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Abstract 

Robust and precise speed control is of critical importance in high performance drive applications. 

Control schemes for AC machines are complicated as compared to DC machines since they 

exhibit nonlinear relationships between process variables e.g. speed and manipulated variables 

e.g. current, torque etc. Direct torque control (DTC) scheme offers faster and simpler control of 

AC machines with high dynamic performance but without extensively using coordinate 

transformations and hence with lesser computational burden on the processor. Artificial 

intelligent controllers (AIC) are capable of overcoming the limitations of the mathematical 

model dependent conventional fixed gain and existing adaptive controllers. In this thesis, an 

adaptive neuro-fuzzy inference system (ANFIS) based controller is proposed to improve the 

dynamic behavior of DTC based induction motor drive which offers the combined advantages of 

the flexibility of fuzzy logic and adaptability of neural networks. Hence the developed adaptive 

neuro-fuzzy controller can be utilized to minimize the effects of unavoidable system disturbances 

such as, system parameter variations, sudden impact of load changes etc. Since the use of 

intelligent controllers are very limited in the drives industry due to the relevant computational 

burden on the microprocessor, therefore, in order to reduce the computational burden, linear 

linguistic variables with an optimum number of membership functions have been selected for the 

adaptive neuro-fuzzy controller developed in this thesis. The effectiveness of the proposed NFC 

based DTC scheme of the IM drive is consolidated through the development of a simulation 

model using MATLAB/Simulink. The results obtained from the simulation of the proposed 

system are compared with the results from simulation of the same system using conventional 

proportional integral (PI) controller. The results have shown promising improvements both in the 

transient and steady state responses of the system. Further, as an integral part of the thesis, a 

fuzzy logic controlled dynamic voltage restorer (DVR) system has been developed in order to 

protect the induction motor drive system from the power quality problems (like- voltage sag, 

swell etc.). The DVR system was developed and simulated in MATLAB/Simulink environment 

to verify its functionality. The simulation results have confirmed the ability of the DVR system 

to perform at an expected level when used in conjunction with the induction motor drive. The 

DVR system kept the induction motor drive performance intact under both symmetrical and 

asymmetrical system fault conditions. 
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Chapter 1 

Introduction 

 

About fifty years elapsed from Faraday’s initial discovery of electro-magnetic induction in 1831 

to the development of the first induction machine by Nikola Tesla in 1888. He succeeded, after 

many years, at development of an electrical machine that didn't require brushes for its operation. 

This development marked a revolution in electrical engineering and gave a decisive impulse to 

the widespread use of polyphase generation and distribution systems. Moreover, the choice of 

mains frequency (50 Hz and 60 Hz) was established in the late 19th century because Tesla found 

it suitable for his induction machines. Now a day more than 60% of all the electrical energy 

generated in the world is used by the induction machines. Nevertheless induction machines (and 

AC machines in general) have been mostly used at fixed speed for more than a century. On the 

other hand DC machines have been used for variable speed applications using the Ward-Leonard 

configuration. This however requires three machines (two DC machines and an induction motor) 

and is therefore bulky, expensive and requires careful maintenance. 

With the advances of power electronics, new impulse was given to variable speed applications of 

both DC and AC machines. The former typically used thyristor controlled rectifiers to provide 

high performance torque, speed and flux control. The variable speed induction motor drives 

mainly use pulse width modulation (PWM) techniques to generate polyphase supply of a given 

frequency. Most of the induction motor drives are based on keeping a constant voltage/frequency 

(V/f) ratio in order to maintain a constant flux in the machine. Although the control of V/f drives 

is relatively simple, the torque and flux dynamic performance is extremely poor. As a 

consequence, great quantities of industrial applications that require good torque, speed or 

position control still use DC machines. The advantages of induction machines are clear in terms 

of robustness and price; however it was not until the development and implementation of the 

vector control method [also called field oriented control (FOC)] that the induction machines 

were able to compete with DC machines in high performance applications. The principle behind 



2 
 

vector control methods is that the machine flux and torque are controlled independently, in a 

similar fashion to a separately excited DC machine.  But at the same time it introduces the 

computational complexity of co-ordinate transformations and vector modulators. Considering the 

drawback of the field oriented control scheme, direct torque control (DTC) method was 

introduced which does not require the cumbersome co-ordinate transformations and vector 

modulators for its operation while performing at the same level of field oriented control. Because 

of its advantages, DTC became the focus of the research and development activities in the recent 

times.  

Alongside these highly efficient control methods, advance controllers are gaining popularity in 

the modern industrial drive realm and artificial intelligence controllers are at the core of it. With 

the advancement and increased performance demand from the industrial drive systems, it became 

necessary to introduce controllers with high efficiency as well as precise and adaptive 

controllability. Because of these quintessential features, artificial intelligence methods were 

introduced in the process of controller development with the likes of fuzzy logic, neural 

networks and neuro-fuzzy systems are in the forefront of it. Because of their design flexibility, 

lesser dependence on system mathematical models and adaptability, these artificial intelligence 

controllers have become the focus of research activities in area of controller development in 

recent times.      

 

1.1   Electric Motor Applications 

Electric motors are the workhorse of the manufacturing industry and they also play a key-role in 

the transportation industry. Variable speed drives are used in all industries to control precisely 

the speed of electric motors driving loads ranging from pumps and fans to complex drives on 

paper machines, rolling mills, cranes, traction systems and similar drives. In order to understand 

the requirements for adjustable speed drives, an overview about the fields of electrical motor 

applications is mentioned. Of the total number of electrical machine applications, less than 10 % 

require an adjustable speed drive [1]. Due to the increased demand for flexibility in 

manufacturing and due to the urge for rational use of electrical energy, the percentage is rapidly 

growing [2]. 
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• Constant torque: The requirement is to maintain torque constant independently of the speed. 

This is used in conveyors, mixers, screw feeders, extruders and positive displacement pumps for 

example, accounting for the majority of the electrical machine applications. These applications 

have high friction loads with little or no inertia, requiring starting torque much higher than rated. 

• Variable torque (continuously variable load): Low torque is needed at low speeds and high 

torque at high speeds. This is used for centrifugal loads such as fans, pumps and blowers, being 

second place in number of applications. Speed can be controlled to adjust air or liquid flow. 

• Constant power: High torque is needed at low speeds and low torque at high speeds. This is 

used in the machine tool industry, e.g. cutters and lathes, where usually DC motors are used. 

Motor applications for electric vehicles could also be classified under this category. Crucial 

factors, affecting the choice of an adjustable speed drive, include among others: rating, cost, 

speed range, efficiency, speed regulation, braking requirements, reliability, power factor, power 

supply availability, environmental considerations, [3]. The basic applications of electrical motors 

show that motion control of an electrical machine can be focused to one or more of the following 

objectives: Speed, torque and position control.  

 

1.2   Alternating Current Motors  

In the past, DC motors were used extensively in applications where high performance variable 

speed operation and controlled torque were required. In a separately excited DC motor, flux and 

torque can be easily controlled by the field and armature currents. The main drawback of the DC 

motors is the use of a commutator and brushes. This leads to constant maintenance, limited use 

in explosive environments and limited use in high-speed and high-voltage applications.  

Alternating current motors present several advantages over their DC counterparts: they are more 

robust and smaller for the same power rating. This means lower rotating mass that can be 

translated into higher operating speeds and faster acceleration. The induction motor advantages 

also include the lack of electrical connections that can generate sparks or dust. Thus, they are 

suitable for explosive environments, clean-room areas and for low maintenance applications.  

Among alternating current motors, induction motor and permanent magnet synchronous motor 

are the most prominent names. In comparison with the other AC machines, the induction motors 
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have the simplest of the constructions, hence the implementation of the speed control methods 

for the induction motors are simpler, efficient, precise and economic. In recent times, induction 

motors are gaining popularity in the adjustable speed drive market even more than before. 

However, a major impetus to the use of the permanent magnet synchronous motor (PMSM) has 

been caused by the introduction of neodymium-iron-boron materials in 1983. Magnets are used 

to produce the magnetic field rather than employing a magnetizing component of stator current 

as in the induction motor. Furthermore, there is no equivalent of the loss in the rotor bars of an 

induction motor. Significant advantages arise from the simplification in construction, the 

reduction of losses and the efficiency improvement. Currently, induction motors and PMSM are 

being used extensively in applications requiring high-dynamic and accurate control of both 

speeds and position.  

Apart from induction motor drives and PMSM, there is a wide variety of different electrical AC 

motors available for use with variable speed drives, e.g. brushless DC motor, switched reluctance 

motor, synchronous reluctance motor. No single motor type is ideal for all applications. 

However, the former are usually used for high performance drive applications and they form the 

motor types considered extensively within literature.  

In the last three decades, important advances in the power semiconductor and control technology 

areas have led to new adjustable speed-drives for AC motors. Unfortunately, AC motor 

mathematical models are much more complex than those of the DC motor and thus require more 

complex control schemes and more expensive power converters to achieve speed and torque 

control. Using advanced control approaches like field-oriented control (FOC) or direct torque 

control (DTC), a dynamic performance at least equivalent to that of a DC motor can be achieved.  

 

1.3 Induction Motors  

Induction motor is the most popular electromechanical energy conversion device for the industry 

due to its simple and robust construction. Depending on the demand, IMs are manufactured from 

fraction to thousands of horse powers. Based on the construction of the rotor, IMs are classified 

as wound rotor type and squirrel cage rotor type. Almost 90% of the industrial IMs are squirrel 

cage rotor type. The typical advantages of squirrel cage rotor type are rugged structure, no 

electrical connection to the rotating part, efficient high overload capability, low cost, compact, 
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least maintenance requirement and due to inaccessible rotor it can work even in the most volatile 

environment. The wound type IM has only edge that the rotor is accessible. This feature might be 

used to improve the starting torque. A cross-sectional view of the IM is shown in Fig.1.1, clearly 

showing the rotor and stator windings. 

 

 
Fig.1.1: Induction Motor [2] 

 

The rotor of a squirrel cage induction motor is shown in Fig.1.2.  

 
Fig.1.2: Rotor of a squirrel cage Induction Motor [2] 

AC induction motors are the most common motors used in industrial motion control systems, as 

well as in mains powered home appliances. Simple and rugged design, low-cost, low 

maintenance and direct connection to an AC power source are the main advantages of AC 

induction motors. AC induction motor design is quite simple and its speed depends upon the 

three basic parameters namely –  

1. The fixed number of winding sets (known as poles) built into the motor, which 

determines the motor's base speed.  
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2. The frequency of the AC line voltage. Variable speed drives change this frequency to 

change the speed of the motor.  

3. The amount of torque loading on the motor, which causes slip.  

The induction motor has further advantages over the other types of AC machines because of it 

being the lowest cost motor for applications requiring more than about 1/2 HP (325 watts) of 

power. This is due to the simple design of the induction motors. For this reason, induction 

motors are overwhelmingly preferred for fixed speed applications in industrial applications and 

for commercial and domestic applications where AC line power can be easily attached. Over 

90% of all motors are AC induction motors. They are found in air conditioners, washers, dryers, 

industrial machinery, fans, blowers, vacuum cleaners, and many, many other applications. The 

simple design of the induction motors also results in extremely reliable, low maintenance 

operation. Unlike the DC motor, there are no brushes to replace. If run in the appropriate 

environment for its enclosure, the induction motors can expect to need new bearings after several 

years of operation. If the application is well designed, an induction motor may not even need 

new bearings for more than a decade. Among the AC machines, the squirrel-cage induction 

motor has additional advantages: it is simple and rugged and is one of the cheapest machines 

available.  

However, speed control and position control is complex and in the expensive side but only 

slightly in comparison with its DC counterpart of the same capability. The electronics required to 

handle an AC inverter drive are considerably more expensive than those required to handle a DC 

motor. However, if performance requirements can be met, meaning that the required speed range 

is over 1/3rd of base speed, AC inverters and AC motors are usually more cost-effective than DC 

motors and DC drives for applications larger than about 10 HP, because of cost savings in the 

AC motor. Because of all these advantages and industrial demand of the AC induction motors, 

this work focuses on the development of a precise speed control system for the induction motors 

using intelligent controller. 
 

1.4 Control Methods for AC Machines 

Control technology of AC motor drives has improved dramatically during the last two decades. 

This trend owes its progress to the new control techniques and philosophies developed by several 

researchers around the world. The implementation of those concepts was possible due to 
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technological developments such as the digital signal processor based controllers and the new 

power semiconductors.  

Variable speed or adjustable torque control of electrical motor drives are crucial components in 

almost all modern industrial manufacturing processes. Traditionally variable speed electric 

machines were based on DC motors, but, for the last 20 years, the inverter-fed AC motors have 

largely taken over as the preferred solution for variable speed applications. For low performance 

applications, open loop voltage/frequency control strategies are employed. Considering high-

performance motion control, field oriented control (FOC), or more recently direct torque control 

(DTC) are used. Using these techniques, both the induction motor and the permanent magnet 

synchronous motor (PMSM) can be applied even in high performance servo applications that 

were once the exclusive domain of the DC machines. Both FOC and DTC are strategies that 

allow torque and flux to be decoupled and controlled independently. Compared to the DC 

machine, the AC motor drive control strategy effectively becomes similar. Among the two most 

prominent strategies, DTC has the edge over the FOC since it offers lesser computational burden 

on the processor and it also offers simpler implementation and faster control. Moreover it is a 

comparatively newer method and modern research is focused around its development and real 

time implementation issues. Hence this work also concentrates in the DTC as the control strategy 

of the induction motor drive.  

 

1.5 Literature Review  

All the advancements in motor drives are thankful to the revolution of power electronics, signal 

processing techniques implemented on platforms using microprocessor and digital signal 

processors (DSPs). After 1970s these devices have made it economically possible to apply new 

algorithms for the motor control schemes. The only requirement to implement a high 

performance drive system is the availability of a voltage source with variable amplitude and 

frequency. Before the advancement of power electronics, the only option to change the motor 

field was to vary its number of poles. That method was very costly with very little flexibility. 

Alongside it is very much essential to implement a suitable and efficient control scheme for 

controlling the motor. The control scheme should be capable of providing high dynamic 

performance over a wide speed and torque limits at the same time it should be simple, fast and 

efficient thus providing a reduced response time for the controller.  
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1.5.1 Literature Review on Control Schemes 

The ideal goal of a control scheme is that the machine follows the command trajectory and it 

operates within the rated parameters with maximum efficiency. The controller can be 

implemented to control either the speed of the motor or the torque of the motor depending upon 

the purpose it is being designed to serve. When variable speed drive (VSD) operates in the 

‘Torque Control’ mode, its speed is left uncontrolled and is determined by the load. Similarly, in 

‘Speed Control’ mode, the torque is left uncontrolled and is determined by the load. Principally, 

there are two major control strategies. The first primitive one is the scalar or non-vector control 

used for low performance drives. This scheme uses the stator voltage or current as the control 

parameter for speed or torque control respectively. The basic idea is to keep the stator field 

constant by varying the magnitude of the voltage/ current and frequency [4]. The main advantage 

of this scheme is the simplicity and it can be used in both feed forward and feedback loops. The 

major disadvantages are its low accuracy and its unsatisfactory response under transient 

conditions although its response is satisfactory under steady state conditions [5, 6]. Due to its 

simplicity, this scheme is still used by the industries. 

Contrarily, in vector control scheme both the magnitude and the phase angle of the alternating 

current (manipulated variable) are controlled. It means the position vector of the manipulated 

variable is known after each sampling time for discrete control scheme. These characteristics, 

contrary to the scalar control system, enable the controller to control both the transient and 

steady state conditions of the system [7, 8]. In vector control of AC machines, the torque and 

flux producing components are decoupled (being orthogonal to each other) and are controlled 

independently like a separately excited DC machine [9]. These schemes do the same job but in a 

different way. They control the motor torque and flux in order to track the command trajectory 

irrespective to the system conditions and disturbances. Both schemes have been successfully 

implemented by the industry for high performance drives. The major drawback of the vector 

control schemes is the computational burden rendered by the vector coordinate transformations 

as well as the motor parameter dependence of the whole method [10]. 

For vector control of AC motors, the concept of field oriented control (FOC) was introduced by 

Blasekke in 1970s [11]. The stator current is transformed into its real (flux producing) and 

imaginary (torque producing) components. Orthogonal nature of these components makes it 
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feasible to control them independently [12, 13]. This scheme due to its accuracy is used in the 

high performance drives. The drawback compared to scalar control is that this scheme for its 

implementation needs a lot of computation for conversion of parameters to a reference frame. 

This drawback is not of significant importance after the common use of microprocessors. After 

its sensorless application by Toyo Electric Mfg. Co. Ltd. Japan, this technique became gradually 

more popular in the industry [14]. 

The direct torque control was introduced by Takahashi and Depenbrock in 1980s [15, 16]. The 

idea to control an IM using direct torque control is quite similar to the FOC in the sense that both 

the motor field and torque are controlled independently. The difference is that in FOC the motor 

torque and stator flux linkage are controlled indirectly by the imaginary and real component of 

the stator current respectively. While in DTC these quantities are controlled directly. Therefore, 

DTC is faster than FOC. The coordinate transformations and pulse width modulation (PWM) 

regulators are not necessary in DTC as those were in FOC. The DTC scheme is only sensitive to 

stator resistance which is a static component and undergoes comparatively smaller variations 

during operations as compared to rotor resistance. These aspects make DTC scheme simpler for 

computations [17, 18]. The DTC scheme for control of AC machines is becoming more popular 

since its first sensorless application introduced by ABB in 1995 [19]. According to ABB, the 

DTC is the ultimate and most advanced AC drive technology. The DTC is almost ten times faster 

for any AC or DC drive as compared to FOC. The dynamic speed accuracy is eight times than 

any open loop AC drive and comparable to a DC drive that is using feedback [20]. The current 

industry is looking for a simple, reliable, faster, efficient, low noise producing and economical 

motor drive scheme. The only available variable speed drive matching most of the desired 

requirements is an IM drive with DTC scheme.        
 

1.5.2 Literature Review on Controllers 

The mathematical model of an IM is nonlinear. Researchers have developed different controllers 

for this nonlinear model of the IM. The Proportional-Integral-Derivative (PID) controller was in 

use for governor design system since long time.  But the first analysis of the PID controller was 

made by Minorshy [21]. Due to its simplicity and acceptable results this most primitive 

controller is still used in the industry. The derivative part of the controller creates problem in real 

time implementation. It amplifies noise and needs a low pass filter (LPF) for its operation. 
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Therefore the most common form of this controller is proportional-integral (PI) controller which 

excludes the derivative part. The working of the PI controller is explained in Fig. 1.3. The 

acronyms SP, PV and MV stands for the set/ reference point, process/ measured variable and 

manipulated variable respectively. Mathematically the output of the PI controller may be 

described by the following relation: 

ݑ ൌ .௣ܭ  ݁ሺݐሻ ൅ ௜ܭ ׬ ݁ሺ߬ሻ௧
଴ ݀߬                                               (1.1) 

Where, ‘e’ is the difference between the reference and measured values of the control variable. 

The PI controller is characterized by high overshoot and almost no steady state error. The overall 

performance of the conventional PI controller is compromising because it does not have any 

direct knowledge of the process. The fixed gain PI controller is inherently sensitive to parameter 

variations and disturbances of the system and is difficult to use in high performance drives [22]. 

 

 

 

 

 

 

 

Fig.1.3: Closed Loop Block Diagram of a Conventional PI Controller 

The researchers proposed different techniques to overcome the inherited problems with a PI 

controller [23, 24]. They tuned the parameters of a PI controller using both off-line [23] and 

online [24] methods. However the new controller introduced complex tuning rules and requires 

very long sampling time up to 50 ms, which is not acceptable for high performance drives. 

