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Abstract 

This thesis presents a methodology for implementation of a rule-based fuzzy logic controllerapplied to a closed loop Volts/Hz 

induction motor speed control. The Induction motor ismodelled using a dq axis theory. The designed Fuzzy Logic Controller’s 

performance is weighed against with that of a PI controller. The pros of the Fuzzy Logic Controllers (FLCs) over the 

conventional controllers are: (i) they are economically advantageous to develop, (ii) a wider range of operating conditions c an be 

covered using FLCs, and (iii) they are easier to adapt in terms of natural language. Another advantage is that, an initial 

approximate set of fuzzy rules can be impulsively refined by a self-organizing fuzzy controller. For V/f speed control of the 

induction motor, a reference speed has been used and the control architecture includes some rules. These rules portray a 

nonchalant relationship between two inputs and an output, all of which are nothing but normalized voltages. These are:  

 The input speed error denoted by Error (e).  

 The input derivative of speed error denoted by Change of error (Δe), and   

 The output frequency denoted by Change of Control ( ). 

The errors are evaluated according to the rules in accordance to the defined member functions. The member functions and th e 

rules have been defined using the FIS editor given in MATLAB. Based on the rules the surface view of the control has been 

recorded. The system has been simulated in MATLAB/SIMULINK® and the results have been attached. The results obtained by 

using a conventional PI controller and the designed Fuzzy Logic Controller has been studied and compared. The controller has 

then been tuned by trial and error method and simulations have been run using the tuned controller . 

Keywords: V/f induction motor speed control, dq axis theory, Fuzzy Logic controller, Mamdani Architecture  

_______________________________________________________________________________________________________ 

I. INTRO DUCTIO N 

The use of induction motors has increased tremendously since the day of its invention. They are being used as actuators in 

various industrial processes, robotics, house appliances (generally single phase) and other similar applications. The reason for its 

day by day increasing popularity can be primarily attributed to its robust construction, simplicity in design and cost effect iveness. 

These have also proved to be more reliable than DC motors. Apart from these advantages, they have some unfavorable features 

like their time varying and non-linear dynamics. Speed control is one of the various application imposed constraints for the 

choice of a motor. Hence, in the last few years it has been studied by many, and various methods for the same have been 

developed. An insight into the same has been provided in Chapter 2. Out of all the speed control mechanisms, the Volts/Hertz 

control scheme is very popular because it provides a wide range of speed control with good running and transient performance.  

This scheme has been thoroughly explained in Chapter 2. This control mechanism is referred to as scalar control mode.  Here 

both the input and output commands are speed, unlike the Vector control mode where it is torque/flux and reference current, 

respectively. Even though vector control drives provide excellent performance in terms of dynamic speed regulation, 

implementation of the same is tedious owing to on-line coordinate transformations that convert line currents into two axis 

representation and vice versa 

A. Induction Motor: 

The induction motor finds its place amongst more than 85% of industrial motors as well as in its single -phase form in various 

domestic usages.  Markedly a constant-speed motor with shunt characteristic, speed drops only by a few per cent from no-load to 

full load.  Hence in the past, induction motors have been used primarily in constant speed applications.  Traditional 

methodologies employing speed control have either been high-priced or very inefficient, unlike the dc motor.  Nonetheless, the 

presence of commutate and brushes in the latter, which require recurrent maintenance make dc motor drives improper for use in  

hazardous and polluted environments.  On the other hand, owing to the simple, rugged, cheaper, smaller and subsequently light er 

build of induction motor drives (particularly squirrel-cage type), they are designed for fans, blowers, cranes, traction, conveyers, 

etc. in spite of finding stiff competition from dc drives for such applications . 
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1) Speed Control of Induction Motor  

The speed control of induction motors involves more complicacy than the control of dc motor, especially if comparable accuracy 

is desired.  The main reason for the same can be attributed to the complexity of the mathematical model of the induction 

machine, as well as the complicated power converters supplying this motor.  Variable speed induction motor drives employ 

various control algorithms. Let us consider the process of driving to work.  Driving at the highest possible speed would prob ably 

cause an accident.  And driving at a single speed that will be safe for every portion of the route will take long to reach to the 

destination.  Hence adjusting the speed which goes well with the route minimizes the time to accomplish the objective of the 

process within limits of reliable operation. 

The process control benefits that may be provided by an adjustable speed drive are as follows:  

 Smoother operation.  

 Acceleration control as an added incentive.  

 Varying operating speed for each process.   

 Compensates for fluctuating process parameters.  

 Permits slow operation for setup purpose.  

 Allows accurate positioning.  

