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ABSTRACT– This paper considers the fuzzy control of a non-linear 
dynamic system. The approach is known to be model-free and utilizes the 
field experience with running and supervising the process by human 
expertise. The advices given by the expert for proper running of these 
systems are given in the form of recipes full of linguistics. These 
linguistics can be turned into linguistic variables with limited sets of 
labels by the designer and to be the primitive seeds for what is called 
knowledge base. This base is kept in the memory of a computer unit. 
Assume that a running condition is given and has to be transferred into 
equivalent linguistic variables, in order to use the knowledge base and 
induce the output in a form of linguistic variables. Knowing that the 
linguistic variables is the same as fuzzy variables, the process of a fuzzy 
control can be stated as the three step procedure, a fuzzification stage, an 
inference stage, and finally a defuzzification stage, in which a crisp value 
is obtained for the process control input. The defuzzification stage is not 
unique and different techniques have been proposed in the literature. 
Starting from the centroid method up to the maximum principle method, 
the methods vary between themselves in complexity and time consumed by 
the computer unit. This, in turn, could result in different time responses 
for the given nonlinear dynamic systems. The paper concentrates on the 
effect of the defuzzification techniques on the transient response of a DC 
shunt motor taken as a model example of non-linear systems. A 
comparative study is given supported by computer simulation for each 
case. 

 
 

LIST  OF  SYMBOLS 
 

Ra, Rf 
La, Lf Ia, 
If 
VT 
β 
ϕ 
ω 
J  

The armature and field resistance 
The armature and field inductance 
The armature and field current 
The applied motor voltage 
The viscous friction 
The air gap flux 
The motor speed 
The motor inertia 

 TL 
COA     
MOM 
µ(k) 
PM 
ZE 
NS 

The load torque 
Center of area 
Mean of medium 
Membership degree 
Positive medium 
Zero 
Negative small 
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1. INTRODUCTION 
 

During the past years, many control techniques have been developed for 
improving the performance of a DC motor [1, 2]. The problem of controlling a DC 
shunt motor involves many practical problems, which may appear as a result of the 
continuous change of its field current. This means that the system equivalent 
mathematical model will be continuously changing and therefore one controller will 
not be sufficient to meet the different operating conditions. Due to the nonlinearities of 
various components of the systems, a linear model obtained by linearization around an 
operating point is usually adopted for the controller design. However, because of the 
inherent characteristics of changing loads, the system performance with controllers 
designed for a specific operating point will no longer be optimum [3, 4]. 

The fuzzy logic based speed controller for a DC shunt motor is presented over 
the whole range of operation. Such a controller needs neither a nonlinear nor a linear 
mathematical model. The objective of such controller is to restore the motor speed 
through eliminating the speed error arising due to load changes. The only 
measurements required for the control design are only the output error and the change 
in the output error [5-8]. 

This paper considers the fuzzy control of a non-linear dynamic system. The 
approach is known to be model-free and utilizes the field experience with running and 
supervising the process by human expertise. The advices given by the expert for proper 
running of these systems are given in the form of recipes full of linguistics. These 
linguistics can be turned into linguistic variables with limited sets of labels by the 
designer and to be the primitive seeds for what is called knowledge base. This base is 
kept in the memory of a computer unit. 

Assume that a running condition is given and you have to transfer the 
linguistic variables into equivalent linguistic variables, in order to use the knowledge 
base and induce the output in a form of a linguistic variable. Knowing that the 
linguistic variables are the same as fuzzy variables, the process of a fuzzy control can 
be stated as the three step procedure, a fuzzification stage , an inference stage and 
finally a defuzzification stage, by which a crisp single value is obtained for the process 
control input. the defuzzification stage is not unique and different techniques have been 
proposed in the literature . Starting from the centroid method up to the maximum 
principle one , the methods vary between themselves in complexity and time consumed 
by the computer unit. This, in turn, could result in different time responses for the 
given nonlinear dynamic systems. 

