvantages of the switching table-based DTFC (ST-DTFC) schemes are: 
variable switching frequency, high switching losses, torque and current distortion caused by 
sector changes, starting and low speed operation problems and high sampling frequency, 
which is required for digital implementation of hysteresis controllers. In order to overcome 
these drawbacks, Habetler [152] introduced the concept of direct torque and flux control with 
space vector modulation (DTFC-SVM) for electrical machines. The basic concept of SVM 
strategy is the adjustment of stator flux speed by zero voltage vector insertion for controlling 
the generated torque. The ST-DTFC algorithm is based on the instantaneous values and 
directly calculated the switching pulses for the VSI. The control algorithm in DTFC-SVM 
method is based on average values, whereas the switching pulses for the VSI are calculated 
by SVM [6, 153-155]. This is the main difference between ST-DFTC and DTFC-SVM 
control methods. Basically, in DTFC-SVM the controller calculates the required stator 
voltage vector, averaged over a sampling period and then it is realized by SVM technique. 
Depending on the generation of reference stator voltage vector, the DTFC-SVM strategies 
have been classified into various types, such as, DTFC-SVM scheme with closed-loop flux 
control [6], DTFC-SVM scheme with closed-loop torque control, DTFC-SVM scheme with 
closed-loop torque and flux control operating in polar coordinates, DTFC-SVM scheme with 
closed-loop torque and flux control operating in stator flux coordinates [161]. The brief 
description of each control strategy is presented in the following subsections.  

6.1.1 DTFC-SVM Scheme with Closed-loop Flux Control 

The torque of IM increases linearly with the slip frequency under constant rotor flux 
operating mode, and the maximum torque is limited only by the maximum current of the 
inverter [6, 161-165]. Therefore, in order to increase the torque overload capability of a 
DTFC-SVM scheme, the rotor flux instead of stator flux magnitude should be regulated and 
it is shown in Figure 6.1. 

For a given command of rotor flux *
r�

�  and torque *
eT , the stator flux components 

*e
Qs

*e
Ds ,��  in the rotor flux coordinates can be calculated according to the following equations: 

� �*
rr

*
r

m

s*e
Ds p T

L
L

������
��  (6.1a) 
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The appropriate stator voltage vector *
sV
�

 is calculated from the equation (6.2), which is 

applied to the IM in the next sampling period according to the following equation [164]: 

ss
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���
�

�	
�  (6.2) 

The main drawback of this scheme is that it requires both stator and rotor flux 
estimations. Therefore, in order to estimate stator and rotor fluxes all the motor parameters 
are necessary. Moreover, it is very sensitive to motor parameter variations. 
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Figure 6.1: The schematic model of DTFC-SVM scheme with closed-loop flux control 

6.1.2 DTFC-SVM Scheme with Closed-loop Torque Control 

In this scheme, the basic working principle is similar to that of the ST-DTFC, i.e. the 
appropriate stator voltage vector, which is applied to the IM in the next sampling period is 
obtained by working on the angle between stator and rotor flux linkages (load angle) [155]. 
The control scheme which is shown in Figure 6.2 is originally proposed for the permanent 
magnet synchronous motors (PMSM). However, the basics of DTFC are identical for both 
PMSM and IM, so the same control scheme can be applied for the IM. 

The torque controller will generate the load angle �	 , which is used for calculating the 

reference stator flux linkage *
s�

�  and it is represented in equation (6.3) as [155]: 

� ��	����� eˆj*
s

*
s e��  (6.3) 
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The reference stator voltage vector *

sV
�

, which is applied to the IM in the next sampling 

period can be calculated using the equation (6.2). 
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Figure 6.2: The schematic model of DTFC-SVM scheme with closed-loop torque control 
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Figure 6.3: vector diagram of DTFC-SVM 

The realization of reference stator voltage vector *
sV
�

 using the voltage drop across the 

stator winding resistance sR  and the incremental stator flux linkage s�	
�  is shown in Figure 

6.3. In this scheme, the stator flux is operated in open-loop, so if any disturbance occurs, it 
takes large time to settle. 

6.1.3 DTFC-SVM Scheme with Closed-loop Torque and Flux Control 
Operating in Polar Coordinates 

In this scheme both the stator flux and torque are controlled in closed-loop, so this scheme 
provides slightly a superior control performance than that of the previous schemes and the 
schematic model of this scheme is shown in Figure 6.4. 

The incremental stator flux linkage s�	
�  can be calculated using the outputs of stator flux 

and torque controllers, i.e. �K  and �	  as follows [165-166]: 
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where � � � �kje kj �	���	 1 . 

The equation (6.4) can be approximated as: 

� � � � � �� � � �1
���	���	 � kkjkkk ss
��  (6.5) 

The reference stator voltage vector *
sV
�

, which is applied to the IM in the next sampling 

period can be calculated as similar to the previous method. To enhance the dynamic 
performance of the torque control, the load angle increment is composed of two parts, i.e. the 
dynamic part delivered by the torque controller and the static part generated by the feed-
forward loop. 
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Figure 6.4: The schematic model of DTFC-SVM scheme with closed-loop torque and flux control 
operating in polar coordinates 

6.1.4 DTFC-SVM Scheme with Closed-loop Torque and Flux Control 
Operating in Stator Flux Oriented Coordinates 

The schematic model of the DTFC-SVM scheme with closed-loop torque and flux control 
operating in stator flux oriented coordinates and the vector diagram are shown in Figure 6.5 
and Figure 6.6, respectively. 

In this scheme, the outputs of the flux and torque controllers are interpreted as the direct 

and quadrature axis components of the reference stator voltage vector *e
sV
�

 in stator flux 

oriented coordinate system. These stator voltage vector components are transformed into the 
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stationary reference frame (d-q), and these transformed reference voltages are fed to the SVM 
block [156, 171-172, 176]. 

In the first three DTFC-SVM schemes, the reference stator voltage vector is manipulated 
using equation (6.2) and this expression is very sensitive to disturbances because of the 
derivative term. Consequently, if any disturbance occurs in the feedback signal, then the 
system may not be stable because of the differentiation algorithm.  

In the fourth scheme, the torque and stator flux are controlled in closed loop and the 
structure of this scheme is simple compared to previous schemes. Moreover, this scheme 
doesn’t have any derivative terms. Therefore, this scheme is considered for experimental 
realization.  
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Figure 6.5: The schematic model of DTFC-SVM scheme with closed-loop torque and flux control 
operating in stator flux oriented coordinates 
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Figure 6.6: vector diagram of DTFC-SVM with closed-loop torque and flux control operating in stator 
flux oriented coordinates 
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6.2 Space Vector Modulation 

Since IM drives become an industry standard, they require a magnificent switching 
algorithm. Among all the switching algorithms, the space vector modulation (SVM) is most 
suitable for two-level VSI, as it offers a great flexibility in optimizing switching pattern and it 
is suitable for digital implementation. This section discusses the principle of SVM and its 
implementation. The schematic model of two-level VSI is shown in Figure 4.2, depending on 
the switching state, eight combinations of switching states are possible. Out of which, two are 
null states (V0 and V7) that produce a zero inverter output voltage (i.e. line/phase voltages for 
the corresponding switching states). The other six active states (i.e. V1 toV6) produces a 
voltage vector of the same magnitude 0.667 Vdc and have been divided by a constant phase 
displacement of 60° in a space vector plane as shown in Figure 6.7. The tips of these vectors 
form a regular hexagon. The defined area enclosed by two adjacent vectors, within the 
hexagon is known as a sector. Thus, there are six sectors numbered 1 to 6 as shown in Figure 
6.7. The vectors having zero magnitude are referred to as zero-switching state vectors [176-
178]. They assume a position at the origin in the d-q reference plane. These combinations 
form a discrete set of space vectors. The different combinations of switching states and the 
corresponding space vectors are illustrated in Table 6.1.  
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Figure 6.7: Space vector representation for two-level VSI 

The DTFC-SVM algorithm estimates the reference voltage vector ( refV
�

), which is applied 

to the IM in the next sampling period and it is fed into the SVM block. The SVM generates 

the appropriate gate pulses for realizing the reference voltage vector ( refV
�

) by assuming 

reference voltage vector as constant till the next sampling period ( sT ) and these gate pulses 

are fed to the two-level VSI [161-162].  

The estimated reference voltage vector ( refV
�

) has fallen into one of the six sectors of the 

space vector diagram (i.e. Figure 6.7) and it is obtained by applying the two neighboring 
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active vectors and zero vectors. The zero vectors are used for changing the amplitude of the 
reference voltage vector, while the active vectors are used to change the position of the 
reference voltage vector. Usually, the neighboring active vectors are selected for realizing the 
reference voltage vector to reduce the torque ripple. 

Table 6.1: Switching states and the corresponding space vectors 

Space vector Switching state combination Vector definition 

Zero 
vector 

0V
�

 0 0 0 00 �V
�

 

7V
�

 1 1 1 00 �V
�

 

Active 
vector 

 

1V
�

 1 0 0 0
1 3

2 j
dc eVV ��

�
 

2V
�

 1 1 0 3
2 3

2 �

��
j

dc eVV
�

 

3V
�

 0 1 0 3
2

3 3
2 �

��
j

dc eVV
�

 

4V
�

 0 1 1 3
3

4 3
2 �

��
j

dc eVV
�

 

5V
�

 0 0 1 3
4

5 3
2 �

��
j

dc eVV
�

 

6V
�

 1 0 1 3
5

6 3
2 �

��
j

dc eVV
�

 
 

In SVM, the volt-second balancing principle is used to calculate the dwell times for 
realizing the gate pulses. As mentioned earlier, the dwell times are calculated under the 

assumption that; the sampling period ( sT ) is sufficiently small such that the reference voltage 

vector can be considered as constant during sampling period ( sT ).  

Dwell-time calculations: 

In a particular sampling period ( sT ) assume that the reference voltage vector is settled in 

sector 1, and it is shown in Figure 6.7. From Figure 6.7, it is clear that the reference voltage 

vector ( refV
�

) can be synthesized by 1V
�

, 2V
�

 and 0V
�

. The volt-second balancing equation can 

be written as [171, 176-178]: 

002211 TVTVTVTV sref �������
����

 (6.6) 

021 TTTTs ���  (6.7) 

where 21 T,T  and 0T  are the dwell times for the vectors 21 V,V
��

 and 0V
�

 respectively, and the 

space vectors 21 V,V,Vref
���

 and 0V
�

 can be expressed as [153]: 

� ��� sinjcosVV refref

�
, dcVV 

3
2

1 �
�

,  sinjcosVV dc �
�
�

�
�
� �

�
�

�
333

2
2

�
and 00 �V

�
 (6.8) 

By substituting equation (6.8) in (6.6) and separating the real and imaginary parts, we get: 
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21 3
1

3
2 TVTVTcosV dcdcsref �����  (6.9) 

23
1 TVTsinV dcsref ���  (6.10) 
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Figure 6.8: Typical seven-segment switching pattern of the VSI in all the six sectors 

By solving equations (6.7), (6.9) and (6.10), the dwell times in sector-1 can be written as: 

�
�
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210 TTTT s 

�  (6.13) 

Note that even though the above dwell times are calculated when the reference voltage vector 

refV
�

 is in sector 1, they can also be used when refV
�

 is in other sectors by making a small 

modification in the actual angular displacement ( ). The modified angular displacement (! ) 
can be written as: 

� � �
�
�

��
� �

�! 
�



�!
3

0
3

1   ,        ,k  (6.14) 

where k is the sector number (i.e. k=1,2,…,6). 

In the process of obtaining the switching pulses, the space vectors are selected and their 
dwell times are calculated, the next step is to arrange them in a proper switching sequence. 
The way the space vectors are selected and arranged in the sequence has a great influence on 
the output voltage harmonic profile and also on the inverter switching losses. 

In order to reduce the inverter switching losses and compress the output voltage harmonic 
profile, while arranging the switching sequence the following conditions need to be satisfied: 

� In one sampling period ( sT ) all three phases are switched. 

� In one sampling period ( sT ) the transitions in a switch are as minimum as possible, 

while moving one switching state to another switching state. 
� Minimum or zero transitions in a switch are required, while moving reference voltage 

vector refV
�

 from one sector to another sector. 

By considering the above conditions, a typical seven-segment switching pattern of the 
VSI in all the six sectors is generated and it is shown in Figure 6.8. 