The problem of sensitivity to system parameter change and disturbances was resolved by the 

introduction of adaptive controllers. The idea behind the adaptive controller is that they update 

the system parameters at each sampling time. Researchers have proposed mainly three types of 

adaptive controllers [25-27]. These controllers modify the control laws to mitigate the parameter 
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changes and system disturbances. This is achieved by changing the system gains in such a way to 

converge the tracking error between reference and the actual machine models. 

Sliding mode control (SMC) is comparatively a simpler adaptive technique [28, 29]. Due to 

discrete nature of control system and limitation of sampling time this technique causes motor 

chattering around set points [30]. These vibrations cause stress on the load and can damage the 

motor bearings. The latest nonlinear control technique, called adaptive back-stepping (AB) 

control technique was introduced in 1990s [31]. This recursive technique is called back-stepping 

because it starts with some virtually stable system and progressively steps back to the actual 

system guaranteeing stability at each step [32]. This method was used along with field oriented 

control principle to control IM by Tan et. al. [33]. The major problem with this technique is the 

availability of finding an absolutely correct mathematical model of the IM. 

The researchers [34-36] claimed that, under ideal conditions it is possible to design globally 

stable adaptive systems. But it was proved that for modeling errors (e.g. bonded disturbances 

and/or un-modeled dynamics), the adaptive scheme designed for ideal conditions may go 

unstable [37].  The main reason for this instability was the adaptive law for estimation of 

parameters that made the closed loop system nonlinear and more susceptible to modeling errors. 

The precise dynamic control of IM is complicated by the nonlinear relation between the winding 

currents (manipulated variable) and rotor speed (process variable). The nonlinearity in the motor 

developed torque due to the magnetic saturation of the core adds further complexity for the 

controller [38]. The core advantage of the artificial intelligent (AI) controllers is that they don’t 

need the exact mathematical model of the system and it can cope with system nonlinearities and 

disturbances [39]. The requirement for AI controllers for high performance variable speed drives 

proper functioning is the approximate system mathematical model to handle the system 

nonlinearities and disturbances [40-42]. 

The basic concept for the first type of artificial intelligent controllers (AIC), called the fuzzy 

logic controller (FLC) was introduced by Lotif Zadeh [43]. Both fuzzy sets and fuzzy logic are 

based on the pattern the human brain deals with inaccurate information. The performance of the 

fuzzy logic control and decision system depends on the input and output membership functions, 

the fuzzy logic rules and the fuzzy inference mechanism. Ideally, the FLC can handle any kind of 

system nonlinearities [44]. Many researchers developed different FLCs based on their experience 
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of the drive behavior, for the FOC/ DTC based IM drives [45-52]. Most of the times, in DTC 

scheme, the researchers have used FLC to replace the flux/ torque hysteresis controllers. The 

FLC has been used to improve the torque response of the DTC based IM drive by replacing the 

conventional hysteresis comparators [45-48]. The target is to convert the fixed hysteresis 

bandwidth to a variable parameter dependent on the torque/ speed variations. But the use of 

extensive membership functions and rules make the system cumbersome. Especially the author 

of [46] has used 180 fuzzy rules which are almost impossible to implement in real time. Most of 

the reported works on the FLC based drive system is provided in simulation only due to the high 

computational burden. Therefore in this thesis instead of a complicated FLC, the conventional 

simple linear hysteresis controller model is used to achieve the optimum torque ripple and 

switching frequency of the voltage source inverter (VSI). 

The artificial neural networks (ANN) has preference over the FLC that they are capable of 

learning the desired mapping between the inputs and outputs of the drive system stability and 

they don’t require too much knowledge about the system behavior as well [53]. The ANNs are 

modeled after the physical architecture of the brain to solve a problem. The accuracy of the 

performance of an ANN is based on the computational function of the neurons and the structure 

of the network [54]. The researchers have used ANN to produce the VSI input voltage vector 

from the error signals [55, 56]. The author of [55]has used two neural networks. The first ANN 

finds position of the stator flux linkage vector. Though, the DTC scheme for its operation just 

required the sector where the flux linkage vector is lying and not its actual position. The second 

ANN is used just to replace the conventional DTC table without modifying its functionality. The 

author of [56] has also used the artificial intelligence to produce the look up tables. Both the 

citations don’t have real time results. 

To improve the speed response, another work on DTC scheme has been reported by the 

researchers et. al.[57]. The authors in this work have used a hybrid controller, switching PI 

controller for steady state and a FLC for transient states. The switching mechanism is based on 

the magnitude of the speed error. The switching transition of the controller always create real 

time problem. Further PI controller is used in steady state which is highly sensitive to motor 

parameters and system disturbances. Even FLC has no learning mechanism and is designed 

based on trial and error.    
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1.6 Problem Identification and Thesis Motivation 

After brief literature review, it is fair to say that induction motor is one of the most efficient 

motors in the drive technology. Faster response, quicker recovery from any disturbances and 

insensitivity to parameter variations are some of the main criteria in high performance drive 

system used in robotics, industrial processes and machine tools etc. As discussed in the literature 

review, the conventional controllers like – proportional integral (PI) controller, proportional 

integral derivative (PID) controllers are widely used in the control of both AC and DC machines. 

But these controllers are difficult to design since they are completely dependent on mathematical 

model of the system to be controlled. Moreover they are also sensitive to the parameter 

variations during the system operations and show no adaptability. Further, unknown load 

dynamics and other factors such as- noise, temperature adversely affect the performance of these 

controllers. The conventional adaptive controllers such as- model reference adaptive controller 

(MRAC), sliding mode controller (SMC), variable structure controller (VSC) and self tuning 

regulator (STR) are involved in the system with large number of unknown parameters. 

Moreover, these controllers are dependent upon system mathematical models. Hence 

unavailability of accurate system model often leads to cumbersome design approach for these 

controllers. 

In modern times, an increasing interest in the application of artificial intelligence especially the 

hybrid combination of the neural network and fuzzy logic called the neuro-fuzzy systems in 

control applications has been observed. In high performance drive applications involving 

induction motors, the adaptive hybrid neuro fuzzy inference system can play a key role in speed 

control applications.  

The primary motivation of this research work is to design a precise and efficient speed control of 

induction motor drive based on the adaptive neuro-fuzzy inference system (ANFIS). Since the 

direct torque control (DTC) scheme is simpler and faster than the field oriented control (FOC) 

scheme, it is declared as a control strategy for the induction motor drive speed control in this 

work. The biggest problem in this scheme is the large ripples in the torque and stator flux both in 

steady and transient states. As discussed in the literature, various researchers have suggested 

different schemes based on the complicated neuro-fuzzy techniques to reduce these ripples. 

Therefore, in this thesis, a new simple and very low computation intensive adaptive hybrid neuro 
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fuzzy inference system based speed controller is proposed and implemented in the speed control 

loop of a DTC based induction motor drive in order to achieve precise speed control and to 

reduce the motor torque and stator flux ripples. Moreover, a fuzzy logic controlled dynamic 

voltage restorer (DVR) is also developed in order to prevent power quality problems (i.e. voltage 

sag, swell, interruptions etc.) from interrupting the operation of the proposed ANFIS controller 

based direct torque control scheme based induction motor drive speed control system.    

 

1.7 Thesis Organization 

The remaining part of this thesis is organized in the following sequence. 

Chapter -2 is devoted to the modeling of an induction motor for the direct torque control scheme. 

It covers the space phasor model of the induction motor as well as the mathematical relationships 

of torque and flux linkages in the motor. 

Chapter-3 analyzes the conventional DTC scheme. Motor torque and flux linkages are elaborated 

and the factors affecting the production of these quantities are discussed.  

Chapter-4 provides a detail discussion about the functioning of an adaptive hybrid neuro-fuzzy 

controller. Then a NFC has been proposed for improving the dynamic behavior of the DTC 

based IM drive. The detailed design of the proposed NFC including input/ output membership 

functions, the network structure and training methods of the network are also discussed in this 

chapter. 

Chapter-5 discusses the simulation results obtained from the MATLAB/ Simulink simulation of 

the proposed system under various operation conditions. 

Chapter-6 introduces the concept of the dynamic voltage restorer (DVR) for the induction motor 

drive and presents the development of the simulation model for the proposed DVR in Simulink 

platform and also discusses the results obtained from the simulations under different system fault 

conditions. 

Chapter-7 summarizes the research work presented in this thesis and discusses the scope for 

future works also. 
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Chapter 2 

Modeling of Induction Motor for Direct Torque 
Control 

 

The design of any kind of controller is based on the plant/machine dynamic model. The tolerance 

levels for different machine models are entirely different due to machine ratings and design. The 

machine model should be simple so that it could be implemented easily and at the same time it 

should be so accurate to provide acceptable results. So, there exists a compromise between 

accuracy and economy. The transient and steady state behavior are entirely different in nature. 

The model must be capable of working in both states. Generally, an induction motor is modeled 

by using space-phasor or two axes theory [58]. In this thesis, the space-phasor theory is preferred 

since it provides more understanding of the physical image of the system. 

For the induction motor, the following assumptions are made to derive the mathematical model: 

- Rotor core never saturates 

- Uniform air gap between rotor and stator windings 

- Machine iron losses and effects are neglected 

- Both stator and rotor windings are full pitched coils 

- Slotting effects are neglected 

- Unity winding factor 

- Machine MMFs are pure sinusoidal centered on the magnetic axis of the respective winding. 

- Zero Magnetic reluctance of the stator and rotor cores 

- Flux density is radial in air gap between stator and rotor 

- Symmetrical two pole machine 

- Both rotor and stator have balanced three phase windings. 
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analysis in terms of complex algebra which is easier to comprehend. Similar analysis can be 

made for the other motor parameters like voltages etc. 

Fig.2.3 (a) and (b) shows the stator currents in the three phase stator winding and stator and rotor 

current phasors of IM respectively. In both cases the net flux linkage rotates with the 

synchronous speed. For balanced three phase system, the resultant stator space phasor flux 

linkage can be expressed as follows: 

                                                                   ߰௦ሬሬሬሬሬԦ ൌ ଶ
ଷ
 [ ߰௦௔ሬሬሬሬሬሬԦ ൅ ܽ߰௦௕ሬሬሬሬሬሬሬԦ ൅ ܽଶ߰௦௖ሬሬሬሬሬሬԦ ]                                              (2.1.a) 

or 

                                                                        ߰௦ሬሬሬሬറ ൌ |߰௦| ݁௝ఏ                                                              (2.1.b)   

 

                                     

Fig.2.3: (a) Three phases of stator currents [4]         (b) Equivalent phasor in two axes [4]   

 

The α-β axes equivalent of IM stator winding is shown in Fig.2.3 (b). From α-β - axes equivalent 

of flux linkage vectors, the following mathematical relation can be easily deduced: 

                                                                    ߰௦ሬሬሬሬሬԦ ൌ [ ߰௦௔ሬሬሬሬሬሬԦ ൅ ݆߰௦௕ሬሬሬሬሬሬሬԦ ሿ                                                             (2.2) 

 

Comparing (2.1.a) and (2.2)  

                                             ܴ݁൫ ߰௦ሬሬሬሬሬԦ൯ ൌ ܴ݁ሼଶ
ଷ
 [ ߰௦௔ሬሬሬሬሬሬԦ ൅ ܽ߰௦௕ሬሬሬሬሬሬሬԦ ൅ ܽଶ߰௦௖ሬሬሬሬሬሬԦ ]} =  ߰௦ఈሬሬሬሬሬሬሬറ                                    (2.3) 
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൫ ߰௦ሬሬሬሬሬԦ൯݉ܫ                                       ൌ ሼଶ݉ܫ
ଷ
 [ ߰௦௔ሬሬሬሬሬሬԦ ൅ ܽ߰௦௕ሬሬሬሬሬሬሬԦ ൅ ܽଶ߰௦௖ሬሬሬሬሬሬԦ ]} =  ߰௦ఉሬሬሬሬሬሬሬറ                                    (2.4) 

Based on assumptions made in the opening paragraph of this chapter and considering only one 

stator and rotor winding for each phase, as single, multi-turn full pitch coils located on the two 

sides of the smooth air gap, the schematic diagram of IM is shown is shown in Fig.2.4. The 

phase windings of both stator and rotor are spaced 120 electrical degrees apart from each other. 

In the frame of reference attached to the stationary stator, the voltage equations for the stator are 

given as follows: 

                                                                  ௦ܸ௔ ൌ ܴ௦݅௦௔ ൅ ௗ
ௗ௧

ሺ߰௦௔ሻ                                                        (2.5.a) 

                                                                  ௦ܸ௕ ൌ ܴ௦݅௦௕ ൅ ௗ
ௗ௧

ሺ߰௦௕ሻ                                                       (2.5.b) 

                                             ௦ܸ௖ ൌ ܴ௦݅௦௖ ൅ ௗ
ௗ௧

ሺ߰௦௖ሻ                                                        (2.5.c) 

 

 

Fig.2.4: Schematic diagram of an IM winding [2] 

 

Following the same pattern, the mathematical relations for the rotor voltages in the rotor's frame 

of reference can be expressed as: 

௥ܸ௔ ൌ ܴ௥݅௥௔ ൅ ௗ
ௗ௧

ሺ߰௥௔ሻ                                                       (2.6.a) 

௥ܸ௕ ൌ ܴ௥݅௥௕ ൅ ௗ
ௗ௧

ሺ߰௥௕ሻ                                                      (2.6.b) 

௥ܸ௖ ൌ ܴ௥݅௥௖ ൅ ௗ
ௗ௧

ሺ߰௥௖ሻ                                                       (2.6.c) 
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Considering all the magnetic interactions between stator and rotor, the total flux linkage of each 

of the stator phase winding is given as follows: 

߰௦௔ ൌ ௦݅௦௔ܮ ൅ ௦݅௦௕ܯ ൅ ௦݅௦௖ܯ ൅ ௦௥݅௥௔ܯ cos ௠ߠ ൅ ௦௥݅௥௕ܯ cosሺ ௠ߠ ൅ ଶగ
ଷ

 ሻ ൅ ௦௥݅௥௖ܯ cosሺ ௠ߠ ൅ ସగ
ଷ

 ሻ   (2.7.a) 

߰௦௕ ൌ ௦݅௦௕ܮ ൅ ௦݅௦௔ܯ ൅ ௦݅௦௖ܯ ൅ ௦௥݅௥௕ܯ cos ௠ߠ ൅ ௦௥݅௥௖ܯ cosሺ ௠ߠ ൅ ଶగ
ଷ

 ሻ ൅ ௦௥݅௥௔ܯ cosሺ ௠ߠ ൅ ସగ
ଷ

 ሻ  (2.7.b) 

߰௦௖ ൌ ௦݅௦௖ܮ ൅ ௦݅௦௔ܯ ൅ ௦݅௦௕ܯ ൅ ௦௥݅௥௖ܯ cos ௠ߠ ൅ ௦௥݅௥௔ܯ cosሺ ௠ߠ ൅ ଶగ
ଷ

 ሻ ൅ ௦௥݅௥௕ܯ cosሺ ௠ߠ ൅ ସగ
ଷ

 ሻ   (2.7.c) 

 

Similarly for each of the rotor phase, the flux linkages are given as: 

߰௥௔ ൌ ௥݅௥௔ܮ ൅ ௥݅௥௕ܯ ൅ ௥݅௥௖ܯ ൅ ௦௥݅௦௔ܯ cosሺെߠ௠ሻ ൅ ௦௥݅௦௕ܯ cosሺ െߠ௠ ൅ ଶగ
ଷ

 ሻ ൅ ௦௥݅௦௖ܯ cosሺ െߠ௠ ൅ ସగ
ଷ

 ሻ   (2.8.a) 

߰௥௕ ൌ ௥݅௥௕ܮ ൅ ௥݅௥௔ܯ ൅ ௥݅௥௖ܯ ൅ ௦௥݅௦௕ܯ cosሺെߠ௠ሻ ൅ ௦௥݅௦௖ܯ cosሺ െߠ௠ ൅ ଶగ
ଷ

 ሻ ൅ ௦௥݅௦௔ܯ cosሺ െߠ௠ ൅ ସగ
ଷ

 ሻ   (2.8.b) 

߰௥௖ ൌ ௥݅௥௖ܮ ൅ ௥݅௥௔ܯ ൅ ௥݅௥௕ܯ ൅ ௦௥݅௦௖ܯ cosሺെߠ௠ሻ ൅ ௦௥݅௦௔ܯ cosሺ െߠ௠ ൅ ଶగ
ଷ

 ሻ ൅ ௦௥݅௦௕ܯ cosሺ െߠ௠ ൅ ସగ
ଷ

 ሻ    (2.8.c) 

 

Where, ψ, L and M represents flux linkage, self inductance and mutual inductance respectively. 

The first subscript (e.g. ‘r’ and‘s’) stands for the rotor and stator of IM. ߠ௠ represents the rotor 

mechanical angle with respect to the stationary stator frame.  

Combining all equations from (2.1.a) to (2.8.c), the matrix form for the voltage mathematical 

model of IM can be obtained as: 

ۏ
ێ
ێ
ێ
ێ
ۍ ௦ܸ௔

௦ܸ௕
௦ܸ௖
௥ܸ௔
௥ܸ௕
௥ܸ௖ ے

ۑ
ۑ
ۑ
ۑ
ې

ൌ

ۏ
ێ
ێ
ێ
ێ
ێ
ۍ

ܴ௦ ൅ ௦ܮ݌
௦ܯ݌

௦ܯ݌
ܴ௦ ൅ ௦ܮ݌

௦ܯ݌ ௦௥ܯ݌               cos ௠ߠ ௦௥ܯ݌ cos ଵߠ ௦௥ܯ݌ cos ଶߠ
௦ܯ݌ ௦௥ܯ݌               cos ଶߠ ௦௥ܯ݌ cos ௠ߠ ௦௥ܯ݌ cos ଵߠ

௦ܯ݌ ௦ܯ݌ ܴ௦ ൅ ௦ܮ݌ ௦௥ܯ݌      cos ଵߠ ௦௥ܯ݌ cos ଶߠ ௦௥ܯ݌ cos ௠ߠ
௦௥ܯ݌ cos ௠ߠ
௦௥ܯ݌ cos ଵߠ
௦௥ܯ݌ cos ଶߠ

௦௥ܯ݌ cos ଶߠ
௦௥ܯ݌ cos ௠ߠ
௦௥ܯ݌ cos ଵߠ

௦௥ܯ݌ cos ଵ   ܴ௥ߠ ൅ ௥ܮ݌ ௥ܯ݌                      ௥ܯ݌        
௦௥ܯ݌ cos ଶߠ ௥ܯ݌                   ܴ௥ ൅ ௥ܮ݌ ௥ܯ݌               
௦௥ܯ݌ cos ௠ߠ ௥ܯ݌              ௥ܯ݌                   ܴ௥ ൅ ௥ܮ݌ ے

ۑ
ۑ
ۑ
ۑ
ۑ
ې

ۏ
ێ
ێ
ێ
ێ
ۍ
݅௦௔
݅௦௕
݅௦௖
݅௥௔
݅௥௕
݅௥௖ ے

ۑ
ۑ
ۑ
ۑ
ې

   

(2.9) 

Equation (2.9) can be written as: 

ۏ
ێ
ێ
ێ
ێ
ۍ ௦ܸ௔

௦ܸ௕
௦ܸ௖
௥ܸ௔
௥ܸ௕
௥ܸ௖ ے

ۑ
ۑ
ۑ
ۑ
ې

ൌ

ۏ
ێ
ێ
ێ
ێ
௦ܴۍ

0
0

ܴ௦

0 0 0 0
0 0 0 0

0 0 ܴ௦ 0 0 0
0
0
0

0
0
0

0 ܴ௥ 0 0
0 0  ܴ௥ 0
0 0 0 ܴ௥ ے

ۑ
ۑ
ۑ
ۑ
ې

ۏ
ێ
ێ
ێ
ێ
ۍ
݅௦௔
݅௦௕
݅௦௖
݅௥௔
݅௥௕
݅௥௖ ے

ۑ
ۑ
ۑ
ۑ
ې

൅ ݌

ۏ
ێ
ێ
ێ
ێ
ێ
ۍ

௦ܮ
௦ܯ݌

௦ܯ
௦ܮ

௦ܯ ௦௥ܯ      cos ௠ߠ ௦௥ܯ cos ଵߠ ௦௥ܯ cos ଶߠ
௦ܯ ௦௥ܯ       cos ଶߠ ௦௥ܯ cos ௠ߠ ௦௥ܯ cos ଵߠ

௦ܯ݌ ௦ܯ݌ ௦ܮ ௦௥ܯ        cos ଵߠ ௦௥ܯ cos ଶߠ ௦௥ܯ cos ௠ߠ
௦௥ܯ cos ௠ߠ
௦௥ܯ cos ଵߠ
௦௥ܯ cos ଶߠ

௦௥ܯ cos ଶߠ
௦௥ܯ cos ௠ߠ
௦௥ܯ cos ଵߠ

௦௥ܯ cos ௥ܯ                  ௥ܯ           ௥ܮ        ଵߠ
௦௥ܯ cos ଶߠ ௥ܯ                ܴ௥ ൅ ௥ܮ݌ ௥ܯ݌        
௦௥ܯ cos ௠ߠ ௥ܯ          ௥ܯ       ے௥ܮ                     

ۑ
ۑ
ۑ
ۑ
ۑ
ې

ۏ
ێ
ێ
ێ
ێ
ۍ
݅௦௔
݅௦௕
݅௦௖
݅௥௔
݅௥௕
݅௥௖ ے

ۑ
ۑ
ۑ
ۑ
ې

 

(2.10) 
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Where, 

ଵߠ ൌ ௠ߠ ൅ ଶగ
ଷ

                                                                (2.11) 

ଶߠ ൌ ௠ߠ ൅ ସగ
ଷ

                                                                (2.12) 

This model is non-linear since it contains the parameters like rotor position which is a non-linear 

function of time. Additionally, under saturation conditions, the inductances may vary with 

currents. This model is too complex because it contains a bundle of mutual inductances. 