The paper concentrates on the effect of the defuzzification techniques on the 
transient response of a DC shunt motor taken as a model example for non-linear 
systems. A comparative study is given supported by computer simulations for each 
case. 
 

2.  SYSTEM  DESCRIPTION 
 

The  system to be considered in this study consists of a DC shunt motor.  In 
the following part, the mathematical model of each component will be given 
pointing out all nonlinearities and approximations   that are   usually  neglected when 
using conventional techniques [5, 7, 9, 10]. 
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2.1   DC Shunt Motor [3] 
The mathematical model of the DC shunt motor is a nonlinear third order one 
expressed as follows: 
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It is worth noting that the term kφ is a varying gain representing the relation between 
the field current If and the airgap flux ϕ. In addition, the bilinearity in eqn. (1) 
represents a nonlinear quantity due to inherent magnetic saturation characteristics. 
 

3.  FUZZY  LOGIC  CONTROLLER (FLC) 
The FLC controller belongs to a general class of fuzzy logic system [11, 14] in 

which control variables are transformed into linguistic variables and manipulated by 
what is known as the fuzzy inference engine. This engine reasons a set of 
linguistic rules constituting the system knowledge or expertise base to result in the 
most proper action for a given set of inputs. These rules are derived from the 
knowledge of experts with substantial experience in the DC drive-systems and machine 
control. In the following part, the architecture of such a controller is thoroughly 
examined. 
 
3.1  Fuzzy System Architecture 

The main objective of the fuzzy control scheme is to replace an expert 
human operator with a fuzzy rule-based control system [5]. The   fuzzy-logic   control 
(FLC) comprises three stages; namely the fuzzifier, the rule-base and the 
defuzzifier. Figure 1 shows how the three stages are connected. 
  

 
 

Fig. 1: The basic configuration of a Fuzzy logic controller. 
 
This proposed FLC is installed as shown in Fig. 2. 
 

 
 

Fig. 2: FLC block diagram. 
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The fuzzy logic controller proceeds as follows to evaluate the desired output 

signal, as shown. in Figure 3. Firstly the input variables are normalized. Then the 
membership function of the fuzzy logic controller output signal is determined by 
linguistic codes. Finally, the numerical value of the FLC output signal corresponding 
to a specific linguistic code is determined. 
 

 
 

Fig. 3:  The internal structure of the FLC. 
 
 
3.2  Fuzzy  Control  Algorithm 

To provide an acceptable overall performance, the FLC system must have a 
quick response with small steady state error, therefore, the proposed rule base depends 
on the following concepts: 
– The fuzzy controller maintains the output value when the output value is a set 

value and the error change is zero. 
– Depending on the magnitude and sign of the speed error and speed error 

change,  the output value will return to the set value.  
Whenever a departure between the two values exists, the error (e) and the error 

change (∆e) are defined as the difference between the set-point value o
rω∆ (k) 

and the current output value )(km
cω∆ . 
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Where: 
 

)(ko
rω∆     is   the   reference   speed at the kth  sampling interval and e(k) is the 

error signal. 

)(km
cω∆     is the speed signal at the kth sampling interval. 

∆e (k) is the error change signal. 
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The workable range is divided into intervals. These intervals are named for 
example: positive, zero and negative.  These names for the intervals are called labels. 

The above three labels, the input variables and the output of the fuzzy 
controller, are related as shown in Table 1; where the error is represented by its 
labels in the first row and the change error is represented in the first column. 
However, the output would be inside each cell. 

 
Table 1: Rule table. 

 

∆e/e P Z N 

P  P  
Z  Z  
N  N  

 
Then the control variable should be  changed. The control law can be 

formalized as: 
                     ∆U(k)=F(e(k),∆e(k))                                                                          (3) 

 

To express the fuzzy logic input in linguistic codes (fuzzy   labels)   P, Z and 
N, the measured fuzzy logic controller input e(k) and ∆e(k) are first normalized 
based on the desired frequency of the multi-area under control as: 
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membership function of error, Where  orw  is a normalizing factor. 
Many types of membership function exist. In this paper, the triangular-

shaped functions shown in Figure 4,are chosen owing to their simplicity as well as 
being closer to human thinking. 