6.3 DTFC-SVM of a Speed Sensorless IMD 
The schematic model of DTFC-SVM of a speed sensorless IM drive is shown in Figure 6.9. 
The DTFC-SVM of a sensorless IMD is implemented using three different control 
approaches (i.e. PIC, T1FLC and T2FLC), such as: 

1. PIC based DTFC-SVM of a speed sensorless IMD 
2. T1FLC based DTFC-SVM of a speed sensorless IMD 
3. T2FLC based DTFC-SVM of a speed sensorless IMD 

These three control approaches are described in the following subsections. 
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6.3.1 PIC based DTFC-SVM of a Speed Sensorless IMD 

The PI controllers (PICs) are used in DTFC-SVM of a speed sensorless IMD as shown in 
Figure 6.9. In this method, four PICs are used, such as speed PI controller (SPIC), torque PI 
controller (TPIC), flux PI controller (FPIC) and adaptation PI controller (APIC), respectively. 
A root locus analysis is used for tuning the flux, torque and speed controllers. The complete 
design procedure and gain values of flux, torque and speed PICs are presented in Appendix 
B.  
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Figure 6.9: Schematic model of DTFC-SVM for a sensorless IMD using PIC (thick line) and T1FLC 
or T2FLC (dotted one) 

6.3.2 T1FLC based DTFC-SVM of a Speed Sensorless IMD 

The schematic model of T1FLC based DTFC-SVM of a speed sensorless IMD is shown in 
Figure 6.9 (shown by dotted line). In this Figure 6.9, the PICs (i.e. speed, torque, flux and 
adaptation) are replaced by T1FLCs to enhance the performance of the sensorless drive. From 
the SPIC, the output of the controller can be expressed as: 

dtEKEKT rirp
*
e #�� ��  (6.15) 
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Applying differentiation on both sides of the equation (6.15), we get: 

)()(*

tEK
dt

tdEK
dt

dT
ri

r
p

e ��
�

�  (6.16) 

From equation (6.16), it is clear that the rate of change of torque is directly proportional 

to the inputs of speed control, i.e., error speed ( rE� ) and change of error speed ( rE�	 ). The 

design procedure for T1FLC based speed controller (ST1FLC) remains the same, which is 
explained in the section 3.2.  

Similarly, the TPIC, FPIC and APICs are replaced by torque T1FLC (TT1FLC), flux 
T1FLC (FT1FLC) and adaptation T1FLC (AT1FLC), respectively. The same numbers of 
triangular MFs (i.e. seven) are used in both inputs (i.e. error and change in error) and output 
variable with the same number of rules (i.e. 49), which are illustrated in Table 6.2 and Table 

6.3, respectively. The input variables of TT1FLC are torque error ‘ eET ’ and rate of change in 

torque error ‘ eET	 ’ and the output variable is a component of the reference stator voltage in 

stator flux oriented coordinate system ‘ * e
qsV ’ as shown in Figure 6.10 (a). Similarly, the input 

variables of FT1FLC are flux error ‘ �E ’ and rate of change of flux error ‘ �	E ’ and the 

output variable is components of the reference stator voltage in stator flux oriented coordinate 

system ‘ * e
dsV ’ as shown Figure 6.10 (b). 
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Figure 6.10: Membership functions of Type-1 fuzzy logic controllers 
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In this control scheme, the centroid method is considered for the defuzzification purpose. 

The centroid of components of the reference stator voltages (found from the crisp output of 

T1FLC) are estimated for the overall MFs and which can be expressed as follows:  
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where, )( * e
CkqsA Vµ , * e

CkqsV , )( * e
CkdsA Vµ  and * e

CkdsV  are overall output MFs and crisp output 

quantity of torque and flux controllers and k =1, 2, …, n number of samples of the aggregated 

output MF. 

In adaptation control scheme, the adaptation PIC (APIC) is replaced by T1FLC. The 

design procedure for adaptation T1FLC (AT1FLC) remains the same, which is explained in 

the section 5.2.2. 

Table 6.2: Rule base of TT1FLC and TT2FLC 
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6.3.3 T2FLC based DTFC-SVM of a Speed Sensorless IMD 

The schematic model of T2FLC based DTFC-SVM of a sensorless IMD is shown in Figure 

6.9 (shown by dotted line). In this Figure 6.9, the PICs (i.e. TPIC, FPIC, SPIC and APIC) are 

replaced by T2FLCs (i.e. TT2FLC, FT2FLC, ST2FLC and AT2FLC) to further enhance the 

performance of the sensorless drive. The TT2FLC and FT2FLC inputs (error and change in 

error) and output MFs remain same as that of the TT1FLC and FT1FLC, which are shown in 

Figure 6.11 (a) and Figure 6.11 (b), respectively. Moreover, the corresponding number of 

rules for TT2FLC and FT2FLCs are also same as that of the TT1FLC and FT1FLC, which 
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are illustrated in Table 6.2 and Table 6.3, respectively. The rules are framed using IF and 

THEN method. The design procedure of ST2FLC and AT2FLCs remains the same, which are 

explained in the section 3.3 and section 5.2.3, respectively.  

Table 6.3: Rule base of FT1FLC and FT2FLC 
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Figure 6.11: Membership functions of Type-2 fuzzy logic controllers 

6.3.3.1 Design of FT2FLC Rule Base 

The type-2 fuzzy sets of l th rule can be obtained as [85]: 

( ) ( ) ( ) 
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=

lllll f,fXf ,XfXF  (6.19) 
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Where, ( ) ( )ψ
ψ∆

ψ
ψ

∆µµ= E*Ef l
E

Fl
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ψ
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l
~~ , * indicates the product 

operation, l
E

F
ψ

µ ~  and l
E

F
ψ

µ ~ represents the LMF and UMF grades, respectively.  

Type-reducer: 

The type-reducer block transforms a T2FS output of T2FIS into Type-1 reduced fuzzy sets, 

which are then transformed into a crisp output through the defuzzifier. The COS is 

considered for type-reducer operation. A singleton fuzzification with minimum t-norm is 

used and the output can be expressed as [172-174]: 
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where * e
COSdsV is an IT2FS determined by the LMP and RMP ( ** ,  e
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 e

lds VV ), which can be 

derived from the consequent centroid set ( l
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Figure 6.12: The flowchart of T2FLC for finding the crisp value of the estimated speed 
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The LMP ( * e
ldsV ) and RMP ( * e

rdsV ) can be expressed as follows: 
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Computation of LMP ( * e
ldsV ) and RMP ( * e

rdsV ) is done using Karnik-Mendal algorithm 

[79], which is given in Figure 6.12. The procedure to compute the RMP ( * e
rdsV ) and LMP 

( * e
ldsV ) is considered similar to that of used for computing 

l
*
eT  and r

*
eT  (which are presented 

in the section-3.3), respectively. 

Centroid of FT2FLC: 

The type-reducer output is fed into the centroid type defuzzification block. Then the 

defuzzification block converts from the T1FS to crisp output. The defuzzified crisp output is 

the average value of * e
rdsV  and * e

ldsV , it is given by: 

 
2

)(
**  e
rds

 e

lds VV
xyCentroid

+
==  (6.23) 

Similarly, the design procedure for TT2FLC is same as FT2FLC. The defuzzified crisp 

output is the average value of * erqsV  and * e
lqsV , it is given by: 

2
)(

**  e
rqs

 e

lqs VV
xyCentroid

+
==  (6.24) 

The speed of the IMD is estimated as close as to the actual speed of the IM using T2FLC 

compared to T1FLC and PIC schemes, which leads to enhance the dynamic performance of 

the sensorless IMD with T2FLCs compared to T1FLC and PICs, respectively. The detailed 

performance of the sensorless IM drive using three different control schemes will be studied 

in simulation and experimental results with discussion in the following sections. 

6.4 Simulation Results 

The RFMRAS speed estimator for DTFC-SVM of a sensorless IMD (Figure 6.9) is 

mathematically modelled in the MATLAB/SIMULINK environment using PIC, T1FLC and 

T2FLC schemes, respectively. The Simulink model is then used to verify the performance of 

the DTFC-SVM of a sensorless IMD under various operating conditions, such as, under no-

load torque, load torque, sudden changes in speed and low speed, respectively.  
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6.4.1 Performance under Forward Motoring  
 

Initially, the performance of the sensorless drive is simulated under no-load torque operation 

at 1200 rpm using three control schemes are shown in Figure 6.13 (a)-(c). The reference 

speed ( *
rω ), actual speed (rω ) and estimated speed (rω̂ ) under such command is shown in 

Figure 6.13 trace-(ii). The torque, stator current, stator flux dq-components in a stationary 

reference frame (i.e.dsψ , qsψ ) and stator flux are shown in Figure 6.13 (i), (iii)-(v), 

respectively. It is observed that the IMD starts at zero speed and reaches the set reference 

speed (i.e. 1200 rpm) at 0.65 s with an overshoot of 12.5 rpm using PIC, whereas it reaches 

quickly at 0.489 s with zero overshoot using T2FLC scheme, respectively. It is observed from 

the simulation results that the transient response of the IMD using T2FLC scheme shows 

faster compared to the PIC and T1FLCs, respectively.  
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Figure 6.13: Performance under no-load torque operating condition using: (a) PIC, (b) T1FLC and (c) 

T2FLC: Traces (from top to bottom): (i) Torque, (ii) speed, (iii) stator current, (iv) stator flux dq-

components in stationary reference frame and (v) stator flux  

6.4.2 Loading Performance  

The sudden load torque of 9 Nm is applied at 1.4 s when the induction motor is operating at 

steady state speed as shown in Figure 6.14 (a)-(c). It is observed that the sudden application 

of load torque causes an undershoot of around 1.0%, 0.4% and 0.166% of the reference speed 
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using PIC, T1FLC and T2FLC schemes as shown in Figure 6.14 (ii). It is also observed that 

the recovery time of the estimated speed under such commands is 0.23 s, 0.05 s and 0.03 s 

using PIC, T1FLC and T2FLC schemes, respectively. Moreover, the ripple contents of the 

torque, stator currents and error speed are less using T2FLC compared to T1FLC and PIC, 

which are shown in Figure 6.14 (i), (iii)-(iv), respectively. Similarly, when the load torque is 

removed (i.e. at 2.1 s), an overshoot around 0.958%, 0.366% and 0.175% of the reference 

speed appears using PIC, T1FLC and T2FLC schemes are shown in Figure 6.15 (ii). The 

torque, reference speed, estimated and actual speed, stator current and the error speed 

between the estimated and actual speed are shown in Figure 6.15 (i)-(iv), respectively. 

The effect of different load torque conditions is observed under different speed 

commands using PIC, T1FLC and T2FLC schemes, which are illustrated in Figure 6.16 (a)-

(c). It is observed that the T2FLC shows an excellent performance and robustness to various 

load torque disturbances compared to PIC and T1FLC, respectively. 
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Figure 6.14: Loading performance at 1200 rpm using: (a) PIC, (b) T1FLC and (c) T2FLC: Traces 

(from top to bottom): (i) Torque, (ii) speed, (iii) stator current and (iv) error speed 

6.4.3 Performance under Reversal Speed Command  

The reversal speed command from +1200 rpm to -1200 rpm is applied at 2 s as shown in 

Figure 6.17 (a)-(c). The estimated speed reaches its reference speed during reversal speed at 

3.16 s, 3.04 s and 2.92 s using PIC, T1FLC and T2FLC schemes, respectively. The reference 

speed, actual and estimated speeds are shown in Figure 6.17 (ii), which reveals that the 

estimated speed tracks the reference speed with an overshoot of 12 rpm, 0.5 rpm and 0 rpm of 

the reference speed using PIC, T1FLC and T2FLC schemes, respectively. The torque, stator 
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current and stator flux dq-axis components are shown in Figure 6.17 (i), (iii)-(iv), 

respectively. The transient response of reversal speed is shown in Figure 6.18 (a)-(c). 
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Figure 6.15: Loading and unloading performance at 1200 rpm using: (a) PIC, (b) T1FLC and (c) 

T2FLC: Traces (from top to bottom): (i) Torque, (ii) speed, (iii) stator current and  (iv) error speed 
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Figure 6.16: Steady-state performance of the estimated speed under various sudden load torque 

conditions at different speed commands using: (a) PIC, (b) T1FLC and (c) T2FLC 
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6.4.4 Tracking Performance of the Speed Commands  

Tracking performance of the sensorless drive is observed under a sudden change in step 

speed command is shown in Figure 6.19 (a)-(c). The sudden change in step speed command 

of 300 rpm is applied in four steps (i.e. 600 rpm → 900 rpm → 1200 rpm → 900 rpm → 

600 rpm) at 1.4 s, 2.4 s, 3.6 s, etc. The corresponding reference and actual speed responses 

under such speed commands are shown in Figure 6.19 (ii). The torque, stator current and 

stator flux dq-components are shown in Figure 6.19 (i), (iii)-(iv) respectively. From Figure 

6.19 (ii), it is observed that the estimated speed settled the reference speed (i.e. from 600 to 

900 rpm) in 0.22 s, 0.136 s and 0.12 s using PIC, T1FLC and T2FLC schemes, respectively. 