 Provides torque control. 

2) The conventional control methods possess the following difficulties:   

 Dependence on the exactness of the mathematical model of the system.  

 Expected performance not being met due to the load disturbance, motor saturation and thermal deviations.  

 Decent performance exhibited only at one operating speed when classical linear control is employed.  

 Adopting the right coefficients for acceptable results. 

3) Scope of the project 

The scope of the project is:  

 Development an artificially intelligent speed controller using the fuzzy logic approach and based on the scalar control 

model. 

 To produce a learning package of Fuzzy Logic Controller, for scalar speed control of Induction Motor, for future reference 

purpose. 

B. Fuzzy Set Theory 

Crisp variable:  A crisp variable is a physical variable that can be measured through instruments and can be assigned a crisp  or 

discrete value, such as a temperature of 30 0C, an output voltage of 8.55 V etc.  

Linguistic variable:  When the universe of discourse is a continuous space, the common practice is to partition X into several 

fuzzy sets whose MFs cover X in a more or less uniform manner.  These fuzzy sets, which usually carry names that conform to 

adjectives appearing in our daily linguistic usage , such as “large”, “medium” or “small”, are called linguistic values.  

Consequently, the universe of discourse X is often called the linguistic variable. 

1) Fuzzy Set-Theoretic Operations  

The most elementary operations on classical sets include union, inters ection and complement.  Analogous to these operations, 

fuzzy sets also have similar operations which are explained below.  

a) Containment or Subset 

Fuzzy set A is contained in fuzzy set B (or, equivalently, A is a subset of B) iff   for all  .  The following figure clarifies this 

concept. 

b) Union (Disjunction)  

The union of two fuzzy sets A and B is a fuzzy set C, written as C = A   B or C = A OR B, whose MF is related to those of A a nd 

B by Equivalently, union is the smallest fuzzy set containing both A and B.  Then again, if D is any fuzzy set encompassing both 

A and B, then it also contains A   B. A union of two fuzzy sets A and B is shown in Fig 7 (b).  

c) Intersection (Conjunction)  

The intersection of two fuzzy sets A and B is a fuzzy set C, written as C = A   B or C = A AND B, whose MF is related to those 

of A and B by Analogous to the definition of union, intersection of A and B is the largest fuzzy set which is contained in bo th A 

and B.  An intersection of two fuzzy sets A and B is shown in Fig 7 (c).  

d) Complement (Negation)  

The complement of fuzzy set A, designated by Ā (A, NOT A), is defined as Formulating Membership Functions Any 

membership function completely characterizes the fuzzy set that it belongs to.  A convenient and succinct way to define an MF is 

to express it as a mathematical function.  In order to define fuzzy membership function, designers choose many different shap es 

based on their preference and know-how. Different classes of parameterized membership functions commonly used are:    

Among the alternatives just mentioned, the most popularly used MFs in real-time implementations are triangular and trapezoidal 

because of the fact that these are easy to represent the designer’s idea and require low computation time.  
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C. Fuzzy Logic Controller  

One of the reasons for the popularity of Fuzzy Logic Controllers is its logical resemblance to a human operator. It operates on 

the foundations of a knowledge base which in turn rely upon the various if then rules, similar to a human operator [6]. Unlike 

other control strategies, this is simpler as there is no complex mathematical knowledge required. The FLC requires only a 

qualitative knowledge of the system thereby making the controller not only easy to use, but also easy to design.   

1) Application Areas of Fuzzy Logic Controllers   

The fuzzy logic Controllers are basically put to use when:  

1) The system is highly non-linear thereby making the making the mathematical modeling of the system very arduous.   

2) The analytical form of the system is not provided, instead a linguistic form is provided. 

3) The precise identification of the system parameters. 

4) The system behaviour has a vague characteristic under precisely defined conditions.  

5) The conditions themselves are vague. 

D. Component of FLC 

The inputs to a Fuzzy Logic Controller are the processed with the help of linguistic variables which in turn are defined with the 

aid of membership functions. The membership functions are chosen in such a manner that they cover the whole of the universe 

of discourse. To avoid any discontinuity with respect to minor changes in the inputs, the adjacent fuzzy sets must overlap each 

other.  Because of a small time constant in Fuzzy Logic Controllers, this criterion is very important in the design of the sa me.   

There are basically three essential segments in Fuzzy Logic Controller viz.  

1) Fuzzification block or Fuzzifier.  

2) Inference System. 

3) Defuzzification block or Defuzzifier. 