 

2.1.2 Space Phasor Model in Two Axes 

Park's transformation can be used to convert a, b, c to α-β reference frame as: 

 

቎
௦ܸ଴
௦ܸఈ
௦ܸఉ

቏ ൌ ଶ
ଷ

ۏ
ێ
ێ
ۍ 1 √2⁄ 1 √2⁄ 1 √2⁄

cos ߠ cosሺߠ െ ଶగ
ଷ

ሻ cosሺߠ ൅ ଶగ
ଷ

ሻ

െsin ߠ െ sinሺߠ െ ଶగ
ଷ

ሻ െ sinሺߠ ൅ ଶగ
ଷ

ሻے
ۑ
ۑ
ې

൥
௦ܸ௔
௦ܸ௕
௦ܸ௖

൩                              (2.13) 

 

The inverse Park's transformation can be expressed as: 

൥
௦ܸ௔
௦ܸ௕
௦ܸ௖

൩ ൌ √ଶ
ଷ

ۏ
ێ
ێ
1ۍ √2⁄ cos ߠ െsin ߠ
1 √2⁄ cosሺߠ െ ଶగ

ଷ
ሻ െ sinሺߠ െ ଶగ

ଷ
ሻ

1 √2⁄ cosሺߠ ൅ ଶగ
ଷ

ሻ െ sinሺߠ ൅ ଶగ
ଷ

ሻے
ۑ
ۑ
ې

቎
௦ܸ଴
௦ܸఈ
௦ܸఉ

቏                               (2.14) 

 

The rotor position angle is defined as: 

ሻݐ௠ሺߠ ൌ ׬ ߱௠
௧

଴ ݐ݀ ൅  ௠ሺ0ሻ                                                         (2.15)ߠ

 

Where, ߠ௠ defines the position of the rotor and ߱௠ is the mechanical speed of the rotor. 

Applying Park's transformation to (2.9), 
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ۏ
ێ
ێ
ۍ ௦ܸఈ

௦ܸఉ

௥ܸௗ
௥ܸ௤ ے

ۑ
ۑ
ې

ൌ ൦

ܴ௦ ൅ ௦ܮ݌          െܮߠ݌௦
௦ܮ݌               ܴ௦ ൅ ௦ܮ݌

௠ܮ݌ െܮ௠ሺ߱݌௠ ൅ ௠ሻߠ݌
௠߱݌௠ሺܮ ൅ ௠ሻߠ݌ ௠ܮ݌

௠ܮ݌ ௦ߠ݌௠ሺܮ െ ௠ሻ߱݌
௦ߠ݌௠ሺܮ െ ௠ሻ߱݌ ௠ܮ݌

ܴ௥ ൅ ௥ܮ݌ ௥ܮ௠ߠ݌                 
௥ܮ௠ߠ݌                 ܴ௥ ൅ ௥ܮ݌

൪

ۏ
ێ
ێ
ۍ
݅௦ఈ
݅௦ఉ
݅௥ௗ
݅௥௤ے

ۑ
ۑ
ې
    (2.16) 

 

Since the end ring bars on a squirrel cage IM short circuit the conductors, therefore 

௥ܸௗ ൌ ௥ܸ௤ ൌ 0 

And for the synchronously rotating frame, 

߱௦ = 0 

Therefore,   

߱௥ ൌ  െ߱௠ 

Applying these relationships to (2.16) we get, 

 

൦
௦ܸఈ
௦ܸఉ
0
0

൪ ൌ ൦

ܴ௦ ൅ ௦ܮ݌  0
0   ܴ௦ ൅ ௦ܮ݌

௠ܮ݌        0
0 ௠ܮ݌        

௠ܮ݌ ௠߱݌௠ܮ 
െܮ௠߱݌௠ ௠ܮ݌ 

ܴ௥ ൅ ௥ܮ݌ ௥ܮ௠ߠ݌ 
െߠ݌௠ܮ௥ ܴ௥ ൅ ௥ܮ݌

൪

ۏ
ێ
ێ
ۍ
݅௦ఈ
݅௦ఉ
݅௥ௗ
݅௥௤ے

ۑ
ۑ
ې
                      (2.17) 

 

This model is independent of the rotor position angle wm. It also involves comparatively fewer 

types of impedances than model in (2.9). Overall, this equation is much simpler compared to the 

relevant equation in three phasor form. 

 

2.1.3. IM Space Phasor Model in Steady State 

The stator and rotor voltage space phasor in the frame of reference attached to stationary stator 

can be written as: 

௦ܸሬሬሬറ ൌ ܴ௦ଓ௦ሬሬറ ൅ ௗ
ௗ௫

ሺ߰௦ሬሬሬሬറሻ                                                              (2.18) 

ܸԢ௥
ሬሬሬሬሬറ݁ି௝ఏ௠ ൌ ܴ௥ଓԢ௥

ሬሬሬሬറ݁ି௝ఏ௠ ൅ ௗ
ௗ௫

ሺ߰Ԣ௥
ሬሬሬሬሬሬറ݁ି௝ఏ௠ሻ                                          (2.19) 
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Equation (2.19) can be simplified as: 

ܸԢ௥
ሬሬሬሬሬറ ൌ ܴ௥ଓԢ௥

ሬሬሬሬറ ൅ ௗ
ௗ௫

൫߰ᇱ
௥

ሬሬሬሬሬሬറ൯ െ ݆. ௠߰ᇱ߱݌
௥

ሬሬሬሬሬሬറ                                               (2.20) 

Similarly, in general, the flux linkage space phasor with reference to the same stator frame of 

reference can be written as: 

߰௦ሬሬሬሬറ ൌ ௦ଓ௦ሬሬറܮ ൅ ௠ଓԢ௥ܮ
ሬሬሬሬറ                                                             (2.21) 

߰Ԣ௥
ሬሬሬሬሬሬറ ൌ ௥ଓԢ௥ܮ

ሬሬሬሬറ ൅  ௠ଓ௦ሬሬറ                                                           (2.22)ܮ

Ideally, when an IM is supplied by a symmetrical sinusoidal supply, in steady state the space 

vectors behave like phasors. Hence the following mathematical relationships become valid in 

steady state condition. 

௦ܸሬሬሬറ ൌ ௦ܸ                                                                    (2.23) 

ௗ
ௗ௫

ሺଓ௦ሬሬറሻ ൌ ݆߱௦ܫ௦                                                              (2.24) 

ܸԢ௥
ሬሬሬሬሬറ ൌ ܸԢ௥݁௝ఏ                                                              (2.25) 

ௗ
ௗ௫

൫ଓᇱ
௥ሬሬሬሬറ൯ ൌ ݆߱௥ܫԢ௥ ൅  Ԣ௥                                                  (2.26)ܫ௠߱݌݆

 

The voltage equations (2.18) and (2.20) may be expressed as: 

௦ܸሬሬሬറ ൌ ܴ௦ଓ௦ሬሬറ ൅ ቀܮ௦௟ ൅ ଷ
ଶ௅ೞ೘

ቁ ௗ
ௗ௧

ሺଓ௦ሬሬറሻ ൅ ଷ
ଶ

௥௠ܮ
ௗ
ௗ௧

൫ଓᇱ
௥ሬሬሬሬറ൯                                    (2.27) 

 

ܸԢ௥
ሬሬሬሬሬറ ൌ ܴ௥ଓԢ௥

ሬሬሬሬറ ൅ ቀܮ௥௟ ൅ ଷ
ଶ௅ೝ೘

ቁ ௗ
ௗ௧

൫ଓᇱ
௥ሬሬሬሬറ൯ ൅  ଷ

ଶ
௥௠ܮ

ௗ
ௗ௧

൫ଓᇱ
௥ሬሬሬሬറ൯ െ ௥௟ܮ௠ሼቀ߱݌݆  ൅ ଷ

ଶ௅ೝ೘
ቁ ଓᇱ

௥ሬሬሬሬറ ൅ ଷ
ଶ

 ௥௠ଓ௦ሬሬറ ሽ    (2.28)ܮ

 

By applying the steady state equations from (2.23) to (2.26) and short circuit condition of the 

squirrel cage rotor, it is possible to achieve: 

௦ܸ ൌ ܴ௦ܫ௦ ൅ ݆߱௦ ቀܮ௦௟ ൅ ଷ
ଶ௅ೞ೘

ቁ ௦ܫ ൅ ݆ ଷ
ଶఠೞ௅ೞ೘ூᇱೝ

                                        (2.29) 

0 ൌ ோೝ
௦

Ԣ௥ܫ ൅ ݆߱௦ ቀܮ௥௟ ൅ ଷ
ଶ௅ೞ೘

ቁ ᇱܫ
௥ ൅ ݆ ଷ

ଶఠೞ௅ೞ೘ூೞ
                                       (2.30) 
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On the basis of these equations and using Kirchhoff's voltage law, the equivalent circuit for the 

IM under steady state can be drawn as Fig.2.5. 

 

Fig.2.5: Model of Per Phase Equivalent Circuit of Induction Motor in Steady State 

 

 2.2 IM Torque Production 

The developed torque of an IM for balanced three phases of IM is given by [19]. 

 

௘ܶ ൌ ଷ
ଶ

ሺ߰௦ሬሬሬሬറ ܺ ଓԢ௥
ሬሬሬሬറሻ                                                              (2.31) 

or 

௘ܶ ൌ ଷ
ଶ

ቀ௉
ଶ

ቁ ห߰௦ሬሬሬሬറห|ଓԢ௥
ሬሬሬሬറ| sin  (2.32)                                                      ߛ

or 

௘ܶ ൌ ଷ
ଶ

ቀ௉
ଶ

ቁ ห߰௦ሬሬሬሬറห|߰௥ሬሬሬሬറ| sin  (2.33)                                                     ߛ

Where, ߛ  is the angle between the stator flux linkage, ߰௦  and rotor flux linkage 

vectors,  ߰௥ . Equation (2.33) indicates that for maximum torque generation, the rotor and stator 

flux linkage vectors (߰௦ and ߰௥) must be orthogonal to each other. In DC machines, this feature 

is inherently existent. While in AC machines, this property of vectors needs to be created. In AC 

machines, both of these quantities are inter dependent and their position in space depends upon 

both the stator and rotor positions. The control of squirrel cage IM adds further complexity due 

to inaccessibility of rotor winding. So the requirement is to make these quantities decoupled and 

be controlled independently. This is achieved by both FOC and DTC.  
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From Faraday's electromagnetic theory for two coils mutually coupled in the magnetic field of 

each other: 

 

߰௦ሬሬሬሬറ ൌ ௦ଓ௦ሬሬറܮ ൅ ௠ଓԢ௥ܮ
ሬሬሬሬറ                                                             (2.34) 

 

߰Ԣ௥
ሬሬሬሬሬሬറ ൌ ௥ଓԢ௥ܮ

ሬሬሬሬറ ൅  ௠ଓ௦ሬሬറ                                                           (2.35)ܮ

 

Decomposing these flux linkage equations into real and imaginary part and then plugging into 

torque equation, the following can be achieved. 

 

௘ܶ ൌ ଷ
ଶ

ቀ௉
ଶ

ቁ ሺ߰௦ఉܫ௦ఈ ൅ ߰௦ఈܫ௦ఉሻ                                                   (2.36) 

 

This equation will be used for estimation of developed torque for the direct torque control 

scheme. 
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Chapter 3 

Principles of Direct Torque Control of Induction 

Motor Drives 

 

3.1. Introduction  

Today there are basically two types of control techniques for speed control of ac drives used for 

high-performance applications: vector or field oriented control (FOC) and direct torque control 

(DTC). The most popular method, vector control was introduced more than 25 years ago in 

Germany by Hasse [6], Blaskke [11], and Leonhard. The vector control method, also called field 

oriented control (FOC) transforms the motor equations into a coordinate system that rotates in 

synchronism with the rotor flux vector. Under a constant rotor flux amplitude there is a linear 

relationship between the control variables and the torque. Transforming the ac motor equations 

into field coordinates makes the FOC method resemble the decoupled torque production in a 

separately excited dc motor. Over the years, FOC drives have achieved a high degree of maturity 

in a wide range of applications. They have established a substantial worldwide market which 

continues to increase [2]. 

No later than 20 years ago, when there was still a trend toward standardization of control systems 

based on the FOC method, direct torque control was introduced in Japan by Takahashi and 

Nagochi [4] and also in Germany by Depenbrock [5], [16], [27]. Their innovative studies depart 

from the idea of coordinate transformation and the analogy with dc motor control. These 

innovators proposed a method that relies on a control mechanism that does not require the 

decoupled control equations which are the characteristics of vector or field oriented control 

method. Their technique works very well with the on-off operation of inverter semiconductor 

power devices. After the innovation of the DTC method it has gained much momentum, but in 

areas of research. So far only one form of a DTC of ac drive has been marketed by an industrial 

company, but it is expected very soon that other manufacturers will come out with their own 

DTC drive products [19]. The basic concept behind the DTC of ac drive, as its name implies, is 
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to control the electromagnetic torque and flux linkage directly and independently by the use of 

six or eight voltage space vectors found in lookup tables. The possible eight voltage space 

vectors used in DTC are shown in Fig.3.1 [19]. 

 

Fig.3.1: Eight possible voltage space vectors obtained from VSI [2]. 

 

The typical DTC includes two hysteresis controllers, one for torque error correction and one for 

flux linkage error correction. The hysteresis flux controller makes the stator flux rotate in a 

circular fashion along the reference trajectory for sine wave ac machines as shown in Fig.3.2. 

The hysteresis torque controller tries to keep the motor torque within a pre-defined hysteresis 

band. 

 

Fig.3.2: Circular trajectory of stator flux linkage in the stationary d-q reference frame [2]. 
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At every sampling time the voltage vector selection block decides on one of the eight possible 

inverter switching states (S a, S b, S c) to be applied to the motor terminals. The possible outputs of 

the hysteresis controller and the possible number of switching states in the inverter are finite, so 

a look-up table can be constructed to choose the appropriate switching state of the inverter. This 

selection is a result of both the outputs of the hysteresis controllers and the sector of the stator 

flux vector in the circular trajectory. 

There are many advantages of direct torque control (DTC) over other high-performance torque 

control systems such as vector control. Some of these are summarized as follows: 

• The only motor parameter that is required is stator resistance. The stator winding being static 

undergoes lesser variation during system operation as compared to the rotor resistance. 

• The switching commands of the inverter are derived from a look-up table, simplifying the 

control system and also decreasing the processing time unlike a PWM modulator used in 

vector control or field oriented control (FOC). 

• Instead of current control loops, stator flux linkage vector and torque estimation are required 

so that simple hysteresis controllers are used for torque and stator flux linkage control. 

• Vector coordinate transformations are not applied extensively because stator quantities are 

enough to calculate the torque and stator flux linkage as feedback quantities to be compared 

with the reference values. 

• The rotor position, which is essential for torque control in a vector control scheme, is not 

required in DTC for induction and synchronous reluctance motor DTC drives. 

• The DTC scheme is capable of providing very accurate torque control even at low 

frequencies. With or without any feedback sensors and even at zero speed it can supply the 

full load torque [20]. 

• DTC scheme provides rapid starting of the drive system irrespective of the residual 

magnetism and mechanical load. The computational burden on the controller is also inferior 

as compared with that of the vector control schemes.  

The DTC scheme, as its name indicates, is focused on the control of the torque and the stator flux 

linkage of the motor, therefore, a faster torque response is achieved over vector control. 

Furthermore, due to the fact that DTC does not need current controller, the time delay caused by 

the current loop is eliminated. 
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Although there are several advantages of the DTC scheme over vector control, it still has a few 

drawbacks which are explained below: 

• A major drawback of the DTC scheme is the high torque and stator flux linkage ripples. 

Since the switching state of the inverter is updated once every sampling time, the inverter 

keeps the same state until the outputs of each hysteresis controller changes states. As a 

result, large ripples in torque and stator flux linkage occur. 

• The switching frequency varies with load torque, rotor speed and the bandwidth of the two 

hysteresis controllers. 

• Stator flux estimation is achieved by integrating the difference between the input voltage 

and the voltage drop across the stator resistance. The applied voltage on the motor terminal 

can be obtained either by using a dc-link voltage sensor, or two voltage sensors connected to 

the any two phases of the motor terminals. For current sensing there should be two current 

sensors connected on any two phases of the motor terminals. Offset in the measurements of 

dc-link voltage and the stator currents might happen, because for current and voltage 

sensing, however, temperature sensitive devices, such as operational amplifiers, are 

normally used which can introduce an unwanted dc offset. This offset may introduce large 

drifts in the stator flux linkage computation (estimation) thus creating an error in torque 

estimation (torque is proportional to the flux value) which can make the system become 

unstable. 

• The stator flux linkage estimation has a stator resistance, so any variation in the stator 

resistance introduces error in the stator flux linkage computation, especially at low 

frequencies. If the magnitude of the applied voltage and back-EMF are low, then any change 

in the resistance will greatly affect the integration of the back-EMF. 

• The DTC scheme for its proper functioning needs a very high frequency processor to keep 

the torque ripple within standard limits.  
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3.2. Critical Analysis of DTC Scheme 

3.2.1. Principles of Classical DTC Scheme for Induction Motor Drive 

The basic idea of direct torque control is to choose the appropriate stator voltage vector out of 

eight possible inverter states (according to the difference between the reference and actual torque 

and flux linkage) so that the stator flux linkage vector rotates along the stator reference frame (d-

q frame) trajectory and produces the desired torque. The torque control strategy in the direct 

torque control of an induction motor is explained in Section 3.2.1.1. The flux control is discussed 

following the torque control section. 

 

3.2.1.1. Torque Control Strategy in DTC Scheme of IM Drive 

Before going through the control principles of DTC for IMs, an expression for the torque as a 

function of the stator and rotor flux will be developed. The torque equation used for DTC of IM 

drives can be derived from the phasor diagram of induction motor shown in Fig.3.3. 