Moreover, it is also observed that the error between the estimated and actual speed is 

negligible using T2FLC compared to T1FLC and PIC scheme. 
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Figure 6.17: Performance under reversal speed command using: (a) PIC, (b) T1FLC and (c) T2FLC: 

(i) Torque, (ii) speed (iii) stator current and (iv) stator flux components 

Performance under square change in speed command: 

The sudden change in speed command of 600 rpm is applied in four steps (i.e. 1200 rpm 

→600 rpm→1200 rpm →600 rpm→1200 rpm) at 1 s, 2 s, 3 s and 4 s is shown in Figure 

6.20 (a)-(c). The reference speed (*
rω ), actual speed (rω ) and estimated speed (rω̂ ) are 

presented in Figure 6.20 (ii), it is observed that under such speed command the estimated 
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speed settled the reference speed (i.e. from 600 rpm to 1200 rpm) in 0.442 s, 0.28 s and 0.26 s 

with an overshoot of around 0.958%, 0.0366%, 0.0% of the reference speed using PIC, 

T1FLC and T2FLC scheme, respectively. The torque and stator current are shown in Figure 

6.20 (i) and (iii), respectively. It is noticed that the estimated speed accurately tracking the 

reference speed and settles quickly using T2FLC compared to T1FLC and PICs. 
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Figure 6.18: Transient performance under reversal speed command using: (a) PIC, (b) T1FLC and (c) 

T2FLC: (i) Torque, (ii) speed and (iii) stator current 
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Figure 6.19: Performance under a step change in speed command using: (a) PIC, (b) T1FLC and (c) 

T2FLC: (i) Torque, (ii) speed and (iii) stator current and (iv) stator flux components 
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Figure 6.20: Performance under square change in speed command using: (a) PIC, (b) T1FLC and (c) 

T2FLC: (i) Torque, (ii) speed and (iii) current 

Table 6.4: Performance indices under forward motoring with different starting load torque conditions 

using three different controller schemes 

Starting 
Load 

Torque 

 

Controller 

 Time domine specification  Performance indices  
Total 

indices 
  

rt  
(s) 

pM  

(%) 

st  

(s) 
 

 
IAE ISE ITAE ITSE RMSE 

 

0 

 
 

PIC  
 

0.579 
 

1.041 0.650   34.18 3021 7.810 441.32 38.63  3542.94 

 T1FLC  0.410 0.070 0.520   31.21 2788 5.230 361.40 33.89  3219.73 

 T2FLC  0.385 0.000 0.489   27.85 2697 4.964 329.84 30.64  3090.29 

4 

 PIC  0.763 0.958 1.012   43.78 3881 11.04 728.62 43.54  4707.98 

 T1FLC  0.528 0.062 0.785   39.38 3523 8.517 580.65 40.93  4192.47 

 T2FLC  0.481 0.000 0.617   35.53 3362 7.182 516.12 36.46  3957.29 

7 

 PIC  0.995 0.891 1.278   54.88 4912 18.11 1185.9 49.24  6220.13 

 T1FLC  0.683 0.051 0.867   50.28 4397 12.91 908.16 44.32  5412.67 

 T2FLC  0.609 0.000 0.764   44.37 4149 10.08 789.65 41.15  5034.25 

9 

 PIC  1.217 0.788 1.414   71.24 5951 27.86 1768.3 54.33  7872.73 

 T1FLC  0.829 0.030 1.002   59.14 5248 18.07 1315.6 49.68  6690.49 

 T2FLC  0.746 0.000 0.908   51.19 4935 13.34 1105.2 47.38  6152.11 

 
 

 

6.4.5 Performance Indices 

In order to give a clear idea of the performance of three different controller schemes, the 

performance indices (IAE, ITAE, ISE, ISTE and RMSE) are calculated using each control 

scheme under forward motoring (i.e. reference speed of 1200 rpm) with no-load torque and 

load torque operation, which are illustrated in Table 6.4. It is observed that the PIC shows the 
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highest performance indices whereas lowest performance indices observed using T2FLC 
scheme. 

6.5 Experimental Results 
The performance of the DTFC-SVM of a sensorless IMD using PIC, T1FLC and T2FLC 
schemes are experimentally validated by the laboratory developed EPS and the results are 
presented under various operating conditions, such as forward motoring, reversal speed, 
sudden change in speed and load torque operations, respectively. Note that the experiments 
have been performed under the same operating conditions in which simulations have been 
carried out in the previous section 6.4. 
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Figure 6.21: Performance under no-load torque operating condition using: (a) PIC, (b) T1FLC and (c) 
T2FLC: Traces (from top to bottom): (i) Torque, (ii) speed, (iii) stator flux, (iv) stator current and (v) 
stator flux components 

6.5.1 Performance under Forward Motoring  

Initially, the performance of the sensorless IMD is investigated under no-load torque 
operation at a reference speed of 1200 rpm using PIC, T1FLC and T2FLC schemes are 

shown in Figure 6.21 (a)-(c). The reference speed ( *
r� ), actual speed ( r� ) and estimated 

speed ( r�̂ ) are shown in Figure 6.21 (ii). The actual speed is measured through the 

incremental encoder. The actual speed is used to check for only the tracking performance of 
the estimated speed not for any computation purposes. The IM starts at zero speed and settled 
(1200 rpm) at 0.81 s, 0.71 s and 0.658 s with an overshoot of around 19.5 rpm, 2.2 rpm and 0 
rpm using PIC, Type-1 and Type-2 FLC schemes, respectively. The electromagnetic torque 
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and stator current are shown in Figure 6.21 (i) and (iv), respectively. From Figure 6.21 (i), it 
is observed that the ripple content in electromagnetic torque is ±1.4 Nm, ±1.02 Nm and ±0.76 
Nm using PIC, T1FLC and T2FLC schemes, respectively. The steady-state performance of 
the sensorless drive is shown in Figure 6.22 (a)-(c). Note that the experimental results, which 
are presented in Figure 6.21 (a)-(c) and Figure 6.22 (a)-(c) corresponding to the simulation 
result of the Figure 6.13 (a)-(c). The results reveal an excellent correlation between the 
simulation and experimental results. Both simulation and experimental results show the 
superiority of the T2FLC over T1FLC and PIC, respectively. 
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Figure 6.22: Steady-state performance under no-load torque operating condition using: (a) PIC, (b) 
T1FLC and (c) T2FLC: (i) speed, (ii) torque, (iii) stator flux, (iv) stator current and (v) stator flux dq-
components in a stationary reference frame 

6.5.2 Performance under Reversal Speed Command 

The reversal speed command from +1200 rpm to -1200 rpm is applied at 2 s. Further, the 
direction of the speed is changed from -1200 rpm to +1200 rpm at 4.9 s and the 
corresponding responses are shown in Figure 6.23 (a)-(c). From Figure 6.23 (ii), it is noticed 
that the estimated speed settles the set reference speed (i.e.-1200 rpm) at around 3.46 s, 3.28 s 
and 3.13 s with an overshoot around 1.625%, 0.183% and 0.0% of the reference speed using 
PIC, T1FLC and T2FLC schemes, respectively. The torque, stator current and stator flux dq-
components are shown in Figure 6.23 (i), (iii)-(iv), respectively. The transient response 
during reversal speed using PIC, T1FLC and T2FLC schemes are shown in Figure 6.24 (a)-
(c). Note that the experimental results, presented in Figure 6.23 (a)-(c) and Figure 6.24 (a)-(c) 
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are corresponding to the simulation results of Figure 6.17 (a)-(c) and Figure 6.18 (a)-(c), 
respectively. 
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Figure 6.23: Performance under reversal speed command using: (a) PIC, (b) T1FLC and (c) T2FLC: 
(i) Torque, (ii) speed, (iii) stator current and (iv) stator flux dq-components  
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Figure 6.24: Transient performance under the reversal speed command using: (a) PIC, (b) T1FLC and 
(c) T2FLC: (i) Torque, (ii) speed, (iii) stator current and (iv) stator flux dq-components  

6.5.3 Tracking Performance of Various Speed Commands  

Tracking performance of the estimated speed is observed under the step and square change in 
speed commands. The performance of the speed sensorless IMD under such speed commands 
are presented in the following sections. 
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Figure 6.25: Performance under a step change in speed command using: (a) PIC, (b) T1FLC and (c) 
T2FLC: (i) Torque, (ii) speed, (iii) stator current and (iv) stator flux dq-components in the stationary 
reference frame 
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Figure 6.26: Performance under square change in speed command using: (a) PIC, (b) T1FLC and (c) 
T2FLC: (i) Torque, (ii) speed, (iii) stator current and (iv) stator flux dq-components 

Performance under step change in speed command: 

The step change in speed command of 300 rpm is applied in four steps (i.e. 600 rpm �  900 
rpm �  1200 rpm �  900 rpm �  600 rpm) at 1.4 s, 2.4 s, 3.6 s, etc. The corresponding 
reference speed, actual and estimated speed responses under such speed commands are 
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shown in Figure 6.25 (a)-(c). From Figure 6.25  (ii), it is observed that the estimated is speed 
settled (i.e. from 600 to 900 rpm) in 0.29 s, 0.2 s and 0.148 s using PIC, T1FLC and T2FLC 
schemes, respectively. Moreover, it is also observed that the steady state error between the 
actual and estimated speed is negligible using T2FLC compared to T1FLC and PIC scheme. 
The torque, stator current and stator flux dq-components are shown in Figure 6.25 (i), (iii)-
(iv), respectively. Note that the experimental results, presented in Figure 6.25 (a)-(c) are 
corresponding to the simulation results of Figure 6.19 (a)-(c).  

Performance under square change in speed command: 

The square change in speed command of 600 rpm is applied in four steps (i.e. 1200 rpm �  
600 rpm �  1200 rpm �  600 rpm �  1200 rpm) at 1 s, 2 s, 3 s, etc. The corresponding 
responses are shown in Figure 6.26 (a)-(c). The reference speed, actual and estimated speeds 
are presented in Figure 6.26 (ii), it is observed that under such speed command the estimated 
speed settles the set reference speed (i.e. from 600 rpm to 1200 rpm) in 0.51 s, 0.376 s and 
0.305 s with an overshoot of around 1.625%, 0.183% and 0.0% of the reference speed using 
PIC, T1FLC and T2FLC scheme, respectively. The torque, stator current and stator flux dq-
components are shown in Figure 6.26 (i), (iii)-(iv), respectively. It is noticed that the 
estimated speed accurately tracks the reference speed and also settles quickly using T2FLC 
scheme compared to T1FLC and PIC scheme, respectively. Note that the experimental 
results, presented in Figure 6.26 (a)-(c) are corresponding to the simulation results of the 
Figure 6.20 (a)-(c).  

6.5.4 Loading Performance  

The sudden load torque of 5 Nm is applied at 1.4 s when IM is operating at steady state speed 
(i.e. 1200 rpm) as shown in Figure 6.27 (a)-(c). When the sudden load torque is applied, the 
IM draws large amplitude of stator current, i.e. ±4.0 A, ±3.81 A and ±3.6 A using PIC, 
T1FLC and T2FLC schemes as shown in Figure 6.27 (iii). From Figure 6.27 (i), it is observed 
that the sudden application of load torque causes an undershoot in estimated speed around 
1.416%, 0.667% and 0.33% of the reference speed using PIC, T1FLC and T2FLC schemes, 
respectively. It is also observed that the recovery time of the estimated speed under sudden 
load torque operation is 0.3 s, 0.1 s and 0.05 s using PIC, T1FLC and T2FLC schemes, 
respectively. From Figure 6.27 (ii), it is observed that the ripple content in torque is ±1.63 
Nm, ±1.12 Nm and ±0.79 Nm using PIC, T1FLC and T2FLC schemes. Hence, the torque and 
stator current ripple contents using T1FLC scheme are enhanced by around 31.28% and 
4.75% over PIC, whereas T2FLC scheme is improved by 29.46% and 5.51% over T1FLC 
scheme. 
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Figure 6.27: Performance under sudden load torque operation at 1200 rpm using: (a) PIC, (b) T1FLC 
and (c) T2FLC: (i) speed, (ii) torque and (iii) stator current 
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Figure 6.28: Performance under loading and unloading torque at 1200 rpm using: (a) PIC, (b) T1FLC 
and (c) T2FLC: (i) speed, (ii) torque and (iii) stator current 

The sudden load torque of 5 Nm is withdrawn at 1.8 s as shown in Figure 6.28 (a)-(c). 
When the load torque is withdrawn, an overshoot appears in the estimated speed around 
1.46%, 0.7% and 0.33% of the reference speed using PIC, T1FLC and T2FLC schemes is 
shown in Figure 6.28 (i). It is also observed that the recovery time of the estimated speed 
under sudden load torque condition is 0.3 s, 0.11 s and 0.045 s using PIC, T1FLC and T2FLC 
schemes, respectively. The T2FLC scheme shows faster dynamic response compared to the 
PIC and T1FLC schemes. Hence, the settling time using T1FLC scheme is improved by 
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63.33% over PIC, whereas T2FLC scheme is improved by 59% over T1FLC scheme. From 
Figure 6.28 (iii), it is observed that when the load torque is withdrawn the current drops down 
to ±2.85 A, ±2.6 A and ±2.4 A using PIC, T1FLC and T2FLC scheme, respectively. The 
torque responses under such commands are presented in Figure 6.28 (ii). The performance of 
the sensorless drive is also observed under various load torque disturbances at a steady-state 
speed of 1200 rpm using PIC, T1FLC and T2FLC schemes, which are illustrated in Table 6.5. 
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Figure 6.29: Performance under load torque operation at 1200 rpm using: (a) PIC, (b) T1FLC and (c) 
T2FLC: (i) speed, (ii) error speed, (iii) actual error speed and (iv) zoom of speed and error speeds 