1) Fuzzification Block or Fuzzifier  

The first step towards designing a Fuzzy Logic Controller is choosing appropriate inputs which will be fed to the same. These 

input variables should be such that, they represent the dynamical system completely.  Then the function of the Fuzzifier come s 

into picture. As discussed before, instead of using numerical variables, fuzzy logic uses linguistic variables for processing 

information. But since the inputs to the FLC are in the form of numerical variables (or in other words, crisp sets), they nee d to be 

converted into linguistic variables. This function of converting these crisp sets into fuzzy sets (linguistic variables) is performed 

by the Fuzzifier. 

2) Defuzzification Block or Defuzzifier  

A defuzzifier performs the exact opposite function of a fuzzifier. It transforms the fuzzy variables (which are obtained  as output 

after processing of the inputs) to crisp sets. The defuzzifier is necessary because in the real world the crisp values can on ly be 

taken as inputs to the other systems. Even though the fuzzy sets resemble the human thought process, their functio nality is 

limited only to the above processes.   

A defuzzifier is generally required only when the Mandeni Fuzzy Model is used for designing a controller. There are other 

types of architectures that can be used are:  

 Tagaki-Sugeno Fuzzy Model.    

 Tsukamoto Fuzzy Model.  

Mandeni model is preferred here because it follows the Compositional Rule of Inference strictly in its fuzzy reasoning 

mechanism. Unlike the Mandeni model, the outputs are defined with the help of a specific function for the other two models  

(first order polynomial in the input variables) and hence the output is crisp instead of fuzzy. This is counterintuitive sinc e a fuzzy 

model should be able to propagate the fuzziness from inputs to outputs in an appropriate manner.  

II. TUNING O F THE FLC AND SIMULATIO NS WITH VARIATIO NS OF REFERENCE SPEED AND LO AD 

The Fuzzy Logic Controller, that has already been designed, was found to have certain drawbacks, namely (i) achievement of 

only near to exact reference speed after change in reference speed and (ii) high rise time. Out of these, the major drawback is the 

fact that the motor speed does not follow the reference speed unerringly. The presence of a steady state error makes it impos sible 

for the Fuzzy Logic Controller to be used in any major application.   

It can be inferred from the previous simulations that for a certain point or points in the input functions there are no rules 

defined. Hence, before going further with any other application the Fuzzy Logic Controller has to be tuned so that the steady  

state error is eliminated. The Controller was tuned by trial and error method. The same hybrid type membership functions have 

been used as earlier but the area of each membership function has been changed to get the desired results. It is known that t o 

achieve finer control, the membership functions near the zero region should be made narrow and wider membership functions 

away from the zero region provides faster response to the system. 
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A. Designing of the Modified Controller  

The controller is again designed using the FIS editor in MATLAB/SIMULINK®. The same steps, as given in Chapter 5, were 

followed in the designing of the tuned controller. Trial and error method was used to modify the controller. A number of 

different arrangements of the membership functions were simulated one after the other and it was found that this particular 

arrangement provided a zero steady state error. Hence, this controller can be used for further application.  

The modified design of the Fuzzy Logic Controller was found to have a decent p erformance. The steady state error was found to 

be zero. Whenever the induction machine was loaded the speed of the machine fell, but only to a very little extent. The rise time 

and the settling time of the system were not affected much, but the peak overs hoot of the system was found to have reduced as 

compared to the earlier design. Hence, this controller can now be used in other applications. But now the system has to be 

optimized so as to achieve an optimum value for the rise time, settling time and peak overshoot. 

B. Fuzzy Logic as an Evolutionary Computational Tool  

Fuzzy logic, first introduced by Lotfi A. Zadeh in 1965, embodies human-like thinking into a control system. A fuzzy controller 

employs a mode of approximate reasoning resembling the decision making route of humans, that is, the process people use to 

infer conclusions from what they know. Fuzzy control has been primarily applied to the control of processes through fuzzy 

linguistic descriptions stipulated by membership functions.  

The conventional Boolean logic has been extended to deal with the concept of partial truth - truth values which exist between 

“completely true" and "completely false", and what we shall be  referring to as fuzzy logic.  This is achieved through the concept 

of degree of membership.  The essence of fuzzy logic rests on a set of linguistic if-then rules, like a human operator.  It has met a 

growing interest in many motor control applications due to its non -linearity handling features and independence of plant 

modelling.  Moreover, the fuzzy logic concepts play a vital role in developing controllers for the plant since it isn’t needy of the 

much complicated hardware and all it necessitates are only some set of rules.     