 

 

Fig.3.3: Phasor diagram of stator current and rotor flux quantities of induction machine in d-q 

frame [3]. 
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Fig.3.4: Per phase equivalent circuit for induction machine in stationary reference frame [3]. 

 

The torque expression can be expressed in the following form as 

௘ܶഥ ൌ  ଷ
ଶ

ቀ ௉
ଶ

 ቁ ߰௦തതതܺܫ௦ഥ                                                              (3.1) 

Where, ߰௦തതത ൌ ߰௤௦
௦ െ ݆߰ௗ௦

௦  and ܫ௦ഥ ൌ ݅௤௦
௦ െ ݆ ݅ௗ௦

௦ . In this equation ܫ௦ഥ  is to be replaced by rotor 

flux,  ߰௥തതതതത . In the complex form, ߰௦തതത and  ߰௥തതതത  can be expressed as a functions of currents as  

߰௦തതത ൌ ௥ഥܫ௠ܮ ௦ഥ൅ܫ௦ܮ                                                                 (3.2) 

߰௥തതതത ൌ  ௦ഥ                                                               (3.3)ܫ௠ܮ ௥ഥ൅ܫ௥ܮ

By eliminating ܫ௥ഥ  from the equation (3.2) 

߰௦തതത ൌ ௅೘
௅ೝ

߰௥തതതത ൅ ௦ܮ
 ௦ഥ                                                              (3.4)ܫ′

Where, ܮ௦
′ ൌ ௥ܮ௦ܮ െ ௠ܮ

ଶ . The corresponding expression of ܫ௦ഥ is  

௦ഥܫ ൌ ଵ
௅ೞ
′ ߰௦തതത െ  ௅೘

௅ೝ௅ೞ
′ ߰௥തതതത                                                           (3.5) 

Substituting the value of ܫ௦ഥ into the torque equation, 

௘ܶഥ ൌ  ଷ
ଶ

ቀ ௉
ଶ

 ቁ ௅೘
௅ೝ௅ೞ

′ ߰௥തതതതܺ߰௦തതത                                                       (3.6) 

That is, the magnitude of the torque is 

 ௘ܶ ൌ  ଷ
ଶ

ቀ ௉
ଶ

 ቁ ௅೘
௅ೝ௅ೞ

′ ห ߰௥തതതത ห ห ߰௦തതത ห sin  (3.7)                                             ߛ
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Where, ߛ is the angle between stator and rotor fluxes. If the rotor flux remains constant and the 

stator flux is changed incrementally by stator voltage ௦ܸഥ  as shown, and the corresponding change 

of ߛ is ∆ߛ, the incremental torque ∆ ௘ܶ expression is given as 

∆ ௘ܶ ൌ  ଷ
ଶ

ቀ ௉
ଶ

 ቁ ௅೘
௅ೝ௅ೞ

′ ห ߰௥തതതത ห ห ߰௦തതത ൅ ∆߰௦തതതห sin∆(3.8)                                       ߛ 

As it can be seen from (3.8), if the load angle γ is increased then torque variation is increased. To 

increase the load angle γ the stator flux vector should turn faster than rotor flux vector. The rotor 

flux rotation depends on the mechanical speed of the rotor, so to decrease load angle γ the stator 

flux should turn slower than rotor flux. Therefore, according to the torque (3.7), the 

electromagnetic torque can be controlled effectively by controlling the amplitude and rotational 

speed of stator flux vector ߰௦തതത. To achieve the above phenomenon, appropriate voltage vectors 

are applied to the motor terminals. For counter-clockwise operation, if the actual torque is 

smaller than the reference value, then the voltage vectors that keep the stator flux vector ߰௦തതത 

rotating in the same direction are selected. When the load angle γ between ߰௦തതത ܽ݊݀ ߰௥തതതത  increases 

the actual torque increases as well. Once the actual torque is greater than the reference value, the 

voltage vectors that keep stator flux vector ߰௦തതത  rotating in the reverse direction are selected 

instead of the zero voltage vectors. At the same time, the load angle γ decreases thus the torque 

decreases. A more detailed look at the selection of the voltage vectors and their effect on torque 

and flux results will be discussed later as well. Referring back to the discussion above, however, 

torque is controlled via the stator flux rotation speed, as shown in Fig. 3.5. If the speed of the 

stator flux is high then faster torque response is achieved. 

 

Fig.3.5: Rotor and stator flux linkage space vectors (rotor flux lagging stator flux) [21]. 
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3.2.2. Flux Control Strategy in DTC of IM Drive 

If the resistance term in the stator flux estimation algorithm is neglected, the variation of the 

stator flux linkage (incremental flux expression vector) will only depend on the applied voltage 

vector as shown in Fig.3.6 [40]. 

 

Fig.3.6: Incremental stator flux linkage space vector representation in the d-q reference frame [2]. 

For a short interval of time, namely the sampling time Ts = Δt the stator flux linkage ߰௦തതത position 

and amplitude can be changed incrementally by applying the stator voltage vector, തതതതݏܸ  . As 

discussed above, the position change of the stator flux linkage vector ߰௦തതത will affect the torque. 

The stator flux linkage of an induction motor that is depicted in the stationary reference frame is 

written as 

߰௦ ൌ ሺ ௦ܸ׬ െ ܴ௦ܫ௦ሻ݀(3.9)                                                    ݐ 

During the sampling interval time or switching interval, one out of the eight voltage vectors is 

applied and each voltage vector applied during the pre-defined sampling interval is constant, 

therefore (3.9) can be rewritten as 

߰௦ ൌ ௦ܸ. ݐ ൅ ܴ௦ ׬ ݐ௦݀ܫ ൅ ߰௦|௧ୀ଴                                        (3.10) 
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Where ߰௦|௧ୀ଴  is the initial stator flux linkage at the instant of switching, Vs is the measured stator 

voltage, ܫ௦ is the measured stator current, and Rs is the estimated stator resistance. When the 

stator resistance term in stator flux estimation is removed implying that the end of the stator flux 

vector  ߰௦തതതത will move in the direction of the applied voltage vector, as shown in Fig.3.6, we obtain 

௦ܸ ൌ ௗ
ௗ௧

ሺ߰௦ሻ                                                           (3.11) 

Δ߰௦ ൌ  ௦ܸΔ(3.12)                                                           ݐ 

The goal of controlling the flux in DTC is to keep its amplitude within a predefined hysteresis 

band. By applying a required voltage vector, stator flux linkage amplitude can be controlled. To 

select the voltage vectors for controlling the amplitude of the stator flux linkage the voltage 

plane is divided into six regions, as shown in Fig. 3.2. 

In each region, two adjacent voltage vectors, which give the minimum switching frequency, are 

selected to increase or decrease the amplitude of stator flux linkage, respectively. For example, 

according to the Table - I, when the voltage vector V2 is applied in Sector 1, then the amplitude 

of the stator flux increases when the flux vector rotates counter-clockwise. If V3 is selected, then 

stator flux linkage amplitude decreases. The stator flux incremental vectors corresponding to 

each of the six inverter voltage vectors are shown in Fig.3.1. 

 

Fig.3.7: Representation of direct and indirect components of the stator flux linkage vector [21]. 

Fig.3.7 is a basic graph that shows how flux and torque can be changed as a function of the 

applied voltage vector is presented. According to the figure, the direct component of applied 

voltage vector changes the amplitude of the stator flux linkage and the indirect component 
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changes the flux rotation speed which changes the torque. If the torque needs to be changed 

abruptly then the flux does as well, so the closest voltage vector to the indirect component vector 

is applied. If torque change is not required, but flux amplitude is increased or decreased then the 

voltage vector closest to the direct component vector is chosen. Consequently, if both torque and 

flux are required to change then the appropriate resultant mid-way voltage vector between the 

indirect and direct components is applied [21]. It seems obvious from (3.9) that the stator flux 

linkage vector will stay at its original position when zero voltage vectors Sa (000) and Sa (111) 

are applied. This is true for an induction motor since the stator flux linkage is uniquely 

determined by the stator voltage. 

 

3.2.3. Voltage Vector Selection in DTC of IM Drive 

As discussed before, the stator flux is controlled by properly selected voltage vectors, and as a 

result the torque is achieved by stator flux rotation. The higher the stator vector rotation speed 

the faster torque response is achieved. 

 

The estimation of the stator flux linkage components described previously requires the stator 

terminal voltages. In a DTC scheme it is possible to reconstruct those voltages from the dc-link 

voltage Vdc and the switching states (Sa,  Sb , Sc) of a six-step voltage-source inverter (VSI) rather 

than monitoring them from the motor terminals. The primary voltage vector vs is defined by the 

following equation: 

௦ݒ ൌ ଶ
ଷ

 ሺ ݒ௔ ൅ ௕݁௝ቀమݒ
యቁగ ൅ ௖݁௝ቀరݒ

యቁగሻ                                    (3.13) 

Where, va, vb and vc are the instantaneous values of the primary line-to-neutral voltages. When the 

primary windings are fed by an inverter, as shown in Fig.3.8, the primary voltages va, vb and vc 

are determined by the status of the three switches Sa, Sb and Sc. If the switch is at state 0 that 

means the phase is connected to the negative and if it is at 1 it means that the phase is connected 

to the positive leg. 
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Fig.3.8: Voltage Source Inverter (VSI) connected to the R-L load [5]. 

 

For example, va is connected to Vdc if Sa is one, otherwise va is connected to zero. This is similar 

for vb and vc. The voltage vectors that are obtained this way are shown in Fig.3.1. There are six 

nonzero voltage vectors: V1(100) , V2 (110) , …, and V6 (101) and two zero voltage vectors: V7 

(000) and V8 (111) . The six nonzero voltage vectors are 60 degrees apart from each other as in 

Fig.3.1. 

The stator voltage space vector (expressed in the stationary reference frame) representing the 

eight voltage vectors can be shown by using the switching states and the dc-link voltage Vdc as 

,௦ሺܵ௔ݒ ܵ௕, ܵ௖ሻ ൌ  ଶ
ଷ ௗܸ௖ሺܵ௔ ൅ ܵ௕݁௝ቀమ

యቁగ ൅ ܵ௖݁௝ሺସ/ଷሻగሻ                           (3.14) 

Where, Vdc is the dc-link voltage and the coefficient of 2/3 is the coefficient comes from the Park 

Transformation. Equation (3.14) can be derived by using the line-to-line voltages of the ac motor 

which can be expressed as, vab =Vdc (Sa −Sb ), vca =Vdc (Sc –Sa ) and  vbc=Vdc (Sb −Sc ). The stator 

phase voltages (line-to-neutral voltages) are required for (3.14). They can be obtained from the 

line-to-line voltages as va= (vab - vca)/3,  vb= (vbc- vab)/3 and vc= (vca - vbc)/3. If the line-to-line 

voltages in terms of the dc-link voltage V dc and switching states are substituted into the stator 

phase voltages it gives 

௔ݒ ൌ  ଵ
ଷ ௗܸ௖ሺ2ܵ௔ െ ܵ௕ െ ܵ௖ሻ                                              (3.15) 

௕ݒ ൌ  ଵ
ଷ ௗܸ௖ሺ2ܵ௕ െ ܵ௔ െ ܵ௖ሻ                                              (3.16) 
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௖ݒ ൌ  ଵ
ଷ ௗܸ௖ሺ2ܵ௖ െ ܵ௕ െ ܵ௔ሻ                                               (3.17) 

 

Equation (3.15) can be summarized by combining with (3.13) as 

௔ݒ ൌ ܴ݁ሺݒ௦ሻ ൌ  ଵ
ଷ ௗܸ௖ሺ2ܵ௔ െ ܵ௕ െ ܵ௖ሻ                                     (3.18) 

௕ݒ ൌ  ܴ݁ሺݒ௦ሻ ൌ ଵ
ଷ ௗܸ௖ሺ2ܵ௕ െ ܵ௔ െ ܵ௖ሻ                                     (3.19) 

௖ݒ ൌ  ܴ݁ሺݒ௦ሻ ൌ ଵ
ଷ ௗܸ௖ሺ2ܵ௖ െ ܵ௕ െ ܵ௔ሻ                                     (3.20) 

 

To determine the proper applied voltage vectors, information from the torque and flux hysteresis 

outputs, as well as stator flux vector position, are used so that circular stator flux vector 

trajectory is divided into six symmetrical sections according to the nonzero voltage vectors as 

shown in Fig.3.2. 

 

Fig.3.9: Voltage vector selection when the stator flux vector is located in sector i [21]. 

 

According to Fig.3.9, while the stator flux vector is situated in sector i, voltage vectors V i+1 and V 

i-1 have positive direct components, increasing the stator flux amplitude, and V i+2 and V i-2 have 

negative direct components, decreasing the stator flux amplitude. Moreover, V i+1 and V i+2 have 

positive indirect components, increasing the torque response, and V i-1 and V i-2 have negative 
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indirect components, decreasing the torque response. In other words, applying V i+1 increases both 

torque and flux but applying V i+2  increases torque and decreases flux amplitude [21].  

The switching table for controlling both the amplitude and rotating direction of the stator flux 

linkage is given in Table I. 

Table I: Switching table for inverter voltage vectors 

 

The voltage vector plane is divided into six sectors so that each voltage vector divides each 

region into two equal parts. In each sector, four of the six non-zero voltage vectors may be used. 

Zero vectors are also allowed. All the possibilities can be tabulated into a switching table. The 

switching table presented by Rahman et al [10] is shown in Table I. 

  

3.3. Control Strategy of DTC of IM 

The block diagram for direct torque and flux control for induction motor is shown in Fig.3.10. 

The speed control loop and the flux program as a function of speed are shown. The command 

stator flux, ߰௦തതതכ and torque ௘ܶ
 are compared with respective estimated values and the errors are כ

processed through the hysteresis band controllers as shown. The flux level hysteresis controller 

has two levels of digital output according to the following relations: 

Hψ HTe (6)ߠ (5)ߠ (4)ߠ (3)ߠ (2)ߠ (1)ߠ 

 

1 

1 V2 V3 V4 V5 V6 V1 

0 V0 V7 V0 V7 V0 V7 

-1 V6 V1 V2 V3 V4 V5 

 

-1 

1 V3 V4 V5 V6 V7 V8 

0 V7 V0 V7 V0 V7 V0 

-1 V5 V6 V1 V2 V3 V4 
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టܪ ൌ టܧ ݎ݋݂   1 ൐ ൅ܤܪట                                                (3.21) 

టܪ ൌ െ1   ݂ܧ ݎ݋ట ൏ െܤܪట                                             (3.22) 

Where, 2ܤܪట= total hysteresis bandwidth of the hysteresis controller. The circular trajectory of 

the command flux ߰௦തതതכ  with hysteresis band rotates in anti- clockwise direction as shown in 

Fig.3.2.The actual stator flux  ߰௦ is constrained within the hysteresis band and is tracked by 

command flux in a zigzag path. 

The torque control loop has three levels of digital output which have the following relationships, 

 

௘்ܪ ൌ ௘்ܧ ݎ݋݂   1 ൐ ൅்ܤܪ௘                                              (3.23) 

௘்ܪ ൌ െ1   ்݂ܧ ݎ݋௘ ൏ െ்ܤܪ௘                                           (3.24) 

௘்ܪ ൌ െ ݎ݋݂   0 ௘்ܤܪ ൏ ௘்ܧ   ൏ ൅்ܤܪ௘                                 (3.25) 

 

The output of the torque hysteresis comparator is denoted as Hψ, the output of the flux hysteresis 

comparator as HTe and the flux linkage sector is denoted as ߠ. The torque hysteresis comparator 

is a three valued comparator and the flux hysteresis comparator is a two valued comparator. The 

output of the hysteresis comparators along with the flux sector selector output are applied to the 

inputs of the voltage source inverter which generates appropriate voltage vectors necessary to 

minimize the error. If the torque ripple needs to be kept as small as with the original switching 

table, a higher switching frequency must be used [3].  
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Fig.3.10: Block diagram of Direct Torque Control Scheme for Induction Motor Drive [20] 
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Chapter 4 

Development of Adaptive Neuro‐Fuzzy 

Controller for DTC based Induction Motor Drives 

 

4.1 Introduction: 

In classical control systems the accuracy of the control is highly plant mathematical model 

dependent. Unfortunately, majority of the controllers are parameter dependent and are based on 

many assumptions for simplicity. These assumptions introduce inaccuracy in the plant model and 

as a result controller performance deteriorates. Conclusively, the approximated model based 

classical controllers are inaccurate and parameter sensitive. Classical controllers (like- PI, PID) 

suffer from the inaccuracies in plant model, variations of system parameter during operations as 

well as adapting to these variations. The use of artificial intelligence was industrialized since 

1960s [63]. The earlier use was limited to only decision making process for monitoring the 

industrial process. The major advantage of intelligent controllers is that they need only an 

approximate mathematical model. The ideal behavior of artificial intelligent controller (AIC) is 

its capability to learn, recall and generalize from training patterns like human brain [64]. The use 

of advanced electronics has made it possible to implement complex controllers by using 

powerful microprocessor. There are mainly three kinds of AICs which include fuzzy, neural 

networks and their hybrid neuro-fuzzy controller. There also exist some other forms of AI like 

genetic algorithm (GA) assisted neural networks. But these algorithms are not the function 

approximations rather they are simple and powerful general purpose stochastic optimization 

methods. The pure fuzzy logic controller is based on the expert knowledge. If high performance 

is wanted, it needs manual adjustments by trial and error. In most FLCs, the response accuracy is 

largely dependent on the number of membership functions and the rules used for designing the 

controller [65, 66]. The expert knowledge is the key for forming the rules. Any deficiency in the 

rules directly affects the controller performance. Moreover, larger number of rules and 



41 
 

membership functions cause high computational burden, which is the major limitation for their 

practical industrial applications. 

The artificial neural network (ANN) can cope with any system nonlinearities and uncertainties.  

Optimization of number of hidden layers and their nodes are the main features in the design of 

such controllers [39]. Generally, a larger ANN requires proportional computation burden and 

converges slowly. The design of a supervised ANN with error back propagation scheme needs 

three kinds of data set. The training data algorithm plays extremely important role in the design 

of neural network and requires a careful selection. Sometimes, it is tough to create a serial of 

training data for ANN that can handle all the operating modes [67]. The concept of a neuro-fuzzy 

controller (NFC) combines the advantages and eliminates the drawbacks of both standalone FLC 

and ANN. The NFC utilizes the transparent and linguistic representation of a fuzzy system with 

the learning ability of artificial neural networks. NFC (which is also called Adaptive Neuro 

Fuzzy Inference System) enables the system to be adaptive and requires minimum human 

intervention for the tuning. Therefore, in this thesis, to improve dynamic performance, a Takagi 

Sugeno Kang (TSK) type self-tuned NFC is developed. This controller is robust to parameter 

sensitivity and has a learning/training algorithm to adapt with system uncertainties. There is no 

need to change the controller during the course of running as in the above cited works. The 

adaptive-neural network-based fuzzy inference system (ANFIS) is relatively fast convergent due 

to neural learning and the ability of fuzzy logic to construct reasonably good input membership 

functions. It has better tracking performance and better adaptability than the other controllers 

since the training back propagation algorithm trains the networks in such a way as it becomes 

capable of adapting to any parametric variation during the operation. Finally, the proposed NFC 

is integrated with the DTC scheme in order to achieve both high dynamic performance and 

optimum torque ripples. The performance of the developed ANFIS based controller is also 

compared with the classical PI controller for evaluating their individual dynamic performance for 

the same plant model. 