Table 6.5: Comparison of three control schemes under different load torque conditions at 1200 rpm 

Load 
Torque 

 

Controller 

 Under Load Torque Applied  Under Load Torque Withdrawn 

 
 

Speed Undershoot 

(rpm) 

Recovery Time 

(s) 

 Speed Overshoot 

(rpm) 

Recovery Time 

(s) 

2 

 PIC  6.22 0.202  5.89 0.208 

 T1FLC  3.18 0.069  3.13 0.074 

 T2FLC  1.65 0.030  1.76 0.029 

3 

 PIC  9.52 0.229  9.38 0.236 

 T1FLC  4.62 0.078  4.95 0.089 

 T2FLC  2.34 0.034  2.34 0.031 

4 

 PIC  13.4 0.246  13.2 0.278 

 T1FLC  6.18 0.094  6.11 0.106 

 T2FLC  3.18 0.041  3.18 0.038 

5 

 PIC  17.1 0.280  16.8 0.300 

 T1FLC  7.46 0.090  7.45 0.140 

 T2FLC  3.80 0.040  3.82 0.042 
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Figure 6.30: Steady-state performance of the estimated speed under various load torque conditions at 
different speed commands using: (a) PIC, (b) T1FLC and (c) T2FLC 
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Figure 6.31: Performance of the sensorless IMD under the step change in acceleration speed command using: (a) 
PIC, (b) T1FLC and (c) T2FLC: (i) speed and (ii) error speed and (iii) zoom of speed and error speed 

The speed errors under load torque disturbance condition using three control schemes are 
presented in Figure 6.29 (a)-(c). The estimated speed error ( rrr ˆE ����� ) and the actual 

speed error ( r
*
rre ����� ) are shown in Figure 6.29  (ii) and (iii), respectively. From Figure 
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6.29  (ii), it is observed that the estimated speed error appears around 7.8 rpm, 4.51 rpm and 
2.4 rpm of the reference speed, when sudden load torque is applied and it is withdrawn. 
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Figure 6.32: Performance of the sensorless IMD under the step change in deceleration speed 
command using: (a) PIC, (b) T1FLC and (c) T2FLC: (i) speed, (ii) error speed and (iii) zoomed view 
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Figure 6.33: THD performance of the stator current using: (a) PIC, (b) T1FLC and (c) T2FLC. 

The effect of different load torque conditions is observed under different speed 
commands using PIC, T1FLC and T2FLC schemes are illustrated in Figure 6.30 (a)-(c). It is 
observed from the experimental results that the T2FLC scheme shows an excellent 
performance and robustness to various load torque disturbances compared to PIC and T1FLC 
scheme, respectively. 
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6.5.5 Performance under Low Speed Operation 
Tracking performance of the sensorless IMD is observed under very low speed operation, 
such as step-up (i.e. acceleration mode) and step-down (i.e. deceleration mode) speeds from 0 
rpm to 100 rpm and 100 rpm to 0 rpm, respectively. 

Step-up speed from 0 rpm to 100 rpm in a series of five 20 rpm steps: 

The change in speed command from 0 rpm to 100 rpm is applied in a series of five 20 rpm 
steps using three control schemes are shown in Figure 6.31 (a)-(c). The step change in speed 
command of 20 rpm is applied in six steps (i.e. 0 rpm�20 rpm�40 rpm�60 rpm�80 rpm 
�100 rpm�80 rpm) at a time interval of 0.8 s (i.e. 0.8 s�1.6 s� etc). The reference, actual 
and estimated speeds are available in Figure 6.31 (i) and the estimated speed error is shown 
in Figure 6.31 (ii). Unstable operation is observed with high disturbances at a speed of 20 
rpm using PIC scheme, while stable operation with fewer disturbances obtained using T2FLC 
scheme, respectively. The zoomed view of Figure 6.31 (i)-(ii) is presented in Figure 6.31 (iii). 

Table 6.6: Comparison of three control schemes under various operating conditions 

Measured 
Parameter 

Simulation Results Experimental Results 

PIC T1FL-
C 

%T1FL-
CIOPI T2FLC %T2FL-

CIOT1 PIC T1FLC %T1FL
-CIOT1 

T2FL
-C 

%T2FL
-CIOT1 

± (Nm) TdNLT  0.925 0.615 33.51 0.405 34.14 1.40 1.02 27.14 0.76 25.49 
± (Wb) dNLT�  0.015 0.010 33.33 0.006 40.00 0.10 0.07 30.00 0.06 14.28 

(%) cLTA�  12.00 4.800 60.00 2.000 58.33 17.1 7.46 56.37 3.82 49.06 
(%) cLTW�  11.50 4.400 61.73 2.100 52.27 16.8 7.45 55.65 3.82 48.72 

(s) tss  0.650 0.520 19.69 0.489 5.961 0.81 0.710 12.34 0.658 7.324 
(s) tsr  3.160 3.040 3.797 2.920 3.948 3.46 3.28 5.202 3.130 4.573 
(s) t scss  0.220 0.136 38.18 0.120 11.76 0.29 0.200 32.65 0.148 26.00 
(s) tscsqs  0.442 0.280 36.65 0.260 7.143 0.51 0.376 26.56 0.305 18.88 
(s) tsLTA  0.230 0.05 78.26 0.030 40.00 0.28 0.090 67.85 0.04 55.55 
(s) tsLTW  0.220 0.06 72.72 0.031 48.33 0.31 0.14 54.83 0.042 70.00 

(rpm) e r�  12.00 4.80 60.00 2.000 58.33 17.1 7.45 56.37 3.82 49.06 
(rpm) E r�  4.100 1.90 53.65 0.850 55.26 7.80 4.51 42.17 2.40 46.78 
(%) ITHD  3.200 2.82 11.87 2.540 9.929 4.00 3.50 12.50 3.20 8.571 

 

Similarly, the sudden change in speed command from 100 rpm to 0 rpm is applied in a 
series of five 20 rpm steps using three control schemes are shown in Figure 6.32 (a)-(c). It is 
observed that under low speed operation the T2FLC scheme shows better performance with 
less steady-state errors compared to the PIC and T1FLC. The percentage of line current 
THDs for DTFC-SVM of a sensorless IMD using PIC, T1FLC and T2FLC under no-load 
operation is shown in Figure 6.33 (a)-(c). The corresponding values are 4.0, 3.5 and 3.2, 
respectively. From Figure 6.33, it is observed that the T2FLC offers less current THD 
compared to T1FLC and PIC, respectively. 
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The comparative performance of the sensorless IMD using PIC, T1FLC and T2FLC 
under various operating conditions, such as, at starting, reversal speed, step change in speed, 
square change in speed and change in speed during load torque applied and is withdrawn are 
illustrated in Table 6.6 in detail. Where, rNLTT , rNLT� , cLTA� , cLTW� , sst , srt , scsst , scsqst , 

sLTAt , sLTWt , THDI% ,  %T1FLCIOPI  and  %T2FLCIOT1  represent the no-load torque ripples 
(Nm), stator flux ripples (Wb), change in speed during load torque applied (rpm), change in 
speed during load torque withdrawn (rpm), settling time during starting (s), settling time 
during reversal speed (s), settling time during change in step speed (s), settling time during 
change in speed during square change in speed (s), settling time during load torque applied 
(s), settling time during load torque withdrawn (s), percentage of stator current THD, 
percentage of T1FLC improvement over PI controller and percentage of T2FLC 
improvement over T1FLC, respectively. 

6.6 Conclusion 
In this chapter, DTFC-SVM of a sensorless IMD using PIC, T1FLC and T2FLC are 
presented. Initially, PIC based DTFC-SVM of a SSIMD is implemented. This scheme shows 
significant ripples in torque, flux, speed and stator current and also takes a long time to reach 
the steady-state under load torque disturbances. In order to enhance the performance of the 
sensorless drive, PICs are replaced by T1FLCs. It shows better performance compared to PIC 
scheme. Furthermore, T1FLCs are replaced by T2FLCs to further enhance the performance 
of the sensorless drive. It shows improved dynamic as well as steady-state performance and 
also robust to various load torque disturbances and sudden change in speed conditions. A 
detailed simulation and experimental comparison of the three control schemes has been 
carried out in a speed sensor and speed sensorless mode of operation under no-load, load, 
various changes in speed and low speed operating conditions, respectively. The simulation 
and experimental system verification confirm that the T2FLC scheme shows better dynamic 
as well as steady-state performance and is capable of sudden change in speed and robustness 
to load torque disturbance rejection. Moreover, it is also noticed that the T2FLC perform 
satisfactorily in all speed ranges with different loading conditions compared to T1FLC and 
PICs, respectively.  

The DTFC-SVM of a sensorless IMD offers satisfactory performance over a wide range 
of operation and also simple to implement. However, the machine parameter variation (i.e. 
stator resistance Rs) with temperature is a major problem in rotor-flux based MRAS speed 
estimation over a wide range of speed operation. Therefore, these aspects will be studied in 
the next chapter. 
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CHAPTER 7: STATOR RESISTANCE ESTIMATION 

The parameter sensitivity with the temperature variation is the major issue of a rotor-flux 
based MRAS (RFMRAS) speed estimation technique, especially at low speed operation. 
Therefore, in order to overcome this issue, a parallel RFMRAS rotor speed and stator 
resistance estimation for DTFC-SVM of speed sensorless IMD is proposed to enhance the 
performance of the speed sensorless drive under parameter variations at low speed 
operation. In the proposed scheme, the PIC is replaced by T1FLC to enhance the 
performance of the sensorless drive. Furthermore, the T1FLC is replaced by Type-2 FLC to 
enhance the performance of the speed sensorless IM drive under parameter variation (i.e. 
stator resistance). Finally, the proposed schemes are simulated in the MATLAB/SIMULINK 
environment under low speed operation with speed sensor and speed sensorless modes. 
Moreover, the proposed schemes are experimentally validated by the laboratory developed 
EPS using dSPACE DS-1104 controller board and the experimental results are presented.      

This chapter is organized as follows:  

� The detail of stator resistance sensitivity is presented in section 7.1.  

� The mathematical modeling of a parallel RFMRAS rotor speed and stator resistance 
estimation is presented in section 7.2. 

� The proposed schemes are simulated in the MATLAB/SIMULINK environment and 
the corresponding results under various operating conditions with speed sensor and 
speed sensorless are presented in section 7.3. 

� The simulation results are validated with the experimental results, which are 
presented in section 7.4. 

� Finally, section 7.5 presents the conclusion of the system.  

7.1 Introduction 
The estimation of rotor speed using the RFMRAS is based on the machine model, it is 
sensitive to the variation of machine parameters (i.e. stator and rotor resistances). The 
variation of the stator and rotor resistances with temperature is the major issue at low speed 
operation [179-183]. These variations affect the performance of the speed sensorless IM drive 
at low speed operation. The fundamental component of the stator voltage is low during the 

rotor flux estimation, so, the stator resistance ( sR ) drop becomes more analogous to the 

applied voltage as stator resistance varies with temperature in the voltage model (VM). In the 

current model (CM), the rotor resistance ( rR ) also affect the performance of the sensorless 

IM drive under low speed operations along with stator resistance [190-201]. However, 
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variations are very slow so that it can be considered as a constant parameter (rotor resistance). 

The accurate measurement of the stator resistance sR  is essential for proper operation of a 

sensorless drive in the low speed region, since any discrepancy between the value used within 
speed observer and actual resistance may lead to a considerable speed estimation error [190-
191, 197]. Therefore, continuous adaptation of the stator resistance is highly essential to 
maintain stable operation under low speed operating conditions.  

7.2 Parallel Rotor Speed and Stator Resistance Estimation  
The schematic model of parallel RFMRAS rotor speed and stator resistance estimation for 
DTFC-SVM of speed sensorless IM drive is shown in Figure 7.1. It is an extension of the 
RFMRAS speed estimator for DTFC-SVM of a speed sensorless IM drive. In this scheme, 
the stator resistance estimation is developed in conjunction with the rotor speed estimation as 
shown in Figure 7.1.  
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Figure 7.1: Schematic model of parallel RFMRAS rotor speed and stator resistance estimation for 
DTFC-SVM of speed sensorless IMD  
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Figure 7.2: Internal model of parallel rotor speed and stator resistance estimation 

The stator resistance estimation block is used to estimate the accurate value of rotor speed 
under very low speed operations by suppressing the effect of change in stator resistance. The 
RM/VM is implemented using measured stator voltage and current quantities, whereas 
AM/CM is implemented using measured stator current and estimated rotor speed quantities 
[190]. These two models are used to estimate the rotor flux linkage. In this scheme, the VM 
and CM are exactly same as in the RFMRAS speed estimation, which is explained in section 
5.2. The internal schematic model of the stator resistance estimator is shown in Figure 7.2. 

The equations (5.33) and (5.34) can be rewritten as [114, 191]: 
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The equations (5.36) and (5.37) can be rewritten as: 
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 where  rV�
�  and rI ��  are outputs of the VM and CMs.  