III. INDUCTIO N MO TO R MO DEL IN SIMULINK 

The Induction Motor has been modeled in chapter 2, section 2.5. The very equations mentioned there can be used to build the 

Induction Motor model in SIMULINK. It shows block diagram of the induction motor with three inputs namely, input voltage (  

), speed of induction motor (  ) and speed of the dq frame (  ). Torque and current are taken as outputs. 

A. Comparision between FLC and PI Controller Results  

It can be seen from the above figures that while using the Fuzzy Logic Controller the overshoots obtained a re lesser as compared 

to the case when the PI Controller is used. The settling time is also less in case of the Fuzzy Logic Controller, but the ris e time is 

larger. The Fuzzy Logic Controller, however, portraits a better response when the reference speed is changed (either decreased or 

increased with respect to the base speed). It tends to approach the new reference speed faster and has, comparatively, a very  low 

overshoot. It can be observed from  the PI controller diverges from the new reference speed and  does not attend a steady state 

when it is very less as compared to the base speed or greater than the base speed. The Fuzzy Logic Controller on the other ha nd 

attains a steady state. Even though this attained speed is not exactly equal to the new reference speed, it is very much close to it.   

The torque plots show that while using the Fuzzy Logic Controller oscillations occur during starting while the PI controller 

doesn’t show any such characteristic. This is because the Fuzzy Logic Controller is based o n random knowledge of data. The 

machine provides a desirable response after some time as the controller first has to learn from or adjust according to the da ta 

provided by the user.  

From the current plots, the same inferences can be achieved. We can see that in all the current plots the current is sinusoidal. 

But there is a distortion in the envelope before the machine attains steady state. The reason for this is that during startin g the 

machine passes through the unstable region. 

B. Fuzzy Logic and Conventional Controllers: A Comparison  

The simplification or linearization of the non-linear system under consideration has to be performed by the conventional control 

methodologies like PI, PD and PID since their construction is based on linear system theory. Hen ce, these controllers do not 

provide any guarantee for good performance. They require complex calculations for evaluating the gain coefficients. These 

controllers however are not recommended for higher order and complex systems as they can cause the system to become 

unstable. Hence, a more heuristic approach is required for choice of the controller parameters which can be provide with the help 

of fuzzy logic, where we can define variables in a subjective way. Thus we can avoid the numerical complicacy involved in 

higher order systems.  

Fuzzy logic provides a certain level of artificial intelligence to the controllers since they try to imitate the human though t 

process. This facility is not available in the conventional controllers. 

Advantages: 

 The advantages of the Fuzzy Logic Controller used in the simulation were as follows: 

 The overshoots in the system was very less as compared to conventional PI controller.  
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 The settling time was less.  

 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.  

 The designing of the control mechanism was not very cumbersome.  

C. Disadvantages: 

The disadvantages of the Fuzzy Logic Controller used were: 

 The rise time was little higher as compared to the conventional PI controller.  

After the change in reference speed from base speed, the actual speed did not exactly follow it, but was found to be almost 

equal to it. 

IV. THREE PHASE INDUCTIO N MOTO R AND THEIR TO RQ UE-SPEED ANALYSIS   

Based on the construction of the rotor, a 3-phase induction motor can be categorized into two types:  

 Squirrel Cage Induction Motor  

 Wound Rotor or Slip Ring Induction Motor  

The stator of both types of motors consists of a three phase balanced distributed winding with each phase mechanically 

separated in space by 120 degrees from the other two phase windings. This gives rise to a rotating magnetic field when curren t 

flows through the stator.  

In squirrel cage IM, the rotor consists of longitudinal conductor bars which are shorted at ends by circular conducting rings . 

Whereas, the wound rotor IM has a 3-phase balanced distributed winding even on the rotor side with as many number of poles as 

in the stator winding.  

Considering the three phases to be balanced, the analysis of a 3-phase induction motor can be done by analysing only one of the 

phases. 

A. Induction Motor Dynamic Model  

The mathematical model of an induction machine can be obtained by first describing it as a coupled stator and rotor polyphone 

circuit in terms of so-called phase variables, viz. stator currents  and rotor currents  and the rotor speed and the angular 

displacement   between stator and rotor windings.  The inductance matrix, which is a function of position is a representative of 

the magnetic coupling.  The matrix expression of the machine equations are formulated in Simulink language.  

Next, the original stator and rotor abc frames of reference are transformed into a common k or dq frame in which the new 

variables for voltages, currents, and fluxes can be viewed as 2-D space vectors.  In this common frame the inductances become 

constant independent of position.  This is clear from which illustrates various reference frames (coordinate systems): the triplet 

[As Bs Cs] designates a three-phase system attached to the stator while the pair [as bs] links to an equivalent two -phase system. 
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