4.2 Classical Proportional-Integral (PI) Controller for IM Drive 

The best known controller used in industry is the proportional-integral (PI) controller because of 

its simple structure and its robust performance in a wide range of operating conditions. This 

linear regulator is based on a very simple structure, whose functioning depends only on two 
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parameters, namely the proportional gain (kp) and the integral gain (ki). Mathematically the 

functionality of a PI controller can be expressed as: 

 

ݑ ൌ .௣ܭ  ݁ሺݐሻ ൅ ௜ܭ ׬ ݁ሺ߬ሻ௧
଴ ݀߬                                                    (4.1) 

 

 

 

 

 

 

 
 

Fig.4.1: Proportional Integral (PI) Controller Structure 
 

The major inconvenience of this type of controllers is the necessity of the a priori knowledge of 

the various parameters of the system (i.e. induction motor). Any imperfections in the system 

model can deteriorate the controller performance. Moreover, PI controllers are sensitive to 

system parameter variations during operation and are required to be tuned externally in order to 

maintain satisfactory performance during operation where system parameters may vary under 

various operation conditions.  

Several methods of tuning a PI controller have been proposed in the literature; the most used are 

the poles assignment method and the Ziegler-Nichols method [45, 52]. To surmount this 

inconvenience, it is possible to use a procedure of optimization to better design this type of 

controller. Genetic Algorithm methods have been widely used in these control applications. They 

are stochastic optimization methods based on the principles of natural biological evolution. The 

GA methods have been employed successfully to solve complex optimization problems. The use 

of GA methods in the determination of the different controller parameters is practical due to their 

fast convergence and reasonable accuracy [7]. The parameters of the PI controller are determined 

by the minimization of an objective function.  
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ܫ ൌ ௜ܭ න ݁ሺ߬ሻ
௧

଴
݀߬ 

Process 
∑  ∑

SP 

PV 

MV 



43 
 

 

Fig.4.2: Simulink Model of Proportional Integral (PI) Controller for Speed Control of IMs 
 

In this thesis, the performance of a classical PI controller driven DTC based induction motor 

drive is compared with the performance of the proposed hybrid neuro-fuzzy controller driven 

DTC based induction motor drive. 
 

4.3. Development of a Neuro-Fuzzy Controller 

4.3.1. Design of a TSK-Type Neuro-Fuzzy Controller 

After their successful industrial applications by Hitachi and Yaskawa, AICs are gaining practical 

popularity in the drive realm [67]. These manufacturers applied pure fuzzy and pure neural 

network based controllers separately. But the general/universal motor drive must have a tunable 

controller. None of the motor manufacturers have prior knowledge of the load it will run. The 

manually tuned controller is useless without expert knowledge. Since the AICs are the future of 

drive schemes, therefore, the motor manufacturer must provide a controller which could be tuned 

without expert knowledge. 

This thesis presents a simple ANFIS based DTC scheme for IM drives. The nonlinear mapping 

from inputs (normalized speed error and normalized change in speed error) to the output (motor 

developed torque) is done by using a TSK-type NFC. The general structure of a TSK-type NFC 

with two inputs, for the control of electrical motors is shown in Fig.4.3 [67, 68]. 

Each linguistic variable consists of five triangular and two trapezoidal membership functions as 

shown in Fig.4.7. This combination naturally produces 49 rules for the neuro-fuzzy controller 

structure shown in Fig.4.3 which are given in Appendix - C.  

The excellence of triangular and trapezoidal membership function is their linear and constant 

slope. As a result of this linear and constant slope, the triangular and trapezoidal membership 

Wactual 

Wref 
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functions offer lesser computational burden. Generally, this is one of the speed controller desired 

property. But this property has to be paid back in the main two costs for the controller. 

 

Fig.4.3: Two Input Adaptive NFC Controller Structure [39] 

 

Fig.4.4: Direct Torque Neuro Fuzzy Scheme for Speed Control of Induction Motor Drives [55] 

 

Primarily, the values of triangular functions are calculated by using some computer algorithms 

based on approximation of some infinite series (like-Taylor series). Secondly, the exponential 
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function value is nonzero for the whole operating range of the controller input variables. It means 

that all the rules are non-zero all the time irrespective of their values are of no significance for 

the controller. Both the factors introduce high volume of computational burden on the processor 

[69]. This may cause the processor for the real time implementation to over run. Consequently, 

to run the controller smoothly it may need to increase the sampling time which ruin the whole 

advantage of these functions. 

In the controller shown in Fig 4.3, the first layer is the input layer. This layer just passes the 

scaled controller input to the next layer. The second layer is the fuzzification layer. Each input is 

fuzzified by using some suitable membership functions (MFs) like sigmoid, triangular and 

Gaussian etc. These are not the revealed membership functions and may be customized 

according to requirement. The number of membership functions used may vary based on the 

system requirement. The third and fourth layers are the rule layers. The common fuzzy if...then 

rules may be replaced by product, minimum or some different technique. Each technique has its 

own relevant advantages and drawbacks.  

 

4.2.2 Detailed Design of the Proposed TSK - Type NFC 

Since ANFIS design starts with a pre-structured system, DOF for learning is limited, i.e., the MF 

of input & output variables contain more information that NN has to drive from sampled data 

sets. Knowledge regarding the systems under design can be used right from the start. Part of the 

system can be excluded from the training. Hence, this ANFIS process is more efficient. The rules 

are in the linguistic forms and so intermediate results can be analyzed and interpreted easily. The 

modification of rules is possible during the training and optimization can be done manually. 

Further the ANFIS strategy supports the TSK based systems. To start the ANFIS learning; first, a 

training data set that contains the desired input / output data pairs of target systems to be 

modeled is required. The design parameters required for any ANFIS controller are viz., Number 

of data pairs, Training data set & checking data sets, Fuzzy inference systems for training, 

Number of epochs to be chosen to start the training, Learning results to be verified after 

mentioning the step size [7]. 

In this context, the general ANFIS control structure for the control of any plant is presented here 

in the Fig.4.5 [25], [43]. This structure contains the same components as the FIS, expect for the 
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NN block. The structure of the network is composed of a set of units (and connections) arranged 

into five connected network layers as shown in Fig.4.5.  

 

Fig. 4.5: Adaptive Neuro Fuzzy Inference System Structure 

The functionalities of each of the five interconnected layers are explained in details below:  

Layer-1: This layer consists of input variables (membership functions), i.e. input 1 & input 2. 

Here, triangular and trapezoidal shaped MFs are used in this work. This layer just supplies the 

input values ݋௜
ଵ to the next layer, where i = 1 to n. 

௜݋
ଵ ൌ ஺೔ߤ

ሺݔሻ, ݅ ൌ 1,2                                                      (4.2a) 

௜݋
ଵ ൌ ஻೔ߤ

ሺݕሻ, ݅ ൌ 3,4                                                     (4.2b) 

Where, ߤ஺೔ and ߤ஻೔can adopt to any membership function (MF). 
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Layer-2: This layer (also called the membership layer) checks for the weights of each of the 

membership functions. It receives the input values ݋௜
ଵ  from the 1st layer and acts as MFs to 

represent the fuzzy sets of the respective input variables. Further, it computes the membership 

values which specify the degree to which the input value ݋௜
ଵ belongs to the fuzzy set, which acts 

as the inputs to the next layer. 

௜݋
ଶ ൌ ௜ݓ ൌ ஺೔ߤ

ሺݔሻ. ஻೔ߤ
ሺݕሻ, ݅ ൌ 1,2                                            (4.3) 

Layer-3: This layer is called the rule layer. Each node (also called neuron) in this layer performs 

the pre-condition matching of the fuzzy rules, i.e. they compute the activation level of each rule, 

the number of layers being equal to the number of fuzzy rules. Each node of these layers 

calculates the weights which are normalized. 

௜݋
ଷ ൌ పതതതݓ ൌ ௪೔

௪భା௪మ
, ݅ ൌ 1,2                                                    (4.4) 

Every node in this layer calculates the normalized weight which is expressed by the above 

equation. Where, ݓపതതത is referred as the normalized firing strengths. 

Layer-4: This layer is called defuzzification layer & provides the output values, z resulting from 

the inference of rules. Connections between the layers l3 & l4 are weighted by the fuzzy 

singletons that represent another set of parameters for the neuro-fuzzy network. 

௜݋
ସ ൌ ௜ ൌݖపതതതݓ ݔ௜݌పതതതሺݓ  ൅ ݕ௜ݍ ൅ ,௜ሻݎ ݅ ൌ 1,2                                    (4.5) 

Where, ݓపതതത is the output of the layer 3 and {݌௜, ,௜ݍ   ௜} is the parameter set. The parameters in thisݎ

layer are referred as the consequent parameter. 

Layer-5: This layer is called the output layer which sums up all the inputs coming from the 

layer-4 and transforms the fuzzy classification results into a crisp value. 

௜݋
ହ ൌ ∑ ௜ݖపതതതݓ ൌଶ

௜ୀଵ
௪೔௭೔ା௪మ௭మ

௪భା௪మ
                                          (4.6) 

The output z in Fig.4.5 can be rewritten as: 

ݖ ൌ ሺݓଵതതതതݔሻ݌ଵ ൅ ሺݓଵതതതതݕሻݍଵ ൅ ሺݓଵതതതതሻݎଵ ൅ ሺݓଶതതതതݔሻ݌ଶ ൅ ሺݓଶതതതതݕሻ݌ଶ ൅ ሺݓଶതതതതሻݎଶ         (4.7) 

The normalized membership functions of input variables and output variable are shown in 

Fig.4.7.a, Fig.4.7.b and Fig.4.7.c respectively. The three dimensional plot of the Fuzzy Control 
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Surface is shown in Fig.4.11 and the internal structure of the developed adaptive neuro fuzzy 

inference system is shown in Fig.4.10 which is developed using Fuzzy Logic Toolbox in 

MATLAB. 

The ANFIS structure can be tuned automatically by using either least-square estimation or the 

back propagation algorithm. The back propagation algorithm mentioned above is used in the next 

section to tune the developed ANFIS controller to control various parameters of induction motor. 

Because of its flexibility, the ANFIS strategy can be used for a wide range of control 

applications. 

The development of the control strategy for control of various parameters of the induction 

machine such as the speed, flux, torque, voltage and current is presented using the concepts of 

ANFIS control scheme, the block diagram of which is shown in the Fig.4.6. To start with, we 

design the controller using the ANFIS scheme. Fuzzy logic is one of the successful applications 

of fuzzy set in which the variables are linguistic rather than the numeric variables. Linguistic 

variables, defined as variables whose values are sentences in a natural language (such as large or 

small), may be represented by the fuzzy sets. Fuzzy set is an extension of a ‘crisp’ set where an 

element can only belong to a set (full membership) or not belong at all (no membership). Fuzzy 

sets allow partial membership, which means that an element may partially belong to more than 

one set. 

 

Fig.4.6: Block diagram of the ANFIS control scheme for the speed control of the IM [55] 

A fuzzy set, A of a universe of discourse, X is represented by a collection of ordered pairs of 

generic element and its membership function, µ: X [0 1], which associates a number µA(x): X 

 [0 1], to each element x of X. A fuzzy logic controller is based on a set of control rules called 

as the fuzzy rules among the linguistic variables. These rules are expressed in the form of 

conditional statements.  
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Our basic structure of the developed ANFIS controller to control the speed of the IM consists of 

four important parts, namely- fuzzification, knowledge base, neural network and the de-

fuzzification blocks, which are explained in brief in following paragraphs. 

The inputs to the ANFIS controller, i.e., the error & the change in error are expressed as: 

݁ሺ݇ሻ ൌ ߱௥௘௙ െ ߱௥                                                       (4.8) 

Δ݁ሺ݇ሻ ൌ ݁ሺ݇ሻ െ ݁ሺ݇ െ 1ሻ                                               (4.9) 

Where, ߱௥௘௙ is the reference speed, ߱௥ is the actual rotor speed, ݁ሺ݇ሻ is the error and ݁߂ሺ݇ሻ is 

the change in error at the sampling instant k. The fuzzification unit converts the crisp data into 

linguistic variables, which is given as inputs to the rule based block. The set of 49 rules are 

written on the basis of previous knowledge / experiences in the rule based block. The rule base 

block is connected to the neural network block. Back propagation algorithm is used to train the 

neural network to select the proper set of rule base. For developing the control signal, the 

training is a very important step in the selection of the proper rule base. Once the proper rules are 

selected & fired, the control signal required to obtain the optimal outputs is generated.  

The output of the NN unit is given as input to the de-fuzzification unit and the linguistic 

variables are converted back into the numeric form of data in the crisp form. In the fuzzification 

process, i.e., in the first stage, the crisp variables, the speed error & the change in error are 

converted into fuzzy variables or the linguistics variables. The fuzzification maps the two input 

variables to linguistic labels of the fuzzy sets. Each fuzzy label has an associated membership 

function. The membership functions of triangular and trapezoidal types are used in this work and 

are shown in the Fig.4.7.  

 

 

 

 

 

  

Fig 4.7.a: Membership Function for Input Variable Error, ‘e’. 
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Fig 4.7.b: Membership Function for Input Variable Error, ‘ce’. 

 

 

 

 

 

 

 

Fig 4.7.c: Membership Function for Output Variable Controlled Output, ‘z’. 

 

Table II: Rule Base for Fuzzy Logic Controller for IM Drive 

‘e’ 

‘ce’ 

NB NM NS ZE PS PM PB 

NB NB NB NB NB NM NS ZE 

NM NB NB NB NM NS ZE PS 

NS NB NB NM NS ZE PS PM 

ZE NB NM NS ZE PS PM PB 

PS NM NS ZE PS PM PB PB 

PM NS ZE PS PM PB PB PB 

PB ZE PS PM PB PB PB PB 
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       1.0 
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       1.0 
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The inputs are fuzzified using the fuzzy sets and are given as input to ANFIS controller. The rule 

base for selection of proper rules using the back propagation algorithm is written as shown in the 

Table II. The developed 49 (7x7) fuzzy rules included in the ANFIS controller are given in the 

Appendix - C. 

The control decisions are made based on the fuzzified variables in the Table II. The inference 

involves a set of rules for determining the output decisions. As there are 2 input variables with 

each having 7 membership functions each and the controller has a set of 49 rules. Out of these 49 

rules, the proper rules are selected by training the neural network with the help of back 

propagation algorithm & these selected rules are fired. Further, it has to be converted into 

numerical output, i.e., they have to be de-fuzzified. This process is what is called as 

defuzzification, which is the process of producing a quantifiable result in fuzzy logic.  

The defuzzification transforms fuzzy set information into numeric data information. There are so 

many methods to perform the defuzzification, i.e. centre of gravity method, centre of singleton 

method, maximum methods, and marginal properties of the centroid methods and so on. In our 

work, we use the centre of gravity method. The output of the defuzzification unit will generate 

the control commands which in turn is given as input (called as the crisp input) to the plant. If 

there is any deviation in the controlled output (crisp output), this is fed back and compared with 

the set value and the error signal is generated which is given as input to the ANFIS controller 

which in turn brings back the output to the normal value, thus maintaining stability in the system.  

This controlled output ‘z’ is nothing but the final output of the controller and is the weighted 

average of the proper rule based outputs, which are selected by the back propagation algorithm. 

 

4.3.3 Development of Simulink Model 

The proposed ANFIS controller is developed in the Matlab/ Simulink platform using the 

Simulink Power System Toolbox and Fuzzy Logic Toolbox. The Simulink model for the 

proposed ANFIS controller is shown in Fig.4.8 and the speed controller that employs the 

proposed neuro-fuzzy controller is shown in the Fig.4.9.  

The adaptive neuro fuzzy inference system was developed using the ANFIS editor platform 

provided with the Fuzzy Logic Toolbox in Matlab. The internal structure of the ANFIS is shown 
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in the Fig.4.10. From the internal structure it is evident that the system has five layers in it 

including three hidden layers, two input variables and one output variable in the input and output 

layers respectively. The values of the neurons (nodes) and their corresponding synapses 

(connections) are adjusted using training of the Neural Network (NN) using the back-

propagation algorithm. For training the network, three training epochs have been used which 

represents the system (induction motor) behavior under different operating conditions. The 

training data sets have been generated by simulating the same direct torque control scheme based 

speed control of induction motor drive using PI speed controller under various and wide range of 

speed references and speed changes. The training of the network converged to within a training 

error of 0.002 and a testing error of 0.004. The three dimensional plot of the control surface of 

the developed ANFIS is given in Fig.4.11.        

 

Fig.4.8: Proposed Adaptive Neuro Fuzzy Inference System based Controller for IM Drive 

 

Fig.4.9: Complete Simulink Model of the Proposed ANFIS based Speed Controller for the 
Induction Motor Drive 
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Chapter 5 

Simulation Results  

 

The effectiveness of the proposed ANFIS based Speed Controller for IM drive is investigated 

thoroughly by the help of simulation. The simulation model was developed by using 

MATLAB/Simulink software. The complete Simulink model of the drive system is shown in 

Fig.5.1. The complete model using PI controller for the same purpose of speed control of the IM 

drive is shown in Fig.5.2, where TSK type NFC has been replaced by the classical PI controller. 

The NFC Simulink model is shown in Fig.5.3. 

The parameters of the motors used for simulation are listed in Appendix-A. The detailed 

Simulink subsystems of the ANFIS based IM drive is attached in Appendix-B. From here 

onward to avoid the repetition of phrase "Proposed ANFIS based DTC scheme for Speed Control 

of Induction Motor Drive" will be replaced by "proposed controller". In order to test the 

effectiveness of the proposed controller based DTC scheme for IM drive, numerous simulations 

have been carried out. The performance of the proposed controller is also compared with the 

conventional DTC scheme with PI controller to prove its superiority. Sample simulation results 

are presented in the following paragraphs. 

The developed model of the proposed adaptive neuro fuzzy inference system based induction 

motor drive has been simulated for various speed references using the Simulink platform and for 

each of the reference speed the simulation results for the rotor speed in radians per second 

(rad/sec), developed torque (N-m), stator current (Amps) and the plot of the stator flux linkage 

(߰௦) components in α-β plane (߰௦஑ܽ݊݀ ߰௦ஒ) against each other are compiled. Each of these 

results for the proposed controller has been compared with the same from the simulation results 

of the conventional PI controller based DTC induction motor drive. From each of these 

simulation results the performances of the individual controllers (i.e. ANFIS and PI controller) 

are compared on the basis of comparing steady state speed error, percent overshoot, rising time, 

settling time, ripples in the developed torque, stator current ripples and percentage of the stator 

flux ripple. At the end the results are compiled in the Table III.  
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Fig.5.1: Simulink model for the ANFIS based Direct Torque Control Scheme based Induction Motor Drive 
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Fig.5.2: Simulink model for the PI controller based Direct Torque Control Scheme based Induction Motor Drive 
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(a) 

 

(b) 

Fig.5.3: Simulink model for (a) Proposed ANFIS Controller, (b) Classical Proportional Integral Controller
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5.1. Simulation Results 

Case – I: Motor running at no load and reference speed is set to be equal to the rated speed of 

the motor. 

 

(a)

 

(b) 

Fig.5.4: Speed response of the IM drive at no-load and rated speed of 150 rad/sec; (a) proposed 

ANFIS based speed controller response, (b) classical PI controller response 
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(a)

 

(b) 

Fig.5.5: Torque Response of the IM drive at no-load and rated speed of 150 rad/sec (a) proposed 

ANFIS controller based DTC, (b) classical PI controller based DTC 
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(a)

 

(b) 

Fig.5.6: Stator current of response of the IM drive running at no-load and rated speed of 150 

rad/sec, (a) proposed ANFIS based DTC, (b) classical PI controller based DTC 
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(a)

 

(b) 

Fig.5.7: Stator Flux Linkage of the IM drive running at no-load and rated speed of 150 rad/sec, 

(a) proposed ANFIS based DTC, (b) classical PI controller based DTC 
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Case – II: Motor running at a reference speed equal to the rated speed of the motor with an 

abrupt change in the load. 