In order to make the system asymptotically stable, the parallel rotor speed and stator 
resistance are estimated using the concept of Hyperstability theory [116, 190-191]. Similar to 
the speed estimation (which is presented in section 5.2), the differences between the state-
variables of the RM and AM are adapted as a resistance tuning signal, which is then fed into 
a PIC and it produces the estimated stator resistance. For the purpose of deriving an AM it is 
valid to initially treat rotor speed as a constant parameter, since it changes slowly compared 
to the change in rotor flux. The stator resistance of the motor varies with temperature, but 
variations are slow so that it can be treated as a constant parameter, too [190].  

Initially, for the purpose of designing AM the error equations 
 �IV  and ��
��  are treated as 

state variables of the linear model and these are represented by the following equations [191]. 
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By separating the real and imaginary parts from the equations (7.9) and (7.7) and representing 
in matrix form, we get [190-191]: 
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where rr ���	�� ˆ  and sss RRR ˆ�	�  

The above equation can be represented as follows: 

� � � �� � � �WAp ��	�  (7.12) 

where � � � � � �T
V

T
IqVdVqIdI
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By substituting � ��  and � �W  in equation (5.38), we get Popov’s criterion for the present 

system as follows [114, 191]: 
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The equation (7.13) can be rewritten as: 

� �  �!����������	
t t

0
s

T
Vs

m

r
rI

T
I dt iR

L
LdtψJS

0

2)()ˆ(
����       01 !" t   (7.14) 

2
21  �!�	 S

L
LSS

m

r                                                     01 !" t   (7.15) 

The validity of equation (7.15) can be verified by means of inequalities (7.16) and (7.17) with 
adaptive mechanisms are given in (7.18), (7.19) for rotor speed estimation and stator 
resistance identification, respectively [114, 191]: 
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where spRIp KKK ,, �� and sIRK are PIC parameters of rotor speed and stator resistance 

adaptation mechanisms, respectively. 
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In order to calculate the error quantity for rotor speed estimation, the output of the voltage 

model is taken as equal to the true rotor flux linkage space vector i.e. rVrI �̂#�
��  

By substituting the above relation in equation (7.10), we get:  

rIrVI
ˆˆ ���	�
���  (7.20) 

By using equations (7.18) and (7.20) the error quantity for speed estimation can be 
derived as: 

qrIdrVqrVdrIrI
T
I ψJe �����		���	� ˆˆˆˆ�̂�  (7.21) 

In order to calculate the error quantity for stator resistance estimation, the output of the 

current model is taken as equal to the true rotor flux linkage space vector i.e. rIrV �̂#�
��  

By substituting the above relation in equation (7.8), we get:  

rVrIV
ˆˆ ���	�
���  (7.22) 

By using equations (7.19) and (7.22), the error quantity for stator resistance estimation can be 
derived as: 


 � 
 �qrIqrVqsdrIdrVdss
T
VsR iiie �������	���	 ˆˆˆˆ

��  (7.23)
 

The error quantities are processed through the PIC of stator resistance estimator, it 
generates the estimated stator resistance quantities by minimizing the error quantities. 
However, the constant gain PIC may not provide satisfactory performance under variation of 
the stator resistance. Therefore, the T1FLC and T2FLC based stator resistance estimation 
approach are proposed.  

7.2.1 Fuzzy Logic Controller based Stator Resistance Estimator 

In this method, the PIC of the stator resistance estimator is replaced by the T1FLC to enhance 

the performance of the estimator with high accuracy and it is relatively robust to parameter 

variations even at low stator frequencies [192-194]. The T1FLC based stator resistance 

estimator is shown in Figure 7.2 (shown by the dotted red line).  

From the PIC based stator resistance estimator, the output of the controller can be 
expressed as: 

dteKeKR sRisRps ��	ˆ  (7.24) 

Applying differentiation on both sides of the equation (7.24), we get: 
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From equation (7.25), it is clear that the change of the resistance is directly proportional 

to the inputs of resistance control, i.e., error resistance ( sRe ) and change of the error 

resistance ( sRe� ). The design procedure for the T1FLC based resistance controller is similar 

to the speed estimation, which is explained in the section 5.2.2. The same numbers of 
triangular based MFs are used in both the inputs (i.e. error and change in error) and the output 
variable with the same number of rules (i.e. 49), which is illustrated in Table 7.1. The input 

variables of T1FLC based stator resistance estimator are error resistance ‘ sRe ’ and rate of 

change in error resistance ‘ sRe� ’ and the output variable is the estimated stator resistance 

‘ sR̂ ’ as shown in Figure 7.3 (a).  
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Figure 7.3: MFs of FLC based stator resistance estimation: (a) T1FLC and (b) T2FLC 

Further, the PIC is replaced by T2FLC to further enhance the performance of the 
sensorless drive under stator resistance variations. The schematic model of T2FLC based 
stator resistance estimator is shown in Figure 7.2 (shown by the dotted red line). The input 
and output triangular MFs of T2FLC are illustrated in Figure 7.3 (b). Here, the number of 

inputs (i.e. sRe  and sRe� ) and output ( sR̂ ) MFs are considered remain same as that of the 

T1FLC to show the improvement of T2FLC over T1FLC. Moreover, the corresponding 
number of rules for T2FLC is also same as that of T1FLC, which is illustrated in Table 7.1. 
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Table 7.1: Rule base of T1FLC and T2FLC based stator resistance estimation 
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7.3 Simulation Results 

The parallel RFMRAS rotor speed and stator resistance estimation for DTFC-SVM of a 

sensorless IM drive (Figure 7.1) is mathematically modelled in the MATLAB/SIMULINK 

environment using PIC, T1FLC and T2FLC schemes, respectively. Then the simulink model 

is used to verify the performance of the sensorless IMD under low speed operation with 

parameter variation. The schematic model is similar to the RFMRAS speed estimator but the 

stator resistance in the RM is replaced with estimated stator resistance. The rotor flux 

components of RM are now less sensitive to stator resistance variation. The variation of stator 

resistance affects the performance of the sensorless drive at low speed operations.  
 

7.3.1 Performance under Parameter Variation  
 

Initially, the performance of the speed sensorless IM drive is simulated under stator resistance 

variation without parameter estimation (i.e. stator resistance) is shown in Figure 7.4 (a)-(c). 

The stator resistance (sR ) is increased to 40% of rated value (i.e. sR  to 1.4 sR ) at 1.5 s is 

shown in Figure 7.4 (ii). The RFMRAS speed estimator is sensitive to the variation of stator 

resistance. The reference speed (*
rω ), actual speed (rω ) and estimated speed (rω̂ ) under such 

command is shown in Figure 7.4 (i). From Figure 7.4 (i), it is observed that the sudden 

application of stator resistance variation diverges the estimated speed from the reference 

speed by around 70 rpm, 50 rpm and 40 rpm using PIC, T1FLC and T2FLC schemes, 

respectively. 

The performance of the speed sensorless drive is observed with stator resistance 

estimation under low speed (i.e. 100 rpm) operation using three control schemes are shown in 

Figure 7.5 (a)-(c). The reference speed, actual and estimated speed is shown in Figure 7.5 (i). 

The actual and estimated stator resistances are shown in Figure 7.5 (ii). Similarly, the 
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performance of the sensorless IM drive is observed under step changes in speed command 

from 40 rpm to 100 rpm in a series of three 20 rpm steps using three control schemes, which 

are shown in Figure 7.6 (a)-(c). The step changes in speed command of 20 rpm are applied in 

three steps (i.e. 40 rpm → 60 rpm → 80 rpm → 100 rpm) at a time interval of 0.8 s (i.e. 2.4 s 

→ 3.2 s → 4 s). The reference speed, actual and estimated speeds are shown in Figure 7.6 (i). 

The actual resistance and estimated resistance under such commands are shown in Figure 7.6 

(ii). It is observed that the estimated speed accurately tracks the reference speed with a slight 

disturbance in stator resistance estimation using T2FLC while large disturbances observed 

using PIC and T1FLC schemes.  
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Figure 7.4: Performance under stator resistance variation without stator resistance estimation using: 

(a) PIC, (b) T1FLC and (c) T2FLC: (i) speed and (ii) stator resistance variation 
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Figure 7.5: Performance with stator resistance estimation using: (a) PIC, (b) T1FLC and (c) T2FLC: 

(i) speed and (ii) stator resistance  

The performance of the speed sensorless IM drive is observed under stator resistance 

estimation with the variation of stator resistance is shown in Figure 7.7 (a)-(c). A sudden step 

variation of stator resistance around 40% (i.e. 1.4 sR ) is applied at 1.5 s. The reference speed, 

actual and estimated speed is shown in Figure 7.7 (i). From Figure 7.7 (i), it is observed that 

the estimated speed closely follows the reference speed with slight disturbances using T2FLC 
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scheme while large disturbances observed using the PIC scheme. Moreover, the performance 

of the T2FLC scheme reflects the variation in stator resistance by compensating the variation 

quickly compared to the PIC and T1FLC schemes. 
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Figure 7.6: Performance under accelerating speed command with stator resistance estimation using: 

(a) PIC, (b) T1FLC and (c) T2FLC: (i) speed and (ii) stator resistance 
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Figure 7.7: Performance under step variation of stator resistance with stator resistance estimation 

using: (a) PIC, (b) T1FLC and (c) T2FLC: (i) speed and (ii) stator resistance  

(a) (b) (c)  

0 1 2 3 4 5
0

2

4

6

8

10

1 1.5 2 2.5 3 3.5 4
5

5.5

6

6.5

7

7.5

Time (s) 

(a) 

(i
) 

S
p

e
e

d (
rp

m
) 

 

(i
i)

 S
ta

to
r 

R
e
s
is

ta
n

c
e (
Ω

) 

 

sR

sR̂

0 1 2 3 4 5
0

50

100

150

0 1 2 3 4 5
0

2

4

6

8

10

rω

*
rω

rω̂

(b) 

sR
sR̂

0 1 2 3 4 5
0

50

100

150

rω

*
rω

rω̂

1 1.5 2 2.5 3 3.5 4
94

96

98

100

102

104

0 1 2 3 4 5
0

50

100

150
(c) 

Time (s) Time (s) 

rω

*
rω

rω̂

1 1.5 2 2.5 3 3.5 4
94

96

98

100

102

104

0 1 2 3 4 5
0

2

4

6

8

10

sR

sR̂

1 1.5 2 2.5 3 3.5 4
94

96

98

100

102

104

1 1.5 2 2.5 3 3.5 4
5

5.5

6

6.5

7

7.5

1 1.5 2 2.5 3 3.5 4
5

5.5

6

6.5

7

7.5

 
Figure 7.8: Performance under ramp variation of stator resistance with stator resistance estimation 

using: (a) PIC, (b) T1FLC and (c) T2FLC: (i) speed and (ii) stator resistance  
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The performance of the speed sensorless IMD is observed under ramp variation of stator 

resistance is shown in Figure 7.8 (a)-(b). The stator resistance is changed from sR  to 1.32 sR  

during 2seconds is shown in Figure 7.8 (ii). The reference speed, actual and estimated speed 
is shown in Figure 7.8 (i). It is observed that the variation of stator resistance does not affect 
the estimated speed using T2FLC while some deviations between the reference and estimated 
speed under stator resistance variation using PIC and T1FLC schemes.  

7.4 Experimental Results 
The performance of the parallel RFMRAS rotor speed and stator resistance estimation for 
DTFC-SVM of a speed sensorless IMD using PIC, T1FLC and T2FLC schemes are 
experimentally validated by the laboratory developed EPS. The experimental results are 
presented under the operating conditions of low and step changes in speed (both in 
acceleration and deceleration speed) without the stator resistance variation. The performance 
of the speed sensorless IM drive under stator resistance variation can be observed by 

connecting an external resistance sxR  in series with the stator winding for all phases.  
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Figure 7.9: Performance under acceleration speed command using: (a) PIC, (b) T1FLC and (c) 
T2FLC: (i) speed and (ii) error speed 
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The stator resistance is estimated under step changes in speed command (i.e Acceleration) 

using three control schemes are shown in Figure 7.9 (a)-(c). The step changes in speed 
command of 20 rpm are applied in three steps (i.e. 40 rpm � 60 rpm � 80 rpm � 100 rpm) 
at a time interval of 0.8 s (i.e. 2.4 s� 3.2 s� 4 s). The reference speed, actual and estimated 
speeds are shown in Figure 7.9 (i) and the estimated speed error is shown in Figure 7.9 (ii). 
Similarly, step changes in speed command (i.e. deceleration speed) is applied in a series of 
two 20 rpm steps are shown in Figure 7.10 (a)-(c). It is observed from the simulation and 
experimental results that the T2FLC shows an improved performance and also insensitive to 
the variation of stator resistance compared to PIC and T1FLC schemes. 

7.5 Conclusion 
In this chapter, parallel RFMRAS rotor speed and stator resistance estimation for DTFC-
SVM of a speed sensorless IMD using PIC, T1FLC and T2FLC schemes are presented. The 
PIC based stator resistance estimation shows sensitive to the variation of stator resistance and 
provides large disturbances in estimated speed. The T1FLC based stator resistance estimation 
shows improved performance and robustness to stator resistance variation compared to the 
PIC. The T2FLC based stator resistance estimation shows further improved performance 
compared to the T1FLC. The simulation and experimental results reveal that the T2FLC 
based stator resistance estimator provides better speed estimation with less settling time and 
quick error compensation when there is a change in the stator resistance compared to the PIC 
and T1FLC schemes. 
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CHAPTER 8: CONCLUSIONS AND FUTURE SCOPE 

The research work developed in this thesis has focused on the application of soft-computing 
techniques (i.e. Type-1 and Type-2 fuzzy logic controllers) for DTFC of a speed sensorless 
IM drive. The main objective was to investigate different control approaches (i.e. PIC, 
T1FLC and T2FLCs) to enhance the performance of the IM drive fed by two-level voltage 
source inverter with speed sensor and speed sensorless operation. The proposed Type-1 and 
Type-2 fuzzy logic controllers for DTFC of a speed sensorless IM drive have been developed 
and experimentally validated using dSPACE DS-1104 control board as a suitable means of 
producing a satisfactory performance over a wide range of speed operation. This chapter 
summarizes the investigations and findings of the research, presents conclusions and a 
direction for possible future work.  

8.1 Conclusion 
The mathematical modelling of the IM is presented in chapter-2. Subsequently, the various 
speed control methods of IM are presented. i.e., scalar control, indirect field oriented control 
(IFOC) and direct torque and flux control (DTFC). The scalar control is simple to implement 
and also that provides satisfactory steady-state performance. However, the dynamic behavior 
is very poor and has sluggish response. In order to overcome these problems, the IFOC 
method is implemented. This method provides the satisfactory dynamic and steady-state 
performance compared to scalar control. However, this method is highly sensitive to the 
parameters of the rotor time constant. Moreover, it requires the coordination transformations 
and current controllers. Therefore, in order overcome these drawbacks the DTFC method is 
implemented to enhance the performance of the IM drive. The modelling of this method was 
done on the basis of the literature review, MATLAB simulation and investigation on 
experimental. The DTFC of IM drive is implemented using a fixed gain PI controller (PIC).  

The performance of the DTFC of an IMD is largely influenced by the PIC which is used 
in the speed controller for generating reference torque command. The PIC offers satisfactory 
dynamic as well as steady-state performance over a wide range of ideal operation. However, 
it requires a precise mathematical model, continuous tuning and accurate gain values. Tuning 
of gain values for the electric drive controller is a complex due to the nonlinearity of the 
machines, power converter and controller. Because of this, the PIC produces considerable 
torque and stator flux ripples. Moreover, the PIC is poor in load torque disturbance rejection 
and changes in speed. Therefore, it is felt that the control techniques should be intelligent to 
increase the effectiveness of control performance. An intelligent control system is expected to 
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possess inbuilt adaptation or learning and decision making capabilities and hence it is able to 
meet desired performance over a wide range of speed operation as well as better load torque 
disturbance rejection and also uncertainty in the operating parameters. This is the motivation 
to further investigate the DTFC of IM drive over a wide range of speed operation and load 
torque disturbances using soft-computing techniques (i.e. Type-1 and Type-2 fuzzy logic 
controllers), which are presented in chapter-3. Initially, the PIC is replaced by Type-1 fuzzy 
logic controller (T1FLC) to improve the performance of the IM drive under load torque 
disturbances and changes in speed command. The T1FLC is implemented using Mamdani 
type and centroid method with simple IF and THEN rules without the requirement of large 
complex mathematical equations. Moreover, the T1FLC effectively handles the nonlinear 
system based on decision taken by the expertise via pre-learned algorithm compared to the 
PIC. Further, the T1FLC is replaced by Type-2 fuzzy logic controller (T2FLC) to enhance the 
performance of the IM drive. The T2FLC effectively handles the large footprint of 
uncertainties compared to the T1FLC due to the availability of three-dimensional control with 
type-reduction in the defuzzification process. The salient features of T1FLC and T2FLC 
schemes are reported in Chapter-3 as: 

� The ripple contents in stator flux and torque of the IMD using T1FLC is considerably 
improved. Moreover, the settling time and speed drops under various load torque 
disturbances are improved by around 61% compared to PIC. 

� Similarly, the ripple contents in stator flux and torque of the IMD using T2FLC is 
considerably improved over T1FLC. Moreover, the settling time and speed drops under 
various load torque disturbances are improved by around 56% compared to T1FLC. 

A comparative simulated performance of the DTFC of an IMD using PIC, T1FLC and 
T2FLC is presented under various operating conditions, such as no-load torque, load torque, 
step changes in speed and various speed tracking conditions. An experimental prototype is 
developed in the laboratory using dSPACE DS-1104 controller board and intelligent power 
module PEC16DSMO1 to examine the performance of the IM drive under similar rating and 
the parameters of the IM as used in the MATLAB/SIMULINK, which are presented in 
Chapter-4. The Simulation results are validated with the experimental results under the same 
operating conditions as presented in chapter-2 and chapter-3. It is observed from the 
simulation and experimental results that the DTFC of an IMD using T2FLC scheme provides 
fewer ripple contents in stator flux and torque, less current THD. Moreover, it significantly 
improved the speed drops and settling time under load torque disturbances.  

A speed sensor is often used in DTFC of an IM drive for speed measurement in a closed-
loop operation. However, the use of speed sensor may affect the reliability, difficult to install 
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in a hostile environment, increases the cost and connections of the drive system. Therefore, 
speed sensorless control techniques are shown to provide great advantages over speed sensor 
drive systems. The speed of the IM drive can be estimated using rotor-flux based model 
reference adaptive system (RFMRAS) method. The mathematical modelling of the RFMRAS 
is presented in chapter-5. The RFMRAS have been formulated using the machine dynamic 
equations, which are originally introduced by Schauder. A suitable adaptation mechanism 
(AM) for rotor speed estimation is derived based on Popov’s Hyperstability theory.  

The performance of the speed sensorless IM drive depends on the type of adaptation 
mechanism is used in RFMRAS speed estimation. Initially, the PIC based AM is used in 
RFMRAS speed estimator, which is derived using the Popov’s Hyperstability theory by 
minimizing the speed tuning signal. The PIC based adaptation scheme provides satisfactory 
performance. However, it requires continuous tuning and accurate gain values. Therefore, the 
T1FLC and T2FLC schemes are proposed, which are used in place of PIC to enhance the 
performance of the speed sensorless IM drive by minimizing the speed tuning signal. The 
proposed adaptation schemes are validated with extensive simulation (i.e. 
MATLAB/SIMULINK) and experimental results. The simulation and experimental results 
confirm that the T2FLC based RFMRAS speed estimator shows the better transient 
performance as well as load torque disturbance rejections compared to the T1FLC and PIC. 
Excellent correlation between the simulation and experimental results confirms that the 
usefulness of the proposed control schemes. 

The main problem associated with the DTFC method is that variable switching frequency 
and considerable torque and flux ripples due to the use of torque and flux hysteresis 
controllers. These drawbacks can be overcome with the direct torque and flux control by 
applying space vector modulation (DTFC-SVM) technique, which is presented in chapter-6. 
The DTFC-SVM technique is based on the analysis of stator equations like in DTFC method, 
consequently control algorithm is not sensitive to rotor parameter changes. Therefore, the 
DTFC-SVM method with closed-loop flux and torque control in stator flux coordinates have 
been considered for speed sensorless IM drives. The performance of DTFC-SVM of a speed 
sensorless IM drive is largely influenced by speed, flux, torque, adaptation control schemes in 
use. Initially, the PIC is used in these controllers due to its simplicity. These PI controllers are 
designed using root-locus method, which are presented in Appendix B. In order to improve 
the performance of speed sensorless IM drive, the PICs are replaced by T1FLC in speed, flux, 
torque and adaptation controllers. Further, the T2FLC is proposed to enhance the 
performance of the sensorless drive over a wide range of speed operating regions. The 
simulation results of DTFC-SVM of a speed sensorless IM drive is also validated with the 
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experimental results under same parameters and operating condition as used in the 
MATLAB/SIMULINK. It is concluded that the T2FLC based DTFC-SVM of a speed 
sensorless IMD provides fewer flux ripples and torque distortions, quick dynamic response, 
less speed drops and quick settling time under load torque disturbances compared to T1FLC 
and PI controllers.  

Sensitivity to the variation of the machine parameter (i.e. stator resistance) is very 
important for speed sensorless IM drives. The precise value of stator resistance is very 
important for accurate speed estimation of a speed sensorless IM drive under low speed 
operation. Any mismatch between the actual stator resistance and the value used in speed 
estimation lead to a speed estimation error. The variation of stator resistance under low speed 
operation can be minimized by online stator resistance estimation. The performance 
enhancement of the RFMRAS speed estimation at low speed regions with parallel rotor speed 
and stator resistance estimation for DTFC-SVM of a speed sensorless IM drive using PIC, 
T1FLC and T2FLC approaches have been discussed in chapter-7. Experimental results were 
carried out to investigate the performance of the proposed schemes in speed sensorless 
operation with stator resistance estimation. The simulation and experimental results show the 
improved low speed performance using T2FLC based stator resistance estimation scheme 
compared to the T1FLC and PI controllers. 

In conclusion, the Type-2 fuzzy logic controller and DTFC-SVM method with closed 
loop flux and torque control in stator flux coordinates has shown great capabilities to 
significantly improve the performance of speed sensorless IM drives using the RFMRAS 
speed estimator over a wide range of speed. 

8.2 Scope for Future Work 
While the thesis brings the work to a successful concluding stage, as per the objectives set for 
the investigations. The significant conclusions have been listed in this chapter and also given 
rise to the interesting and useful following aspects, which may be taken for further study of 
inverter fed sensorless drives. 

1. It could be interesting to explore the possibility of carrying the investigation on 
multilevel inverter fed sensorless IM drive to improve the flux and torque ripples 
further. 

2. The proposed T2FLC based DTFC with SVM can be extended to overmodulation 
region and hybrid space vector modulation as well. 
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3. The proposed T2FLC based DTFC-SVM scheme with closed loop flux and torque may 
be extended to other sensorless drives. For example, permanent magnet synchronous 
motor and doubly fed induction motor drives.   

4. The Type-2 Neuro-fuzzy controller can be used instead of T2FLC to further enhance 
the controller performance for speed sensorless drives. 

5. The performance of the speed sensorless IM drive may be further improved by 
replacing the neural network (NN) flux observer in place of voltage model. The basic 
configuration of the NN based MRAS speed estimator is shown in Figure 8.1.  
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Figure 8.1: Neural network based MRAS speed observer 
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Appendix A 

A.1 Machine Modelling 

The voltage equations that describe the performance of the IM were developed in chapter 2. 
Where some of the machine inductances are functions of the rotor speed ( r� ), whereupon the 

coefficients of the differential equations (voltage equations) that describe the behavior of IM 
are time varying except when the rotor is stalled. The same effect is obtained by projecting 
the time varying machine variables into a reference frame which is rotating at an angular 
speed of rotor speed ( r� ). This frame of reference is called as Rotor (D-Q) reference frame.  

Stationary 
reference frame 

Synchronously rotating 
reference frame 

Arbitrary 
reference frame 

Rotor 
reference frame 

Reference frame 

 

Figure A. 1: Different types of reference frames 

The different types of the reference frames, which are used in the analysis of electric 
machines are illustrated in Figure A. 1. 

Arbitrary reference frame: The reference frame which rotates at an angular speed of 

arbitrary speed ( a� ) is called as arbitrary ( ad - aq ) reference frame. 

Stationary reference frame: The reference frame which is fixed on the stator is called as 
stationary (d-q) reference frame. 

Synchronously rotating reference frame: The reference frame which rotates at an angular 
speed of synchronous speed ( e� ) is called as a synchronously rotating reference frame. 

A.2  Circuit Model of Induction Motor 

The generalized equations describing the behavior of an induction machine under transient 
and steady state conditions are established by considering it as an elementary ‘P’ pole 
idealized machine. The effect of the number of poles is taken into account by multiplying the 
expression of torque by number of pole-pairs.  

An ideal three-phase induction motor can be schematically represented in Figure A. 2, 
where it is regarded as a group of linear coupled circuits. Distributed stator and rotor 
windings are shown by concentrated coils. The magnetic axes of the individual stator and 
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rotor phases also marked. The connections and current conventions for the stator phases and 
the angular relationship of various axes are shown in Figure A. 3. The axis of a rotor phase is 
displaced by an angle r�  from the axis of the corresponding stator phase. As the rotor rotates 

at r� rad/s, the angle r� varies with the time and is given by: 

trr �� 	  (A.1) 
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Figure A. 2: Idealized three-phase induction motor 

If e�  is the synchronous speed in electrical rad/sec, then slip is given by: 

e

reS
�
�� �

	  (A.2) 

The ee qd � reference frame is considered to be rotating synchronously with respect to the 

stator. Thus, considering the ed -axis to be coincident with phase ‘As’ axis of the stator at t = 
0, it will advance by an angle e�  such that: 

tee �� 	  (A.3) 

The angle between ed -axis and the rotor phase ‘ar’ axis is given as re ��
 �	 . 
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Figure A. 3: Axes of two pole three-phase Induction motor 

A.3 Space Vector Representation 
The mathematical model of the three-phase induction motor is derived using the equivalent 
circuit. A symmetric three-phase machine is represented by phase quantities, such as current, 
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voltage and flux linkages. However, the three-phase machine can be described using space 
vectors such as stator current, voltage and flux space vectors in the stationary reference frame 
( qd � )fixed to stator may be defined as: 
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Similarly, the space vectors of the rotor voltage, current and flux in the rotor reference frame 
(D-Q) may be defined as: 
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1, a, a2 are the complex unity vectors, VAs, VBs and VCs are the three-phase stator voltages 
which are phase shifted by 1200 from each other.  