 

(a)

 

(b) 

Fig.5.8: Speed response of the IM drive at rated speed of 150 rad/sec and with an abrupt load 

change from +100 N-m to -100 N-m; (a) proposed ANFIS based speed controller response, (b) 

classical PI controller response 
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(a)

 

(b) 

Fig.5.9: Torque response of the IM drive at rated speed of 150 rad/sec and with an abrupt load 

change from +100 N-m to -100 N-m; (a) proposed ANFIS based speed controller response, (b) 

classical PI controller response 
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(a)

 

(b) 

Fig.5.10: Stator Current of the IM drive at rated speed of 150 rad/sec and with an abrupt load 

change from +100 N-m to -100 N-m; (a) proposed ANFIS based speed controller response, (b) 

classical PI controller response 
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(a)

 

(b) 

Fig.5.11: Stator Flux Linkage of the IM drive at rated speed of 150 rad/sec and with an abrupt 

load change from +100 N-m to -100 N-m; (a) proposed ANFIS based speed controller response, 

(b) classical PI controller response 
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Case – III: Motor running at no load with a step change in the reference speed of the motor. 

 

(a)

 

(b) 

Fig.5.12: Speed response of the IM drive running at no load and at a reference speed of 150 

rad/sec and a step change to 180 rad/sec; (a) proposed ANFIS based speed controller response, 

(b) classical PI controller response 
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(a) 

 
(b) 

 

Fig.5.13: Torque response of the IM drive running at no load and at a reference speed of 150 

rad/sec and a step change to 180 rad/sec; (a) proposed ANFIS based speed controller response, 

(b) classical PI controller response 
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(a)

 

(b) 

Fig.5.14: Stator current response of the IM drive running at no load and at a reference speed of 

150 rad/sec and a step change to 180 rad/sec; (a) proposed ANFIS based speed controller 

response, (b) classical PI controller response 
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(a)

 

(b) 

Fig.5.15: Stator Flux Linkage of the IM drive running at no load and at a reference speed of 150 

rad/sec and a step change to 180 rad/sec; (a) proposed ANFIS based speed controller response, 

(b) classical PI controller response 
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Case – IV: Motor running at half the rated load with a step change in the reference speed of the 

motor. 

 

(a) 

 (b) 

Fig.5.16: Speed response of the IM drive running at half the rated load and at a reference speed 

of 150 rad/sec and a step change to 180 rad/sec; (a) proposed ANFIS based speed controller 

response, (b) classical PI controller response 
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(a) 

 

(b) 

Fig.5.17: Torque response of the IM drive running at half the rated load and at a reference speed 

of 150 rad/sec and a step change to 180 rad/sec; (a) proposed ANFIS based speed controller 

response, (b) classical PI controller response 



72 
 

 (a) 

 

(b) 

Fig.5.18: Stator Current of the IM drive running at half the rated load and at a reference speed of 

150 rad/sec and a step change to 180 rad/sec; (a) proposed ANFIS based speed controller 

response, (b) classical PI controller response 
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(a) 

 

(b) 

Fig.5.19: Stator Flux Linkage of the IM drive running at half the rated load and at a reference 

speed of 150 rad/sec and a step change to 180 rad/sec; (a) proposed ANFIS based speed 

controller response, (b) classical PI controller response 
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Case – V: Motor running at step change in the load as well as with a step change in the 

reference speed of the motor. 

 

(a)

 

(b) 

Fig.5.20: Speed response of the IM drive running with a step change in load from 100 N-m to 

120 N-m and at a reference speed of 150 rad/sec and a step change to 180 rad/sec; (a) proposed 

ANFIS based speed controller response, (b) classical PI controller response 
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(a) 

 

(b) 

Fig.5.21: Torque response of the IM drive running with a step change in load from 100 N-m to 

120 N-m and at a reference speed of 150 rad/sec and a step change to 180 rad/sec; (a) proposed 

ANFIS based speed controller response, (b) classical PI controller response 
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(a)

 

(b) 

Fig.5.22: Stator current response of the IM drive running with a step change in load from 100 N-

m to 120 N-m and at a reference speed of 150 rad/sec and a step change to 180 rad/sec; (a) 

proposed ANFIS based speed controller response, (b) classical PI controller response 
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(a)

 

(b) 

Fig.5.23: Stator Flux Linkage of the IM drive running with a step change in load from 100 N-m 

to 120 N-m and at a reference speed of 150 rad/sec and a step change to 180 rad/sec; (a) 

proposed ANFIS based speed controller response, (b) classical PI controller response 
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Case – VI: Motor running at rated load and rated speed. 

 

(a)

 

(b) 

Fig.5.24: Speed response of the IM drive running with a rated load of 120 N-m and at a reference 

speed of 150 rad/sec; (a) proposed ANFIS based speed controller response, (b) classical PI 

controller response 
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(a) 

 

(b) 

Fig.5.25: Torque response of the IM drive running with a rated load of 120 N-m and at a 

reference speed of 150 rad/sec; (a) proposed ANFIS based speed controller response, (b) 

classical PI controller response 
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(a)

 

(b) 

Fig.5.26: Stator current response of the IM drive running with a rated load of 120 N-m and at a 

reference speed of 150 rad/sec; (a) proposed ANFIS based speed controller response, (b) 

classical PI controller response 
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(a)

 

(b) 

Fig.5.27: Stator Flux Linkage of the IM drive running with a rated load of 120 N-m and at a 

reference speed of 150 rad/sec; (a) proposed ANFIS based speed controller response, (b) 

classical PI controller response 
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5.2. Discussion 

In the above section, Fig.5.4 to Fig.5.7 show the various simulation results of the IM drive at no 

load and command rated speed of 150 rad/sec. The responses of the proposed ANFIS controller 

and the conventional PI controller are compared for the above mentioned operating conditions. 

Fig.5.4 represents the speed responses, which clearly indicates the improvement in the transient 

response of the system. Both the overshoot and settling time have been reduced significantly by 

the use of the proposed ANFIS controller. Fig.5.5 represents the torque responses for both of the 

controllers. From the torque responses it is evident that the torque ripples have been reduced in 

steady state. From the plot it can be measured that the steady state peak to peak torque ripples 

have been measured in the range of 4 N-m to 20 N-m for the proposed controller where as for the 

conventional PI controller they have been detected to be in the range of 12 N-m to 45 N-m. So 

the proposed controller significantly contributes to the minimization of the steady state torque 

ripples. Fig.5.6 shows the stator current for the stator phase-A. The proposed scheme has 

improved both the transient and steady state current responses. The peak to peak ripples in stator 

currents have been measured as 24A in transient state and 8A in steady state where as the same 

have been measured as 32A for transient state and 14A in steady state for the conventional PI 

controller. Fig.5.7 compares the stator flux linkage responses from the proposed controller and 

the conventional PI controller. The propose ANFIS based DTC scheme for IM drive exhibits 

smoother response and lesser ripple in flux as compared to the classical PI controller based DTC 

scheme for IM drive. 

From Fig.5.8 to Fig.5.11 various simulation results of the IM drive for command rated speed of 

150 rad/sec and an abrupt change in load from 100 N-m to -100 N-m can be observed. The 

responses of the proposed ANFIS controller and the conventional PI controller are compared for 

the above mentioned operating conditions. Fig.5.8 represents the speed responses, which clearly 

indicates the improvement in the transient response of the system. Both the overshoot and 

settling time have been reduced significantly by the use of the proposed ANFIS controller. 

Fig.5.9 represents the torque responses for both of the controllers. From the torque responses it is 

evident that the torque ripples are reduced in steady state. From the plot it can be measured that 

the steady state peak to peak torque ripples have been measured in the range of 6 N-m to 23 N-m 

for the proposed controller where as for the conventional PI controller they have been detected to 

be in the range of 14 N-m to 43 N-m. It can also be seen from the plot that during the changes in 
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the applied load the torque ripples for the conventional PI controller is much higher than that of 

the proposed ANFIS controller not only in the steady state but also in the transient states. This is 

an important improvement since it not only improves the steady state torque responses but also 

the transient torque responses. Fig.5.10 shows the stator current for the stator phase-A. The 

proposed scheme has improved both the transient and steady state current responses. The peak to 

peak ripples in stator currents have been measured as 18A in transient state and 4A in steady 

state where as the same have been measured as 34A for transient state and 16A in steady state for 

the conventional PI controller. Moreover the convention PI controller driven DTC based IM 

drive draws a much higher current than the proposed controller driven DTC IM drive during the 

load reversal. Fig.5.11 compares the stator flux linkage responses from the proposed controller 

and the conventional PI controller. The propose ANFIS based DTC scheme for IM drive exhibits 

smoother response and lesser ripple in flux as compared to the classical PI controller based DTC 

scheme for IM drive. 

Fig.5.12 to Fig.5.23 represents the simulation results for step changes in the rated speed as well 

as in the applied load torque. The responses of the proposed ANFIS controller and the 

conventional PI controller are compared for operating conditions mentioned in the previous 

paragraphs. From the plots of the speed responses, it can be identified clearly that the proposed 

controller introduces significant improvement in the transient response of the system under 

various operation conditions involving sudden changes in load or in the reference speed. The 

overshoot and settling time have been reduced significantly and the improvement in the rise time 

has only been slight by the use of the proposed ANFIS controller. The comparisons of torque 

responses for both of the controllers depicts that the torque ripples are reduced in steady state for 

the proposed ANFIS controller as compared to the conventional PI controller. From the plot it 

can be measured that the steady state peak to peak torque ripples have been measured in the 

range of 3N-m to 19 N-m for the proposed controller where as for the conventional PI controller 

they have been detected to be in the range of 9 N-m to 33 N-m under various operating 

conditions. It can also be seen from the plot that during the changes in the applied load the torque 

ripples for the conventional PI controller is much higher than that of the proposed ANFIS 

controller not only in the steady state but also in the transient states. This is an important 

improvement since it not only improves the steady state torque responses but also the transient 

torque responses. From the plots of stator current for stator phase-A, it is evident that the 
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proposed scheme has improved both the transient and steady state current responses. The peak to 

peak ripples in stator currents have been measured as 15A in transient state and 3.5A in steady 

state where as the same have been measured as 21A for transient state and 11.4A in steady state 

for the conventional PI controller. Moreover the convention PI controller driven DTC based IM 

drive draws a much higher current than the proposed controller driven DTC IM drive during the 

load reversal. By comparing the stator flux linkage responses of the proposed controller and the 

conventional PI controller, it is found that, the propose ANFIS based DTC scheme for IM drive 

exhibits smoother response and lesser ripple in stator flux as compared to the classical PI 

controller based DTC scheme for IM drive. 

The overall comparison of the proposed ANFIS controller and the PI is shown in Table III. The 

comparison clearly shows how effective the proposed controller based DTC scheme for IM 

drives is for all dynamic respect. 
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Table III: Comparison of classical PI and proposed ANFIS controller 

Operating 

Condition 

Rated Speed at 

No Load 

Rated Speed at 

Load Reversal 

(+100 to -100 N-

m) 

Rated Speed 

with Step Load 

Change (100-120 

N-m) 

Step Change in 

Speed (150-180 

rad/sec) at 50% of 

Rated Load 

Step change in 

speed (150-180 

rad/sec) with step 

change in load (100 

– 120 N-m) 

Rated speed at 

rated load 

Parameter ANFIS PI ANFIS PI ANFIS PI ANFIS PI ANFIS PI ANFIS PI 

% Overshoot 0.01 1.22 0.17 2.13 0.14 1.34 0.04 0.93 0.21 2.21 0.02 0.78 

Rise Time 0.07 0.08 0.10 0.126 0.78 0.11 0.082 0.096 0.12 0.143 0.09 0.092 

Settling Time 0.076 0.084 0.12 0.132 0.81 0.124 0.097 0.104 0.146 0.174 0.098 0.102 

%Speed Ripple 0.02 0.11 0.026 0.173 0.021 0.132 0.02 0.106 0.028 0.241 0.018 0.103 

%Torque Ripple 13.3 35.4 19.6 43.2 16.3 36.6 14.3 23.04 18.45 38.65 13.58 33.45 

%Flux Ripple 2.67 3.56 5.33 9.21 3.1 5.33 4.2 6.05 5.02 7.95 2.89 3.78 

%Current Ripple 17.08 25.04 12.54 19.43 8.33 12.5 8.45 12.5 9.13 13.04 7.87 13.94 
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Chapter 6 

Development of Fuzzy Logic Controlled Dynamic 

Voltage Restorer for Induction Motor Drives 

 

6.1.Introduction 

Power quality and reliability in distribution systems have been attracting an increasing interest in 

modern times and have become an area of concern for modern industrial and commercial 

applications. Introduction of sophisticated manufacturing systems, industrial drives, precision 

electronic equipments in modern times demand greater quality and reliability of power supply in 

distribution networks than ever before. Power quality problems encompass a wide range of 

phenomena. Voltage sag/swell, flicker, harmonics distortion, impulse transients and interruptions 

are a prominent few. These disturbances are responsible for problems ranging from malfunctions 

or errors to plant shut down and loss of manufacturing capability. Voltage sags/swells can occur 

more frequently than any other power quality phenomenon. These sags/swells are the most 

important power quality problems in the power distribution system [70].  

Voltage Sag or Voltage Dip (IEC term) is defined by the IEEE 1159 as the decrease in the RMS 

voltage level to 10% - 90% of nominal, at the power frequency for durations of ½ cycle to one 

minute [71]. The IEC terminology for voltage sag is dip. The IEC defines voltage dip as a 

sudden reduction of the voltage at a point in the electrical system, followed by voltage recovery 

after a short period, from half a cycle to a few seconds [72].  According to IEEE 1159-1995 

voltage sag amplitude of voltage sag is the value of the remaining voltage during the sag. Sag 

(dip) threshold magnitude specified for the purpose of detecting the start and the end of voltage 

sag (dip) which is defined to be 0.9 pu as defined by IEC 1000-4-30. Generally the sag 

magnitude ranges from 0.1 to 0.9 pu [71, 72]. Voltage sags are usually associated with system 

faults but they can also be generated by energization of heavy loads or starting of large motors 

which can draw 6 to 10 times its full load current during starting. Sag durations are subdivided 
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into three categories, instantaneous, momentary, and temporary-all of which coincide with utility 

device operation times [73, 74].  

Voltage Swell is defined by IEEE 1159 as the increase in the RMS voltage level to 110% - 180% 

of nominal, at the power frequency for durations of ½ cycles to one minute [71]. It is classified 

as a short duration voltage variation phenomena, which is one of the general categories of power 

quality problems. The term "momentary overvoltage" is used as a synonym for the term swell. 

According to IEEE 1159-1995, voltage swell magnitude is to be described by its remaining 

voltage, which is always greater than 1.0 pu. Voltage magnitude specified for the purpose of 

detecting the start and the end of a swell is known as swell threshold which is defined to be 1.1 

pu as defined by IEC 1000-4-30.Generally the swell magnitude ranges from 1.1 to 1.8 pu [71, 

72]. Like sags, swells are associated with system fault conditions but are not as common as sags. 

Swells can occur from the temporary voltage rise on the healthy phases during a single-line-to-

ground (SLG) fault. Swells can also be caused by switching off a large load or energizing a large 

capacitor bank and are characterized by their magnitude (rms value) and duration. The severity 

of a voltage swell is a function of the fault location, system impedance and grounding [73, 74]. 

 

 

 

 

 

 

 

 

Fig.6.1: Voltage Reduction Standard of IEEE Std. 1159-1995 

To calculate the voltage sag/swell magnitude at the Point of Common Coupling (PCC) in radial 

systems (which is the most prevailing one in industrial distribution networks), it is common to 

use the voltage divider model, shown in Fig.6.2, where the voltage magnitude at the PCC is 

given by: 
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௦ܷ௔௚/௦௪௘௟௟ ൌ ௓೑

௓ೄା௓೑
                                                       (6.1) 

Where: 

Zs =  the source impedance including the transformer impedance 

Zf = the impedance between the PCC and the fault including fault and line impedances [75] 

 

 

 

 

 

 

Fig.6.2: Faults on Parallel Feeders Causing Voltage Sag/Swell 

As the quality of power is strictly related to the economic consequences associated with the 

equipment and should therefore be evaluated considering the customers point of view. So the 

need for solutions dedicated to single customers with highly sensitive loads is great since a fast 

response of voltage regulation is required. Further it needs to synthesize the characteristics of 

voltage sags/swells both in domestic and industrial distributions [76, 77]. Alongside the variation 

in magnitudes, voltage sags/swells can also be accompanied by a change in phase angle. This 

phenomenon is known as phase angle jump (i.e. the variation of phase angle before the onset and 

during the voltage sag/swell events and is calculated as an argument of the complex voltage) 

[78]. Phase angle jumps can also be detrimental for the cases of sensitive devices. In order to 

meet these challenges, it needs a device capable of injecting minimum energy so as to regulate 

load voltage at its predetermined value.  

Dynamic Voltage Restorer (DVR) is one of the prominent methods for compensating the power 

quality problems associated with voltage sags/swells. Dynamic voltage restorer (DVR) can 

provide an effective solution to mitigate voltage sag/swell by establishing the appropriate 

predetermined voltage level required by the loads. It is recently being used as the active solution 

for voltage sag/swell mitigation in modern industrial applications. Induction Motors are the most 
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widely used motors in modern industrial applications because of their relatively inexpensive 

rudimentary design, reliable operation and low maintenance costs. Induction motors are 

generally robust, but they can be susceptible to inadequate of improper operating voltages 

causing problems ranging from loss of quality to complete plant shutdowns. Voltage sags/swells 

have been identified as the pivotal cause for tripping of large induction motors in industrial 

systems. Studies on the effects of voltage sags/swells on Induction Motors demonstrated that IMs 

are insensitive to very short duration sags (and interruptions) or swells. IMs were also unaffected 

by phase angle jumps associated with most of the voltage sags/swells [79]. 

This study proposes a new configuration of Dynamic Voltage Restorer (DVR) with fuzzy logic 

based feedback controller capable of compensating for power quality problems associated with 

voltage sags/swells and maintaining a prescribed level of supply voltage at the induction motor 

drive load terminals. The simulation of the proposed DVR is accomplished using 

MATLAB/SIMULINK simpower systems toolbox. The performance of the proposed DVR for 

different supply disturbances is tested under various operating conditions. The simulation results 

have shown that the proposed DVR is capable of mitigating both balanced and unbalanced 

voltage sags/swells with acceptable efficiency and reliability. 

 

6.2.DYNAMIC VOLTAGE RESTORER 

Dynamic Voltage Restorer (DVR) is a series connected device capable of regulating the load 

side voltage in a distribution network. The DVR provides a three phase independently controlled 

voltage source utilizing power electronic components, whose voltage vector (magnitude and 

angle) is added to the source voltage to restore the load voltage to a prescribed level [80]. The 

main function of DVR is the protection of sensitive loads from voltage sags/swells arising from 

the distribution network. Thus it is generally installed in a distribution system between the 

supply and the sensitive load feeders [81]. In addition to voltage sags and swells compensation, 

DVR can also be used for line voltage harmonics compensation, voltage transients reductions 

and fault current limitations. Various circuit topologies and control schemes are available that 

can be used to implement a DVR.  
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6.2.1. Configuration of DVR 

The general configuration of the DVR consists of an Injection transformer, a Harmonic filter, a 

Voltage Source Converter (VSC), Energy Storage Unit and a Control and Protection unit as 

shown in Fig.6.3. 

Energy Storage Unit in DVR can be external batteries or capacitors charged from the supply line 

feeder through a rectifier. Generally the energy storage unit of a DVR can be divided into two 

parts (i.e. Storage devices and DC Charging Circuit). The purpose of energy storage devices is to 

supply the necessary energy to the VSC via a dc link for the generation of injected voltages. 

 

Fig.6.3: Schematic Diagram of DVR Configuration 

The different kinds of energy storage devices are superconductive magnetic energy storage 

(SMES) [82], batteries, and capacitors [83, 84]. In fact, the capacity of the stored energy directly 

determines the duration of the sag which can be mitigating by the DVR. Batteries are the 

common choice and can be highly effective if a high voltage battery configuration is used [85]. 