The three-phase stator voltage space vector is shown in Figure A. 4.  
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Figure A. 4: Construction of space vector for three phase voltage variable 

Using the coupled circuit approach and motor notation, the voltage equations of the 
magnetically coupled stator and rotor circuits can be written as: 

dt
diRV ABCs

ABCssABCs
�

�	  (A.10) 
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Similarly, the rotor voltage equations are: 

dt
diRV abcr

abcrrabcr
�

�	  (A.11) 

In a magnetic linear system, the flux linkages can be expressed as: 
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The winding inductances are derived as: 
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 (A.13) 

where lsL , msL , lrL  and mrL are leakage and magnetizing inductances of the stator, rotor 

windings and srL  is the amplitude of mutual inductance between stator and rotor windings.  

The stator voltage space vector in a stationary reference frame can be generated by 
substituting the three-phase stator voltage equation (A.10) into equation (A.4) as we get: 
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The stator voltage space vector can be simplified as: 
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� �	
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�
���

 (A.16) 

Similarly, the rotor voltage space vector in the rotor reference frame can be generated by 
substituting the three phase rotor voltage equation (A.11) into the equation (A.7) as we get: 
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The rotor voltage space vector in the rotor reference frame can be simplified as: 

�
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diRV
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 (A.19) 

A.6 Three-Phase to Two-Phase Transformation (Clarke Transformation) 

The dynamic performance of a three-phase induction machine is somewhat complex due to 
the three-phase rotor moves with respect to the stator as shown in Figure A. 5 (a). In order to 
reduce the complexity and obtain the constant coefficients in the differential equations, the 
three-phase components are transformed into two-phase axes components are shown in 
Figure A. 5 (b).  
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Figure A. 5: Equivalence of induction motor stator and rotor windings in: (a) three-phase quantities 
and (b) two-phase quantities 

A dynamic model for the three-phase induction machine can be derived from the three-
phase to two-phase axis transformation. The equivalence is based on the equality of the MMF 
produced in the two-phase and three-phase windings and equal current magnitudes. The d and 
q axis MMF are found by resolving the MMF of the three-phases along the d and q axes. The 
three-phase machine variables can be represented as a space vector expressed on a two 
orthogonal (d-q) axis, as shown in Figure A. 6. 
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Figure A. 6: Two axis components of stator voltage space vector 
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The equation (A.4) is resolved into its real and imaginary parts producing the dq-axes 

components of the stator voltage space vector in the stator reference frame as: 

CsBsAsds VVVV
3
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3
1

3
2

��	  (A.20) 

CsBsqs VVV
3

1
3

1
�	  (A.21) 

where Vds and Vqs are the actual stator voltages that flows in the stator d, q-axis windings. 

The stator voltage space vector can be described in the complex form as: 
sj

sqsdss eVjVVV �
��

	�	  (A.22) 

The three-phase to two-phase transformation can be written in a matrix form as: 
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The expression (A.23) can be inverse transformed from two phase (dq-axis) into three-phase 
(ABC-axis) is written in matrix form as: 
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A.5 PARK Transformation (dq to deqe-axes) 
The two-phase stator d-q axes stationary reference frames are required to transform into two-
phase synchronously rotating reference frame de-qe axes for indirect field oriented control 
scheme implementation. Figure A. 7 shows the synchronously rotating reference frame de-qe 

axes, which rotate at synchronous speed e� with respect to stator d-q axes and e� is the stator 

flux position. 

The stator voltages on the d-q axis can be converted into the de-qe frame as follows: 

� � ej
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e
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e
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e
s e jVVe VjVVV �� �� �		�	

��
 (A.25) 

where subscript ‘s’ stands for the stator quantities and the superscript e stands for the 
synchronous reference frame.  

The equation (A.25) can be written in matrix form as: 
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Again, the synchronous (de-qe) frame matrix expression (A.26) resolving into a stationary (d-
q) reference frame is given by:  
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Figure A. 7: Stator voltage space vector component in stationary (d-q) and synchronous (de-qe) 
reference frame 

Similarly, the stator current and flux space vectors expressed in the stationary reference frame 
as follows: 

� � qsdsCsBsAss jiiiaaiii �	��	 2

3
2�

 (A.28) 

� � qsdsCsBsAss jaa ������ �	��	 2

3
2�  (A.29) 

The rotor voltage space vector in a reference frame fixed on the rotor can be expressed in 
a similar way of stator voltage space vector fixed on the stator reference frame as follows: 

� �crbrar
r
r VaaVVV 2
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 (A.30) 

rjr
r

r
Qr

r
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r
r e VjVVV �
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	�	  (A.31) 

where r
DrV and r

QrV are the direct and quadrature axis rotor voltage components in the rotor 

reference frame which are quadrature in space and r� is the rotor position. 

A.6 Dynamic Modelling of Induction Motor in Arbitrary Reference Frame 
The reference frames are like observer platforms, in which each of the platforms gives a 
unique view of the system at hand as well as dramatic simplifications of the system 
equations. The mathematical model of the IM can be expressed in different types of reference 
frames.  Instead of giving the transformations for each and every particular reference frame, it 
is advantageous to derive the general transformation for any arbitrary rotating reference 
frame. Thus, any particular reference frame equations can be derived from the generalized 
reference model by substituting the appropriate frame speed (� ) and position (� ) in it.  



210                 Appendix A  
The three-phase IM under consideration is assumed to have a symmetrical air gap. The 

dq -reference frames are usually selected on the basis of computational reduction. The two 

commonly used reference frames in the analysis of the IM are the stationary and 
synchronously rotating frames. In the stationary reference frame, the dq -variables of the 

machine are in the same frame as those normally used for the supply network. In the 
synchronously rotating reference frame, the direct and quadrature axis variables are DC 
quantities in steady state. Here, firstly the equations of the IM, in arbitrary reference frame 

( aa qd � ) which is rotating at an angular speed a� , will be derived. The IM in the stationary 

reference frame can be obtained by setting 0	a� , whereas the synchronously rotating 

reference frame can be obtained by setting ea �� 	 . 

The space vectors of stator and rotor quantities in the arbitrary reference frame can be 
written as: 

a
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a
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where superscript ‘a’ represents the arbitrary reference frame, subscripts ‘r’ and ‘s’ 
represents the stator and rotor quantities, respectively and subscripts ‘d’ and ‘q’ represents a 
direct and quadrature axis components. 

Using the frame transformation the stator quantities in the stator reference frame and the 
rotor quantities in the rotor reference frame can be written as: 
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where a�  is the angular displacement of the arbitrary reference frame and angular speed of 

the arbitrary reference frame can be written as: 

dt
d a

a
�� 	  (A.36) 
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Substituting the equation (A.34) into equation (A.16) gives the stator voltage in the 
arbitrary reference frame as: 
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The equation (A.37) can be further simplified as:  

a
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a
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Similarly, substituting the equation (A.35) into equation (A.19) gives the rotor voltage in the 
arbitrary reference frame as: 
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The equation (A.39) can be further simplified as:  

a
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Similarly, the stator and rotor flux linkages in the arbitrary reference frame can be written as: 
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The developed electromagnetic torque ‘ eT ’ of an induction motor is given by: 
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a
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The torque balancing mechanical equation is given by: 

 mmLe JpBTT �� ��	  (A.44)   

where raam ��� �	 , p is differential operator 
dt
d , P is the number of poles, j is complex 

operator, J is moment of inertia and B is viscous friction coefficient. 

By substituting the equation (A.41) in equation (A.38) we will get: 
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By substituting equation (A.42) in equation (A.40) we will get: 
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As we know that the rotor coils of the induction motor are short circuited, so .VV a
qr

a
dr 0		  
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By separating real and imaginary parts from the equations (A.45) and (A.46) we will get 

the voltage equations of IM in arbitrary reference frame and they can be arranged in matrix 
form as follows: 
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From the equation (A.42), we can get the rotor current in the arbitrary reference frame as: 
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The rotor current a
ri
�

 is substituting into the rotor voltage equation (A.40), we get: 
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The rotor current a
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�

 is substituting into the equation (A.45), we get: 
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By substituting equation (A.49) in equation (A.50) and solve for a
sip
�

, we get:  

�
�
�

 
!
"

��
�

�
��
�

�
����

�

�
��
�

�
���	 a

r
r

m
r

rr

ma
sas

rr

m
s

a
s

s

a
s  

L
Lj

TL
Li Lj

TL
LRV

L
ip ���#

#
���� 21  (A.51) 
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By separating and equating real and imaginary parts on both sides of equations (A.51) 

and (A.49) respectively, we get 
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By arranging the equations (A.52-A.55) together in matrix form for getting the state-
space model of the induction motor in the arbitrary reference frame in terms of stator current 
components  ( dsi , qsi ) and rotor flux components ( dr� , qr� ) as state variables, we get: 
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The IM mathematical model can be represented in the arbitrary reference frame using the 
state-space standard notation as: 
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 (A.57) 
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A.7 Synchronous Reference Frame 
The induction motor model in the synchronous reference frame can be obtained from the 
arbitrary reference frame equations (A.47) and (A.56) by substituting ea �� 	 . These 

equations can be written in matrix form as follows:  
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The state space model of IM in the synchronous reference frame can be expressed as follows:  
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where resl ��� �	  

A.8 Stationary Reference Frame 

The induction motor model in the stationary reference frame can be obtained from the 
arbitrary reference frame equations (A.47) and (A.56) by substituting 0	a� . The voltage 

equations of IM in a stationary reference frame can be written in matrix form as follows: 
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The state space model of IM in a stationary reference frame can be expressed as follows:  
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A.9 Rotor Reference Frame 

The speed of the rotor reference frame is ra �� 	  and angular position is ra �� 	 . The 

induction motor model in the rotor reference frame is obtained from the arbitrary reference 
frame equations (A.47) and (A.56) with ra �� 	 . The superscript m denotes a rotor reference 

frame, the voltage equations of IM in the rotor reference frame can be written in matrix form 
as follows: 
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The state space model of IM in the rotor reference frame can be expressed as follows: 
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Appendix B 
B.1 Controller Design for DTC-SVM Method with Closed-loop Torque 

and Flux Control in Stator Flux Coordinates 
The controller design as well as the stability analysis of DTC-SVM with closed loop torque 
and flux control in stator flux coordinates requires the transfer function of the machine model 
in stator flux coordinate system. The mathematical model of IM equations in the stator flux 
coordinate system (i.e. synchronous reference frame system) can be derived by substituting 

ea �� 	  in equations (A.38) and (A.40-A.44), as: 
e
se

e
s

e
ss

e
s jpiRV ���

����
��	  (A.65) 

e
rsl

e
r

e
rr

e
r jpiRV ���

����
��	  (A.66) 

e
rm

e
ss

e
s iLiL
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e
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e
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e
r iLiL
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e
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e
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e
dse iiPT ���	 ��
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(A.69) 

mmLe JpBTT �� ��	  (A.70) 

where resl ��� �	  

As we know that the rotor coils of the induction motor are short circuited, so  V e
r 0	
�

and 

at the same time in a stator flux oriented coordinate system the quadrature axis component of 

the stator flux ( e
qs� ) is zero. 

By substituting  e
qs 0	� and  V e

r 0	
�

 in equations (A.32) and (A.33) respectively, the 

space vectors of stator and rotor quantities in the stator flux oriented reference frame can be 
written as: 

e
qs

e
ds

e
s V jVV �	
�

 
e
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e
ds

e
s i jii �	
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                           (A.71) 
e
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e
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e
r i jii �	
�

                           (A.72) 
e
qr

e
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e
r  j��� �	
�   

By substituting  V e
r 0	
�

and  e
qs 0	�  in equations (A.66) and (A.69) respectively, the rotor 

voltage and electrical torque can be rewritten as: 
e
rsl

e
r

e
rr jpiR ���

���
��	0  (A.73) 
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The equation (A.67) can be rearranged as: 

� �e
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e
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e
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L
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 (A.75) 

By substituting equation (A.75) in equation (A.68), we get: 

e
s
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m
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L
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L
L �� #�� �	  (A.76) 

By substituting equations (A.75) and (A.76) in equation (A.73), we get: 

� � � � e
srsslrssr

e
srslrr iLL jpLL LR LjpLR

�
#�#�� ��	��  (A.77) 

By equating real and imaginary parts on both sides of equations (A.65) and (A.77) 
respectively, we get: 

e
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e
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B.2   Flux Control Loop 

The equation (A.78) can be rewritten as: 

� �e
s

e
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s

e
ds pV

R
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 (A.82) 

By substituting equation (A.82) in equation (A.80), we get: 
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e
srssrrssr

e
dsrssr i RLL  pLL LRLRpRR VpLL LR #��## ����	� 2  (A.83) 

Under the assumption that the last term in the equation (A.83) is very small: 

� � 0$e
qssrssl i RLL #�  (A.84) 

Equation (A.83) can be rewritten as: 

� � � �� � e
srssrrssr

e
dsrssr  pLL LRLRpRR VpLL LR �## 2���	�  (A.85) 

The open loop transfer function of the flux control loop (Figure B. 1) can be obtained 
from equation (A.85) as: 
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B.3   Torque Control Loop 
The equation (A.79) can be rewritten as: 
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Figure B. 1: Open loop transfer function of flux control loop  

By substituting equation (A.87) in equation (A.81), we get: 
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e
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Under the assumption that the last term in the equation (A.88) is very small: 

� � 0$e
dsrssl i LL #�  (A.89) 

Equation (A.88) can be rewritten as: 
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Differentiating equation (A.90) by assuming e
s�  as constant, we get: 
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 (A.91) 

By assuming viscous friction coefficient (B) as zero and the IM is working under no-load 
condition, the equations (A.70) and (A.74) respectively can be written as: 
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By substituting equations (A.92) and (A.93) in equation (A.91), we get: 
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The open loop transfer function of the torque control loop (Figure B. 2) can be obtained from 
equation (A.94) as: 
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B.4   Design of PI Controller using Root-Locus Technique 

The transfer function of the PI controller is given as follows: 
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where pK  is the controller proportional gain, iK  is controller integral gain, iT  is controller 

integrating time and 
i

p
i T

K
K 	 . 
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Figure B. 2: Open loop transfer function of torque control loop 
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Figure B. 3: Block diagram of PI Controller 

The general block diagram of the PI controller, which is used in the MATLAB/Simulink 
model of the DTFC-SVM scheme is shown in Figure B. 3. The Root Locus Method is used 
for tuning the gain values of the flux, torque and speed PI controllers. A root locus plot is a 
complete description of the system with respect to a specific parameter ( pK ) of the design. 

� �sC � �sG+ _ 
� �sY� �sR

 
Figure B. 4: Generalized feedback control system  

The generalized feedback control system with plant transfer function � �sG  and controller 

transfer function � �sC  is shown in Figure B. 4. The closed-loop characteristic equation of the 

above system can be written as: 

� � � � 01 	�� sGsC  (A.97)  

In the root-locus method, we can predefine the closed loop control performance in terms 
of settling time and damping or overshoot. In this method the requirements (in terms of 
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settling time and overshoot) of the closed loop control performance in the time domain are 
converted into a pair of conjugate poles: . jba, %�	21&  In order to achieve this predefined 

closed loop control performance, the dominance of 21,&  is required. The dominance of 21,&  

requires that the real part of any of other poles must be lesser than m times a�  and there are 
no zero’s nearby [205]. Thus, we want all other poles to be located at the left of the line 

,mas �	  and also for getting required overshoot they must be within 

� �,factor  dampingcos 1�	%�  i.e., the desired (hatched) region of Figure B. 5. 
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Figure B. 5: Desired (hatched) region of other closed loop poles 

The main purpose of the root locus method is to find the PI parameters such that all the 
closed loop poles lie in the desired region except the dominant poles, . 2,1&  

The general design procedure of PI controller parameters using the root-locus method is 
described in 5 simple steps, which are explained as follows [205]: 

Step 1. Find out the desired pair of conjugate poles. 
Step 2. Find out iK  in terms of pK . 

For getting iK  in terms of pK  substitute  1 jba ��	&  in equation (A.97), we get: 
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��
�  (A.98) 

By equating real parts on both sides of the equation (A.98), we get:
 

'( �	 pi KK   (A.99) 

where 
a

ba2 2�
	(  and � � �

�
�

 
!
"

��
�

�
��
�

�
&
��

�	'
1

2 1
G

Re
a

ba2

. 

Step 3. Draw the root locus of the closed loop system with respect to pK .  

The closed-loop characteristic equation of the generalized control system can be written 
by substituting equations (A.96) and (A.99) in equation (A.97), as follows: 
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Now draw the root locus of � � � �
� �� �sGs

sGs
 '

(
�

�� . 

Step 4. Determine the interval of pK  i.e. � �maxmin , pp KK  for guaranteed dominant pole 

placement from the root locus. 
Step 5. Choose ip KK  and  accordingly. 

B.5 Design of Flux PI Controller 

The block diagram of the unity feedback flux control loop with PI controller is shown in 
Figure B. 6. Using the IM parameters given in Appendix C the open loop flux transfer 
function (Equation A.86) can be expressed as follows: 
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The transfer function of the flux PI controller (Equation A.96) can be expressed as follows: 
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Figure B. 6: Flux control loop with PI controller 

Initially, the required settling time and overshoot of the flux control loop are set as 
follows: settling time < 0.003 and overshoot < 4.33%. By using these time domain 
specifications a pair of dominant conjugate poles can be calculated as: 

53.33333.13332,1 j%�	&  
By using equation (A.99), �iK  can be expressed in terms of �pK  as follows: 

���� '( �	 pi KK           (A.103) 

where 76.1416	�(  and . 1584203�	�'  

By substituting �� '( ,  values in equation (A.100), we get: 
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Now draw the root locus of 
( ) ( )

( ) ψψψψψ
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The interval of ψpK
 
for guaranteed dominant pole placement can be obtained from the 

root locus plot as: 1963≥ψpK  

For getting desired closed loop control performance, the PI controller parameters are 

calculated from the root locus plot as: . 00122.0, 2660 == ψψ ip TK  For these parameters 

the root loci of the closed loop flux is obtained and it is shown in Figure B. 7. 
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Figure B. 7: Root loci of the closed loop flux control system 

B.6  Design of Torque PI Controller 

The block diagram of the unity feedback torque control loop with PI controller is shown in 

Figure B. 8. Using the IM parameters given in Appendix C, the open loop torque transfer 

function (Equation A.95) can be expressed as follows: 
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The transfer function of the torque PI controller (Equation A.96) can be expressed as follows: 

( )
s

K
KsC iT

pTT +=  (A.106) 
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Figure B. 8: Torque control loop with PI controller 

Initially, the required settling time and overshoot of the torque control loop are set as 

follows: settling time < 0.0015 and overshoot < 2%. By using these time domain 

specifications a pair of dominant conjugate poles can be calculated as:
 

38.53567.26662,1 j±−=ρ
 

 By using equation (A.99), iTK  can be expressed in terms of pTK  as follows: 

TpTTiT KK βα +=             (A.107) 

where 15.2774=Tα  and 61046.47−=Tβ  

By substituting TT βα ,  values in equation (A.100), we get: 
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Now draw the root locus of 
( )

( )TTTT
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2
. 

The interval of pTK
 
for guaranteed dominant pole placement can be obtained from the 

root locus plot as: 39≥pTK . 

For getting desired closed loop control performance the PI controller parameters are 

calculated from the root locus plot as: . 0006511.0, 3.49 == iTpT TK  For these parameters 

the root loci of the closed loop torque is obtained and it is shown in Figure B. 9. 
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Figure B. 9: Root loci of the closed loop torque control system 
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B.7  Design of Speed PI Controller 

The block diagram of the generalized unity feedback speed control loop with PI controller is 

shown in Figure B. 10. Where ( )sGTo  is the closed loop transfer function of the Torque 

control loop with PI controller and it is expressed as: 
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The transfer function of the speed PI controller (Equation A.96) can be expressed as follows: 
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Figure B. 10: Generalized block diagram of the speed control loop 

By assuming 0=LT  the block diagram of the speed control loop with PI controller is 

shown in Figure B. 11.  

∗
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Figure B. 11: Speed control loop with PI controller 

In Figure B. 11 the open loop speed transfer function can be expressed as follows: 
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sDsCs

BsA
sG

ωω

ωω
ω ++

+
=

23             
(A.111) 

where ,
J

KA
A

pTT=ω
 

, 
J

KA
B iTT=ω , BT+= pTT KACω  and .CT+= iTT KADω  

Initially, the required settling time and overshoot of the speed control loop are set as 

follows: settling time < 0.3 and overshoot < 2%. By using these time domain specifications a 

pair of dominant conjugate poles can be calculated as:
 

707.10333.132,1 j±−=ρ
 

By using equation (A.99), ωiK  can be expressed in terms of ωpK  as follows: 

ωωωω βα += pi KK              (A.112) 
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where 932121.=αω  and 26.026−=ωβ  

By substituting ωω βα ,  values in equation (A.100), we get: 
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The interval of ωpK
 
for guaranteed dominant pole placement can be obtained from the root 

locus plot (Figure B. 13) as: 14.2≥ωpK  
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Figure B. 12: Root locus of the closed loop speed control system w.r.t Kpω 

For getting desired closed loop control performance the PI controller parameters are 

calculated from the root locus plot (Figure B. 12) as: . 0561.0, 34.6 == ωω ip TK  For these 

parameters the root loci of the closed loop speed is obtained and it is shown in Figure B. 13. 
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Figure B. 13: Root locus of the closed loop speed control system 



 

Appendix C 

C.1 Rating and Specifications  
 

TABLE C.1 PARAMETERS AND RATINGS OF INDUCTION MOTOR 

Parameters Nominal values 

Stator resistance (Rs) 5.5 Ω 

Rotor resistance (Rr) 4.51 Ω 

Mutual inductance (Lm) 0.2919 H 

Stator self inductance (Ls) 0.3065 H 

Rotor self inductance  (Lr) 0.3065 H 

Inertia (J) 0.089 kg.m2 

Rated supply voltage (VL-L) 440 V (L-L) 

Rated speed (Wr) 1410 rpm 

Number of poles (P) 4 

Rated power (Pr) 

Sampling time (Ts) 

1.5 kW 

50 �s 

 

TABLE C.2 SPECIFICATIONS OF THE INTELLIGENT POWER MODULE 

Parameters Nominal values 

Three-phase supply 460 V 
DC Link voltage 750 VDC 

Diodes  1200 V/60 A  

IGBT 1200 V/25 A 

Dead time 5 �s 

Switching frequency 20 kHz 

Max. output voltage of fault terminal  3.3 V 

Max. value of speed terminal  2.6 V 

Break pulse amplitude 5 V 

The Max. Amplitude of PWM1 to PWM6 5 V 

Fault output current (IFO) 20 mA 

Fault output voltage (VFO) 20 V 

 
TABLE C.4 SPECIFICATION OF THE VOLTAGE SENSOR (LV-25P) 

Parameters Nominal values 

Primary nominal r.m.s current (IPN) 10 mA 

Secondary nominal r.m.s current (ISN)  25 mA 

Conversion ratio (K) 2500:1000 

Supply voltage (Vs) 

Response time @ 90% of VPN (tr) 
±12V-15 V 

40 �s 
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TABLE C.3 SPECIFICATION OF THE CURRENT SENSOR (LA-55P) 

Parameters Nominal values 

Primary nominal r.m.s current (IPN) 50 A 

Secondary nominal r.m.s current (ISN)  50 mA 

Conversion ratio (K) 1:1000 

Supply voltage (Vs) ±12 V-15 V 

Frequency bandwidth  (f) 
Reaction time @ 10% of IPN  

Response time @ 10% of IPN (tr) 

DC-200 kHz 

<500 �s 

<1 �s 

 

TABLE C.5 SPECIFICATION OF THE SPEED SENSOR 

Parameters Nominal values 

Supply voltage 4.5 V-5.5 V 

Supply current  50-70 mA 

Output pulse amplitude 512 Pulse per revolution 

 
C.2 PI Controller gain values 

TABLE C.6 GAIN VALUES OF PI SPEED CONTROLLER 

Gain Value 

Proportional ( �pK ) 6.34 

Integral ( �iT ) 0.0561 

 

TABLE C.7 GAIN VALUES OF PI TORQUE CONTROLLER 

Gain Value 

Proportional (
pTK ) 49.3 

Integral (
iTT ) 0.00065 

 

TABLE C.8 GAIN VALUES OF PI FLUX CONTROLLER 

Gain Value 

Proportional ( �pK ) 2660 

Integral ( �iT ) 0.00122 

 

TABLE C.9 GAIN VALUES OF PI ADAPTATION CONTROLLER 

Gain Value 

Proportional ( pAK ) 582 

Integral (
iAT ) 0.12 
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TABLE C.10 GAIN VALUES OF PI RESISTANCE CONTROLLER 

Gain Value 

Proportional (
spRK ) 26.7 

Integral (
siRT ) 0.0013 

C.3 PI Photographic view of the experimental prototype 

The prototype has been fabricated for testing the high performance DTFC of speed sensorless IM 

drive. The photographic view of the complete experimental setup is shown in Figure C.1. 
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Figure C.1: Photographic view of the complete experimental setup 
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