However, batteries in general have a short lifetime and often require some type of battery 

management system, which can be quite costly [86]. An interesting alternative to batteries is the 

use of supercapacitors, which have a wider voltage range than batteries and can be directly 

paralleled across the input bus. Supercapacitors have a specific energy density less than that of a 

battery, but a specific power greater than a battery, making them ideal for short (up to several 

seconds) pulses of power. Certain supercapacitors can hold charge over extended periods of 

time, so as to act like a battery. However, unlike batteries, these supercapacitors have a short 

charging time and much longer lifetime [73, 74]. The purpose of the DC Charging Circuit is to 

charge the energy storage devices after the compensation of a voltage sag/swell event as well as 
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maintain a nominal dc link voltage. The charging circuit can be an external power supply or a 

rectifier fed from the supply mains of the distribution network. 

A Voltage Source Converter is a power electronic system capable of generating a sinusoidal 

voltage at any required frequency, magnitude, and phase angle. DVR configurations use the VSC 

to generate the voltage required to compensate for the voltage sag/swell events [87, 88]. Since 

the majority of the voltage sags/swells observed on distribution systems are unbalanced, the VSC 

will often be required to operate with unbalanced switching functions for the three phases and 

must therefore be able to treat each phase independently. Moreover, sag on one phase may result 

in swell on another phase, so the VSC must be capable of handling both sags and swells 

simultaneously. The output voltage of the inverter is varied by using different PWM schemes 

available. 

Given to the nonlinear nature of the semiconductor devices Voltage waveform distortion 

associated with the high frequency harmonics at the output of the inverter circuit is a common 

phenomenon. A harmonic filter unit is generally used at the output of the inverter circuit to keep 

the harmonic distortions at a permissible level. Although the filter unit keeps the harmonic 

distortion minimum and improves the quality of the generated voltage, it can also introduce 

voltage drop and phase shift in the fundamental component of the inverter output and needs to be 

accounted for in the generated compensation voltage [89]. 

Injection transformers are responsible for connecting the DVR to the sensitive loads in the 

distribution network via the high tension windings and transforming and coupling of the injected 

compensating voltages generated by the voltage source converters to the incoming supply 

voltage. In addition, the Injection transformer also serves the purpose of isolating the load from 

the system (VSC and control mechanism). Generally three single-phase transformers are used as 

injection transformers for injecting the compensating voltages to the system at the load bus. 

Proper integration of the injection transformer into the DVR, the MVA rating, the primary 

winding voltage and current ratings, the turn-ratio and the short-circuit impedance values of 

transformers are required. The existence of the transformers allow for the design of the DVR in a 

lower voltage level, depending upon the stepping up ratio. In such case, the limiting factor will 

be the ability of the inverter switches to withstand higher currents [90]. The control unit of DVR 

is solely responsible for controlling the compensating voltage generation by controlling the 
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PWM pulses to the gates of semiconductor switches of the VSC. To maximize dynamic 

performance of DVR, efficient control architecture capable of achieving fast compensation is 

necessary [91, 92]. The protection unit of DVR generally consists of By-pass switches, breakers, 

measuring and protection relays etc. Depending upon the operating conditions, the control and 

protection unit maximizes the system performance and minimizes the losses associated with the 

operation of DVR. 

6.2.2. Compensation Methods 

Compensation of voltage sags/swells is dependent upon a number of factors including DVR 

power rating, different load conditions and different types of voltage sags/swells. Some loads are 

very sensitive to phase angle jump while others are tolerant to it. Therefore, the compensation 

strategy depends upon the type and characteristics of the load connected to DVR. There are three 

different methods for DVR voltage injection which are presented below. 

6.2.2.1.Pre-Fault Compensation 

The DVR injects the difference voltage between during fault and pre-fault voltages to the 

system. In this method the DVR compensates for both magnitude and Phase angle. The main 

drawback of this technique is it requires a higher capacity energy storage device [92]. Fig.6.4a 

shows the vector diagram for the pre-fault control strategy for a voltage sag event. This method 

is best suited to loads sensitive to phase angle jumps as it compensates for both the magnitude 

and phase angle. 

 

 

 

 

 

Fig 6.4a: Compensation to pre-fault conditions for a voltage sag event (magnitude and phase) 

In this diagram, V pre-fault and V Sag are voltage at the point of common coupling (PCC), 

respectively before and during the sag. In this case VDVR is the voltage injected by the DVR, 

which can be obtained as: 
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஽ܸ௏ோ ൌ ට ௅ܸ 
ଶ  ൅ ௌܸ 

ଶ െ 2 ௅ܸ ௌܸ ܿ(6.2)                                            ߜݏ݋ 

and the required angle of injection θinj is calculated as: 

θ୧୬୨ ൌ tanିଵ ௏ೄ ௦௜௡ఋ
௏ೄ ௖௢௦ఋି௏ಽ 

                                                   (6.3) 

A closer look at Fig.6.4a shows that, in normal conditions (pre-fault), the system or supply 

voltage is equal to the load voltage VL, both are equal to 1 p.u. with zero angle. During sag, the 

system voltage decreases to a value Vs less than 1 p.u., this reduction in voltage is associated 

with a phase angle jump δ. The DVR reacts to the sag event and injects a compensating voltage 

VDVR to restore the voltage at the load to pre-fault conditions of both magnitude and angle. The 

method gives nearly undisturbed load voltage [90, 92]. 
 

6.2.2.2.In Phase Compensation 

In Phase compensation technique is designed to compensate for the voltage magnitude only. In 

this method jumps in the phase angle is not compensated [92, 93]. 

 

 

 

 

 

Fig 6.4b: In Phase Compensation to pre-fault conditions for voltage sag event (magnitude only) 

The vector diagram corresponding to In Phase Compensation method is shown in Fig.6.4b. Here, 

the pre-fault voltage is 1 p.u. with zero angle and during sag, the system voltage decreases to VS 

with a phase angle δ. The DVR injects a compensating voltage VDVR in phase with the system 

voltage VS, to boost the voltage magnitude up to the pre-fault voltage magnitude VL, with no 

attention to the angle δ. This method is suitable for loads that can withstand phase angle jumps, 

which is a typical case for induction motor loads which comprise a large portion of the industrial 

power system, with no sensitive equipment such as adjustable speed drives or any equipment 

depending in its operation on phase triggered switches. This method is very simple in 
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implementation, very fast especially in calculating the DVR compensation voltage, which is 

obviously calculated as:   

| ஽ܸ௏ோ| ൌ | ௅ܸ| െ  | ௌܸ|                                                   (6.4) 
 

6.2.2.3.In Phase Advanced Compensation 

Pre-fault compensation and in-phase compensation must inject active power to loads almost all 

the time. Due to the limit of energy storage capacity of DC link, the DVR restoration time and 

performance are confined in these methods.  

 

 

 

 

 

 

Fig 6.4.c: In Phase Advanced Compensation to pre-fault conditions for voltage sag event. 

The fundamental idea of in phase advanced compensation method is to make injection of active 

power zero. In order to minimize the use of real power the voltages are injected at 90° phase 

angle to the supply current. Fig.6.4c shows the vector diagram to describe the In Phase Advanced 

Compensation method [94]. 

 

6.2.3. Operation Modes of DVR 

The operation of Dynamic Voltage Restorer (DVR) can be categorized into three modes namely 

protection mode, standby mode and injection mode. In protection mode of operation DVR is 

protected from the over current in the load side due to short circuit on the load or large inrush 

currents. Bypass switches are used to separate the DVR from the system in protection mode. 

Generally DVR operates in standby mode in normal steady state conditions. In this mode of 

operation, the DVR may either be bypassed or inject small voltage to compensate the voltage 

VDVR

VL = VL Pre‐fault

IL

VSδ



95 
 

drop on transformer reactance or losses. DVR is generally bypassed because the small voltage 

drops do not disturb the load requirements if the distribution circuit is not too weak. DVR enters 

the injection mode of operation as soon as an abnormality is detected in load side voltage. DVR 

injects a three phase compensating voltage with each of the three phases having independently 

controlled magnitude and phase to meet the requirements on that particular phase. The DVR 

should ensure the unchanged load voltage with minimum energy dissipation for injection due to 

the high cost of capacitors [95].  

 

6.2.4. Control Methods for DVR 

DVR Control strategies fall mainly in one of the two categories namely linear control methods 

and Non-linear control methods. Linear control methods can be employed with the feedback, the 

feed-foreword and the combined feed controllers. Non-Linear control methods comprising the 

Artificial Neural Networks (ANN), the Fuzzy Logic (FL) and the Space Vector (SV) controllers 

Although feedback controllers are popular, they require load and source tracking, whereas feed-

foreword controllers are much simpler yet open-looped, there is no feedback from the load 

voltage or current [91-93]. 

The proposed DVR utilizes capacitors as the energy storage units fed through the supply mains 

via the rectifier. The compensation strategy is chosen to be the pre-fault compensation method 

due to its simplicity of implementation and induction motor adjustable speed drive being 

sensitive to phase angle jumps. And the control of the proposed DVR is based on a fuzzy logic 

based feedback controller. 

 

6.3.MATERIALS AND METHODS 

This study proposes a fuzzy logic controlled DVR with pre-fault compensation strategy for 

voltage sag/swell compensation for industrial induction motor drives. Since the pre-fault 

compensation strategy is simpler and efficient and compensates for the phase angle jumps which 

are crucial for adjustable speed drives, the operation of the proposed DVR is simpler and its 

response time is also faster. Fig.6.5 shows the block diagram of the proposed controller for the 

DVR. 
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Fig 6.5: Block diagram of the proposed DVR. 

The controller of the proposed DVR consists of the following blocks: 

6.3.1. Detection of Sag and Swell Events 

Sag/Swell detection includes determination of the instants when a sag/swell event starts and ends 

magnitude of the variation and the phase angle jumps. Several approaches for detection of 

sag/swell events available are Classical Fourier Transform method, Wavelet analysis, use of 

RMS values, use of peak values, the transformation of the three phase voltages to a two 

dimensional frame (d-q frame) and therefore to one phasor etc.[90, 96].  

In this study, the proposed DVR uses the traditional Fourier Transform method to detect the 

voltage sag/swell events. The Fourier transform based sag/swell detector associated with the 

proposed DVR can track the magnitude and the phase angle of the fundamental frequency 

component of the supply voltage simultaneously in order to make sure that the injected sine 

wave will be in-phase with the remaining sine wave during the sag/swell events, to have a 

constructive vector addition of the DVR and the supply voltages. Since the compensation 

strategy used in the proposed DVR is in-phase method, computation of the compensating voltage 

magnitude is done using a comparator with one input as the variable load voltage and the other 

being the reference voltage for each of the three phases independently. The output of the 

comparator determines the magnitude of the voltage required to be injected by the DVR and is 

called the error signal which is the input to the fuzzy logic based feedback controller used for 

controlling the output voltage of the inverter through the control of the modulation index for 

each of the three phases of the inverter independently. 
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6.3.2. Compensating Voltage Generation 

The inverter circuit in DVR is responsible for generation of the compensating voltage. Hence the 

control of the inverter will directly affect the performance of the DVR. The inverter used in the 

proposed DVR is a three phase six pulse inverter. The thyristors used in the inverter circuit are 

chosen to be Insulated Gate Bipolar Transistors (IGBT) for their fast response and robust 

operation.  The inverter uses Sinusoidal Pulse Width Modulation (SPWM) for controlling the 

modulation index hence controlling the output voltage of the inverter.  

 

 

 

 

Fig.6.6: Sinusoidal Pulse Width Modulation Scheme. 

In SPWM, a sinusoidal reference signal of supply frequency (i.e. 50 Hz) is compared with a high 

frequency triangular carrier waveform (i.e. 1080 Hz for this study). When the sinusoidal 

reference signal is greater than the triangular carrier wave, a batch of three IGBT switches out of 

the six are turned on and the counter switches are turned off and when the reference sinusoidal 

signal is smaller than the triangular carrier waveform in magnitude then the second batch of three 

IGBT switches are turned on and the first batch of switches are turned off. The magnitude of the 

sinusoidal reference signal determines the modulation index of the PWM signal generator which 

is dependent upon the error signal. The magnitude of the sinusoidal reference signal is controlled 

by the fuzzy logic based feedback controller which adjusts the magnitude according to the error 

magnitude and hence control the modulation index. The proposed DVR utilizes large capacitor 

banks for storing dc energy. Supply line voltage is rectified and used to charge the capacitor 
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banks. DC voltage from alternative supply sources can also be utilized with the proposed 

configuration of DVR.      

6.3.3. Fuzzy Logic Controller 

Fuzzy logic theory is considered as a mathematical approach combining multi-valued logic, 

probability theory, and artificial intelligence to replicate the human approach in reaching the 

solution of a specific problem by using approximate reasoning to relate different data sets and to 

make decisions. The performance of Fuzzy Logic Controllers is well documented in the field of 

control theory since it provides robustness to dynamic system parameter variations as well as 

improved transient and steady state performances.   

In this study, a fuzzy logic based feedback controller is employed for controlling the voltage 

injection of the proposed Dynamic Voltage Restorer (DVR). Fuzzy logic controller is preferred 

over the conventional PI and PID controller because of its robustness to system parameter 

variations during operation and its simplicity of implementation. Since the proposed DVR uses 

energy storage system consisting of capacitors charged directly from the supply lines through 

rectifier and the output of the inverter depends upon the energy stored in the dc link capacitors. 

But as the amount of energy stored varies with the voltage sag/swell events, the conventional PI 

and PID controllers are susceptible to these parameter variations of the energy storage system; 

hence the control of voltage injection becomes difficult. The proposed FLC scheme exploits the 

simplicity of the Mamdani type fuzzy systems that are used in the design of the controller and 

adaptation mechanism.    

 

Fig.6.7: Schematic representation of Fuzzy Logic Controller for DVR. 
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The fuzzy logic based control scheme (Fig.6.7) can be divided into four main functional blocks 

namely Knowledge base, Fuzzification, Inference mechanism and Defuzzification. The 

knowledge base is composed of data base and rule base. Data base consists of input and output 

membership functions and provides information for appropriate fuzzification and defuzzification 

operations. The rule-base consists of a set of linguistic rules relating the fuzzified input variables 

to the desired control actions. Fuzzification converts a crisp input signals, error (e), and change 

in error (ce) into fuzzified signals that can be identified by level of memberships in the fuzzy 

sets. The inference mechanism uses the collection of linguistic rules to convert the input 

conditions to fuzzified output. Finally, the defuzzification converts the fuzzified outputs to crisp 

control signals using the output membership function, which in the system acts as the changes in 

the control input (u).  

The typical input membership functions for error and change in error are shown in Fig.6.8a and 

Fig.6.8b respectively, whereas the output membership function for change in control input is 

shown in Fig.6.8c. The output generated by fuzzy logic controller must be crisp which is used to 

control the PWM generation unit and thus accomplished by the defuzzification block. Many 

defuzzification strategies are available, such as, the weighted average criterion, the mean-max 

membership, and center-of-area (centroid) method. The defuzzification technique used here is 

based upon centroid method. 

 

 

 

 

 

 

 

 

Fig 6.8a: Membership Function for Input Variable Error, ‘e’. 
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       1.0 

     -1      -0.8    -0.6   -0.4   -0.2      0     0.2    0.4     0.6      0.8        1.0 
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Fig 6.8b: Membership Function for Input Variable Change in Error, ‘ce’. 

 

 

 

 

 

 

Fig 6.8c: Membership Function for Output Variable Change in Control Signal, ‘u’. 

The set of fuzzy control linguistic rules is given in Table-IV. The inference mechanism of fuzzy 

logic controller utilizes these rules to generate the required output. 

Table IV: Rule Base for Fuzzy Logic Controller for DVR 

‘e’ 

‘ce’ 

NB NM NS ZE PS PM PB 

NB NB NB NB NB NM NS ZE 

NM NB NB NB NM NS ZE PS 

NS NB NB NM NS ZE PS PM 

ZE NB NM NS ZE PS PM PB 

PS NM NS ZE PS PM PB PB 

PM NS ZE PS PM PB PB PB 

PB ZE PS PM PB PB PB PB 

     -1      -0.8    -0.6    -0.4   -0.2     0     0.2    0.4     0.6      0.8        1.0 

NB      NM  NS          ZE          PS      PM                PB 

       1.0 

NB      NM  NS          ZE          PS      PM                PB 

       1.0 

     -1      -0.8    -0.6   -0.4   -0.2      0     0.2    0.4     0.6      0.8        1.0 
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6.4.MODELING AND SIMULATION 

The performance of the proposed fuzzy logic based DVR is evaluated by using 

MATLAB/SIMULINK program as a simulation platform. The DVR is connected in series 

between a three phase programmable (controllable) voltage source with 400V line to line RMS 

voltage, 50 Hz and a load of active power p = 10 KW and reactive power Q = 1 KVAR (with 

installation of power factor correction capacitors). The Simulink model of the proposed DVR is 

shown in Fig.6.15. 

 

Fig.6.9: SIMULINK model of proposed FLC for DVR. 

 

6.5 Simulation Results 

6.5.1. Three Phase Balanced Sag 

A three phase balanced voltage sag is simulated by reducing the line to line voltage on each 

phase to 60% of the normal value for a duration of 0.3 seconds  from t=0.4 sec till t=0.7 sec as 

shown in Fig.6.10. The simulation duration was 1 second. 
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Fig.6.10: Three Phase Balanced Voltage Sag. 

6.5.2. Three Phase Balanced Swell 

A three phase balanced voltage swell is simulated by increasing the line to line voltage on each 

phase to 140% of the normal value for a duration of 0.3 seconds from t=0.4 sec till t=0.7 sec as 

shown in Fig.6.11. The simulation time was 1 second. 

 

 

 

Fig.6.11: Three Phase Balanced Voltage Swell. 
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6.5.3. Consecutive Sag and Swell 

Voltage sag on the three phases of 60% of the normal value is simulated on all of the three 

phases for 0.4 sec starting from t=0.4 sec and ending at t=0.8 sec which is followed by a 

balanced three phase voltage swell of 140% of the normal voltage value for t=0.4 sec starting 

from t=1.0 sec to t=1.4 sec. The duration of the simulation was 2 seconds and the results are 

shown in Fig.6.12. 

 

 

 

Fig.6.12: Consecutive Voltage Sag and Swell. 

6.5.4. Multi-stage Sag 

Voltage sags on the three phases at 50% of the normal value is simulated for 0.3 sec from t = 0.3 

sec till t = 0.6 sec, after that, the sag prolonged on another stage at 60% of the normal voltage 

magnitude for 0.2 sec from t = 0.6 to t = 0.8 as shown in Fig.6.13. The duration of the simulation 

in this case was 1 second.    
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Fig.6.13: Multi-stage Voltage Sag. 

6.5.5. Three phase unbalanced sag 

Single-Line-To-Ground (SLG) faults are the most prevalent type of three phase unbalanced sags. 

For the purpose of the simulation, Phase A voltage magnitude is sagged to 50% for 0.5 sec from t 

= 0.3 sec till t = 0.7. The line to line voltage magnitudes VAB and VCA will be affected but the 

magnitude of VBC will remain unchanged. The simulation time used was 1 second and the results 

are shown in Fig.6.14. 
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Fig.6.14: Three Phase Unbalanced Voltage Sag. 

 

6.6. Performance Analysis of Proposed DVR in DTC based IM Drive System 
 

The performance of the proposed dynamic voltage restorer developed for the DTC based 

induction motor drive has been tested through simulations in MATLAB/ Simulink platform 

under various system fault scenarios. The implemented Simulink model of the proposed DVR 

along with the DTC based IM drive is shown in Fig.6.20 and the complete Simulink model of the 

proposed DVR is shown in Fig.6.21.  

The performance of the complete system has been tested under various system fault conditions 

including both symmetric and asymmetric system faults which include three phase balanced 

sags, three phase balance swells, consecutive sags and swells, multi-stage sags and unbalanced 

sags. The results are analyzed and compiled in terms of the three phase supply voltages, three 

phase load voltages and the speed responses of the drive system.  

Fig.6.15 shows the performance of the proposed DVR and the IM drive under three phase 

balanced sag conditions. A three phase balanced voltage sag is simulated by reducing the line to 

line voltage on each phase to 50% of the normal value for a duration of 0.3 seconds  from t=0.4 

sec till t=0.7 sec as shown in Fig.6.15. The simulation duration was 1 second. 

In Fig.6.16, the performance of the proposed DVR and IM drive has been shown under balanced 

three phase voltage swell conditions. A three phase balanced voltage swell is simulated by 

increasing the line to line voltage on each phase to 150% of the normal value for a duration of 

0.3 seconds from t=0.4 sec till t=0.7 sec as shown in Fig.6.16. The simulation time was 1 second. 

In Fig.6.17, voltage sag on the three phases of 50% of the normal value is simulated on all of the 

three phases for 0.25 sec starting from t=0.25 sec and ending at t=0.5 sec which is followed by a 
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balanced three phase voltage swell of 150% of the normal voltage value for 0.3 sec starting from 

t=0.6 sec to t=0.9 sec. The duration of the simulation was 1 seconds also.  

Voltage sags on the three phases at 50% of the normal value is simulated for 0.25 sec from t = 

0.25 sec till t = 0.5 sec, after that, the sag prolonged on another stage at 60% of the normal 

voltage magnitude for 0.3 sec from t = 0.6 to t = 0.9 as shown in Fig.6.18. The duration of the 

simulation in this case was 1 second.  

In order to simulate the unbalanced sag, phase A voltage magnitude is sagged to 50% for 0.3 sec 

from t = 0.4 sec till t = 0.7. The line to line voltage magnitudes VAB and VCA will be affected but 

the magnitude of VBC will remain unchanged. The simulation time used was 1 second and the 

results are shown in Fig.6.19. 

In all of the cases the results are analyzed with respect to three phase supply voltages under 

normal and fault conditions, three phase load voltages and the speed responses of the induction 

motor drive under sudden step changes in the reference speed from 150 rad/sec to 180 rad/sec. 

The proposed DVR system compensates for the all of the above mentioned fault conditions and 

the speed response of the induction motor drive traces the reference speed trajectory with 

minimum deviations under the simulated voltage sags and swell conditions.   

The simulation results strongly showcases the capacity of the proposed dynamic voltage restorer 

system developed for helping the direct torque control scheme based induction motor drive to 

maintain its performance under various power quality problems associated with voltage sags and 

swells. 
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 (a)

(b)

 

(c) 

Fig.6.15: Performance analysis under three phase balanced voltage sag condition: (a) Three 
phase supply voltage, (b) Three phase load voltage and (c) Speed response of the IM drive. 
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(a)

 

(b)

 

(c) 

Fig.6.16: Performance analysis under three phase balanced voltage swell condition: (a) Three 
phase supply voltage, (b) Three phase load voltage and (c) Speed response of the IM drive. 
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(a)

 

(b)

 

(c) 

Fig.6.17: Performance analysis under consecutive voltage sag and swell condition: (a) Three 
phase supply voltage, (b) Three phase load voltage and (c) Speed response of the IM drive. 
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(a)

 

(b)

 

(c) 

Fig.6.18: Performance analysis under multi-stage voltage sag condition: (a) Three phase supply 
voltage, (b) Three phase load voltage and (c) Speed response of the IM drive. 
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(a)

 

(b)

 

(c) 

Fig.6.19: Performance analysis under unbalanced voltage sag condition: (a) Three phase supply 
voltage, (b) Three phase load voltage and (c) Speed response of the IM drive. 
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6.7. Conclusion 
 

In this study, a simple, fast and efficient Dynamic Voltage Restorer (DVR) is proposed for 

mitigation of power quality problem associated with voltage sags/swells in industrial distribution 

systems with a large portion of its load comprising of induction motors drives. The proposed 

DVR employs the classical Fourier Transform technique for detection and quantification of 

voltage disturbances (sags/swells) events. Since induction motor drives are sensitive to changes 

in phase angle, pre-fault compensation method is used for calculation of the compensating 

voltage since it is fast and simple and finally a fuzzy logic based feedback controller is used to 

control the voltage injection of the proposed DVR system in case of voltage disturbances. The 

proposed DVR utilizes energy drawn from the supply line source during normal operation and 

stores in capacitors and which is converted to an adjustable three phase ac voltage suitable for 

mitigation of voltage sags/swells. The modeling and simulation of the proposed DVR using 

MATLAB/Simulink had been presented. The simulation shows that the DVR performance is 

efficient and satisfactory in mitigating voltage sags/swells. The DVR handles both balanced and 

unbalanced situations with sufficient efficiency and accuracy and injects the appropriate voltage 

component to correct rapidly any deviation in the supply voltage to keep the load voltage 

constant at the nominal value. The proposed DVR when used for maintaining the DTC based IM 

drive performance has shown promising results in overcoming both symmetrical and 

asymmetrical system faults and maintaining the drive performance at the desired level. 

The main advantages of the proposed DVR are simple and efficient adaptive control and fast 

response. Future works will include a comparison with a laboratory experiments on a low 

voltage DVR in order to compare simulation and experimental results and estimate the cost of 

the practical system. Further issues associated with low pass filter construction and its 

parameters selection, injection transformer selection and its saturation and reduction in 

operational time of the entire DVR system will be investigated in future works. 

The complete Simulink diagram for the proposed ANFIS based DTC of IM drive along with the 

Dynamic Voltage Restorer for the compensation of the power quality problems is shown in the 

Fig.6.20. The model for the DVR subsystem is shown in the Fig.6.21.
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Fig.6.20: Proposed ANFIS Controller based DTC of IM Drive with Dynamic Voltage Restorer 
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Fig.6.21: Simulink model for the fuzzy logic control dynamic voltage restorer for IM drives 
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Chapter 7 

Summary and Conclusion 

 

Direct torque control is supposed to be one of the best control schemes for driving any induction 

motor drive. Its principles and basic concepts have been introduced and thoroughly analyzed in 

this thesis. It is also demonstrated in the thesis that the method of direct torque control also 

allows the decoupled control of motor torque and motor stator flux. According to the analysis, 

the DTC strategy is simpler to implement than the vector control or field oriented control method 

because it does not require voltage modulators and co-ordinate transformations. However, it 

introduces undesired torque ripples.  

 

In this thesis, fundamentals of induction motor drives have been studied thoroughly and the main 

topic of concern was speed control of induction motor drives. The focus was to develop an 

adaptive neuro-fuzzy inference system (ANFIS) based speed controller for IM drive so as to 

achieve precision in speed control. The artificial intelligence controllers (AICs) provide certain 

advantages over the conventional or classical controllers (like- Proportional Integral Controller). 

The most prominent of all the advantages of the proposed hybrid ANFIS controller is that it 

doesn’t need any plant mathematical model to operate since the controller can attain a certain 

level of human intelligence by utilizing the linguistic variables of fuzzy logic instead of 

numerical ones and it also achieves the adaptability of human brain with the use of neural 

networks. Since it is completely independent of the mathematical model of the system that it will 

be driving, it relieves the designer from using cumbersome techniques. 

 

In this research work, a simple hybrid adaptive neuro-fuzzy inference system based speed 

controller has been proposed which is employed in a direct torque control scheme based 

induction motor drive in order to achieve precise and efficient speed control. The proposed 

system was developed and simulated in MATLAB/ Simulink platform. The system was 

simulated for various operating conditions and results from each of the simulation were analyzed 
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concentrating on parameters such as rise time, settling time, percent overshoot, percent torque 

ripple, stator current ripple, ripples in stator flux linkage etc. The obtained simulation results 

were compared with the simulation results for classical PI controller under the same operating 

conditions. The comparison results yielded the followings advantages rendered by the proposed 

ANFIS controller over the conventional PI controller: 

• The percent overshoot in the transient response has been reduced significantly.  

• Significantly improved settling times have been observed. 

• The speed tended to approach the reference speed even when it was higher than the base 

speed or very low as compared to the same, unlike the PI Controller. 

• Improved IM torque response with lesser ripples both in steady state and transient state. 

• Stator flux linkages have lesser ripples as compared to the conventional PI controllers. 

• Fluctuations in stator currents are significantly reduced. 

 

Although the proposed controller has shown signs of promising improvement in the DTC based 

speed control of IMs, much work is still needed to be done in order to fully test the proposed 

controller’s functionality for any practical IM drives. The scope for further improvement in the 

proposed control system may include: 

• Study of the ripples in the developed torque, stator current and flux linkages further and 

achieve any further ripple minimizations in the above mention quantities. 

• Implementation of the system in real time in order to analyze its functionality in real time 

systems and to analyze the computational burden it applies on the processor. 

• Study of the computational and processing time of the proposed system and work on any 

possible improvement. 

 

In this thesis, a fuzzy logic controlled dynamic voltage restorer (DVR) for the IM drive has also 

been proposed. The proposed DVR system is capable of compensating for any possible system 

fault scenario associated with voltage sags and swells, and maintaining a constant voltage supply 

across the IM drive terminals. The proposed DVR also compensates for any possible phase angle 

jumps which may cause deterioration of the drive performance. The proposed system has also 

been developed and simulated using MATLAB/ Simulink platform and has been simulating for 
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several fault conditions including symmetrical and asymmetrical system faults. The proposed 

DVR has also been tested while used in conjunction with the DTC based IM drive system and 

the test results have been sufficiently accurate for considering the system for practical and real 

time implementation. Scope for further improvement in the proposed dynamic voltage restorer 

system may include reduction in the processing time, improved detection and compensation 

algorithms and may be in further development in the controller controlling the DVR injection. 

Further, it can be implemented in real time in order to verify its functionality both as a 

standalone system and in conjunction with the IM drives.   
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Appendix ‐ A 

   

Induction Motor Parameters 

Name of the Parameter Simulation 

Model 

Number of Phases 3 

Number of Pole Pairs (P) 2 

Rated Frequency (Hz) 50 

Rated Speed (rad/sec) 150 

Rated Power (HP) 10 

Rated Input Line to Line Voltage (V) 460 

Mutual Inductance, Lm (H) 10.46e-3 

Stator Leakage Inductance, Lls (mH) 0.3027 

Rotor Leakage Inductance, Llr (mH) 0.3027 

Stator Resistance per Phase, Rs (Ω) 14.85e-3 

Rotor Resistance per Phase, Rr (Ω) 9.295e-3 

Inertia Constant, J (K-m2) 3.1 

Rotor Damping Constant, Bm (N.m.s) 0.08 
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Appendix ‐ B 
 

Subsystems for MATLAB/ Simulink Model 

 

B.1: Direct Torque Control (DTC) Subsystem 

 

 

 

 

 

 

B.2: Torque and Flux Hysteresis Subsystem 
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B.3: Subsystem for ‘Switching Table’ 

 

 

B.4: Subsystem for ‘Flux Sector Selector’ 
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B.5: ‘Flux and Torque Estimation’ Subsystem 

 

 

 

B.6: Subsystem for ‘Stator Voltage abc to dq Transformation’ 
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B.7: Subsystem for ‘Stator Current abc to dq Transformation’ 

 

 

 

 

B.8: Subsystem for Electrical Measurements 
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 B.9: Fuzzy Logic Controller Subsystem for Dynamic Voltage Restorer (DVR)  

  

 

 

 

B.10: Subsystem for DVR Supply Voltage Phase and Magnitude Calculation  
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B.11: ‘Sinusoidal Reference Generation’ Subsystem for Sine Pulse Width Modulation in 
Dynamic Voltage Restorer (DVR) 

 

 

 

B.12: Subsystem for DVR Triggering Circuit  
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Appendix – C 
 

Fuzzy Rule Base for the Proposed ANFIS Controller 

 

1.  If (speed error is NB) and (change in error is NB) then (output1 is NS) (1) 

2.  If (speed error is NB) and (change in error is NM) then (output1 is NS) (1) 

3.  If (speed error is NB) and (change in error is NS) then (output1 is NS) (1) 

4.  If (speed error is NB) and (change in error is NS) then (output1 is NS) (1) 

5.  If (speed error is NB) and (change in error is PS) then (output1 is NM) (1) 

6.  If (speed error is NB) and (change in error is PM) then (output1 is NS) (1) 

7.  If (speed error is NB) and (change in error is PB) then (output1 is Z) (1) 

8.  If (speed error is NM) and (change in error is NB) then (output1 is NS) (1) 

9.  If (speed error is NM) and (change in error is NM) then (output1 is NS) (1) 

10.  If (speed error is NM) and (change in error is NS) then (output1 is NB) (1) 

11.  If (speed error is NM) and (change in error is Z) then (output1 is NM) (1) 

12.  If (speed error is NM) and (change in error is PS) then (output1 is NS) (1) 

13.  If (speed error is NM) and (change in error is PM) then (output1 is Z) (1) 

14.  If (speed error is NM) and (change in error is PB) then (output1 is PS) (1) 

15.  If (speed error is NS) and (change in error is NB) then (output1 is NS) (1) 

16.  If (speed error is NS) and (change in error is NM) then (output1 is NB) (1) 

17.  If (speed error is NS) and (change in error is NS) then (output1 is NM) (1) 

18.  If (speed error is NS) and (change in error is Z) then (output1 is NS) (1) 

19.  If (speed error is NS) and (change in error is PS) then (output1 is Z) (1) 

20.  If (speed error is NS) and (change in error is PM) then (output1 is PS) (1) 
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21.  If (speed error is NS) and (change in error is PB) then (output1 is PM) (1) 

22.  If (speed error is Z) and (change in error is NB) then (output1 is NB) (1) 

23.  If (speed error is Z) and (change in error is NM) then (output1 is NM) (1) 

24.  If (speed error is Z) and (change in error is NS) then (output1 is NS) (1) 

25.  If (speed error is Z) and (change in error is PB) then (output1 is PB) (1) 

26.  If (speed error is Z) and (change in error is Z) then (output1 is Z) (1) 

27.  If (speed error is Z) and (change in error is PS) then (output1 is PS) (1) 

28.  If (speed error is Z) and (change in error is PM) then (output1 is PM) (1) 

29.  If (speed error is PS) and (change in error is NB) then (output1 is NM) (1) 

30.  If (speed error is PS) and (change in error is NM) then (output1 is NS) (1) 

31.  If (speed error is PS) and (change in error is NS) then (output1 is Z) (1) 

32.  If (speed error is PS) and (change in error is Z) then (output1 is PS) (1) 

33.  If (speed error is PS) and (change in error is PS) then (output1 is PM) (1) 

34.  If (speed error is PS) and (change in error is PM) then (output1 is PB) (1) 

35.  If (speed error is PS) and (change in error is PB) then (output1 is PS) (1) 

36.  If (speed error is PM) and (change in error is NB) then (output1 is NS) (1) 

37.  If (speed error is PM) and (change in error is NM) then (output1 is Z) (1) 

38.  If (speed error is PM) and (change in error is NS) then (output1 is PS) (1) 

39.  If (speed error is PM) and (change in error is Z) then (output1 is PM) (1) 

40.  If (speed error is PM) and (change in error is PS) then (output1 is PB) (1) 

41.  If (speed error is PM) and (change in error is PM) then (output1 is PS) (1) 

42.  If (speed error is PM) and (change in error is PB) then (output1 is PB) (1) 

43.  If (speed error is PB) and (change in error is NB) then (output1 is Z) (1) 

44.  If (speed error is PB) and (change in error is NM) then (output1 is PS) (1) 

45.  If (speed error is PB) and (change in error is NS) then (output1 is PM) (1) 
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46.  If (speed error is PB) and (change in error is Z) then (output1 is PB) (1) 

47.  If (speed error is PB) and (change in error is PS) then (output1 is PB) (1) 

48.  If (speed error is PB) and (change in error is PM) then (output1 is PB) (1) 

49.  If (speed error is PB) and (change in error is PB) then (output1 is PB) (1) 
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Back Propagation Algorithm for Training the Neural Network of the 
Proposed ANFIS Controller 

 

 

C.1: An example of a Back Propagation NN with two input neurons and two output neurons 

 

The Back Propagation algorithm works as follows: 

Step-1:  The inputs to the network are applied and the outputs are worked out. This initial output 

can be anything since the initial weights are random numbers. 

 

Step-2: Then the errors for each of the output neurons are calculated as follows: 

ఈߜ  ൌ ఈ ሺ1 െݐݑ݋  ఈݐ݁݃ݎఈሻ ሺܶܽݐݑ݋   െ ݐݑ݋ఈሻ 

ఉߜ  ൌ ఉ ሺ1 െݐݑ݋  ఉݐ݁݃ݎఉሻ ሺܶܽݐݑ݋   െ  ఉሻݐݑ݋ 

        

        Where, ݐݑ݋ఈ and  ݐݑ݋ఉ are the outputs of the output layer neurons α and β respectively. 

 .ఉare the desired output of the output layer neurons α and β respectivelyݐ݁݃ݎܽܶ ఈ andݐ݁݃ݎܽܶ    
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Step-3: The weights of the output layer neurons are updated as follows: 

஺ܹఈ
ା  ൌ  ஺ܹఈ  ൅  ஺ ݐݑ݋ ఈߜߟ 

஺ܹఉ
ା  ൌ  ஺ܹఉ  ൅  ஺ ݐݑ݋ ఉߜߟ 

஻ܹఈ
ା  ൌ  ஻ܹఈ  ൅  ஻ ݐݑ݋ ఈߜߟ 

஻ܹఉ
ା  ൌ  ஻ܹఉ  ൅  ஻ ݐݑ݋ ఉߜߟ 

஼ܹఈ
ା  ൌ  ஼ܹఈ  ൅  ஼ ݐݑ݋ ఈߜߟ 

஼ܹఉ
ା  ൌ  ஼ܹఉ  ൅  ஼ ݐݑ݋ ఉߜߟ 

The constant ߟ (called the learning rate, and nominally equal to one) is put in to speed up or slow 

down the learning if required. 

 

Step-4: Errors for the hidden layer neurons are calculated. Since, these errors unlike the output 

layer can’t be calculated directly, so back propagation from the output layer (hence the name of 

the algorithm) is done. This is done by taking the errors from the output layer neurons and 

running them back through the weights to get the hidden layer errors. Mathematically it can be 

expressed as: 

஺ߜ  ൌ ఈߜ஺ሻ ሺ ݐݑ݋ – ஺ሺ1 ݐݑ݋  ஺ܹఈ  ൅ ఉߜ  ஺ܹఉሻ 

஻ߜ  ൌ ఈߜ஻ሻ ሺݐݑ݋ – ஻ ሺ1ݐݑ݋  ஻ܹఈ  ൅ ఉߜ  ஻ܹఉሻ 

஼ߜ  ൌ ఈߜ஼ሻ ሺݐݑ݋ – ஼ ሺ1ݐݑ݋  ஼ܹఈ  ൅ ఉߜ  ஼ܹఉሻ 

 

Step-5: In this step, having obtained the errors for the hidden layer neurons, now the hidden layer 

weights are updated in a way similar to that of the output layer neurons. The hidden layer weight 

change can be expressed as: 

ఒܹ஺
ା  ൌ  ఒܹ஺  ൅   ஺ ݅݊ఒߜߟ 

ఆܹ஺
ା  ൌ  ఆܹ஺  ൅  ஺ ݅݊ఆߜߟ 

ఒܹ஻
ା  ൌ  ఒܹ஻  ൅   ஻ ݅݊ఒߜߟ 



137 
 

ఆܹ஻
ା  ൌ  ఆܹ஻  ൅  ஻ ݅݊ఆߜߟ 

ఒܹ஼
ା  ൌ  ఒܹ஼  ൅   ஼ ݅݊ఒߜߟ 

ఆܹ஼
ା  ൌ  ఆܹ஼  ൅  ஼ ݅݊ఆߜߟ 

 

The flow chart of the complete process is given below. 

 

C.2: Flow chart for back propagation algorithm 

By repeating this method network of any number of layers can be trained. 