The working range of error and change of error are normalized and divided 
equally by a number of divisions equal to the proposed number of labels. On the 
extremes, the trapezoidal forms are used instead of triangular forms to be very close 
to the real life cases. 

The membership functions for these two variables are as shown in Figure 4. 

 

 
 

 

 

Fig. 4: The membership function. 
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4.  DEFUZZFICATION  TECHNIQUES 
Defuzzification is a procedure to find the crisp element, based upon the 

knowledge that the fuzzy value of the output variable Z is F where, 
 

Z = defuzzifier (F(z))                                                                                                                                (5) 
 

Where F(z) is a fuzzy set. Z is a crisp output, and the defuzzifier represents a 
defuzzification operator. 

Basically, defuzzification is a mapping function from   a space of fuzzy 
control actions defined over an output inverse of discourse into a space of non-
fuzzy control actions. It is employed because in many-practical application a crisp 
control action is required. The commonly used defuzzification methods are the mean 
of maxima (MOM) and the center of area (COA) methods. Alternative defuzzification 
methods that are widely used in practical applications can be found in [8, 11, 12]. 

 
4. 1  Max- Membership  Method 

The max criterion produces the point at which the possibility distribution of 
the control action reaches a maximum value, it is also known as the height method. 
This scheme is limited to peaked output functions as here 

 

ZzZZ ∈∀≥ )()( * µµ                                         (6) 
 

And Z* is the required crisp output. 
 
4. 2  Centroid  Method 

This procedure (also called center of area or center of gravity) is the most 
prevalent and physically appealing of all the defuzzification methods, it is given 
by 
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Where n is the number of quantization levels of the output. 
 
4.3  Weighted  Average  Method 

This method is only valid for symmetrical output membership functions. 
It is formed by weighing each membership function in the output by its respective 
maximum membership value, it is given by: 
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Where Z  is the mean of the respective maximum value. 
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4.4  Mean-Max  Membership (MOM) 
This method (also called middle-of-maxima) is closely related to the first 

method, except that the locations of the maximum membership can be non-unique. 
This method is given by: 

 

n
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This MOM strategy generates a control action which represents the mean 
value of all local control actions whose membership functions reach the maximum. 
 
4.5  The  Proposed  Algorithm 

The proposed approach to develop a fuzzy logic control consists of four 
stages: 
 

Stage (1): Calculate the degree of firing 
 

))k(e())k(e( iii ∆µ∧µ=τ                                                  (10)     
 
Stage (2): Find the output fuzzy set  
 

))k(u())k(u(F iii µ∧τ=∆                                               (11) 
 

Stage (3): Find the overall system output  
 

))k(u(F))k(u(F i
i

∆∨=∆                                                     (12) 
 

Stage (4): Find the crisp output using any defuzzification methods. 

 
5. NUMERICAL  EXAMPLE 

 

In the following part, the data for a 4 kW/220 V/1450 rpm, DC shunt motor are 
given [4, 8] 
Ra=l Ω 
Rf=338Ω, 
β   =0.0184 Nm/rad/sec 
K =2.2088 V/amp .rad/sec. 
La=5 mH 
Lf = 5 mH 
J  =  0.05 Kg.m2 
Hardware: 386-AT computer  
Software: The program is written using QB- language  
 

The proposed defuzzification techniques have confirmed the effectiveness of 
the proposed controller in the presence of system nonlinearities. The results shown in 
Figure 5, indicate the closed-loop response of the DC shunt motor for different 
defuzzification techniques. 

(9) 
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Fig. 5: System response with defuzzification techniques. 
 
 

It is clear that the Max technique results in a faster response during transients 
compared with the Weighted Average (Sugeno), COA and MOM techniques. On the 
contrary to that, the MAX and Sugeno result in a smaller steady-state error. 

 
Steady state error for each case : 

 
MAX ess = 3% RISE  TIME Tr = 0.6 Sec 

SUGENO ess = 2.8 % RISE TIME Tr = 0.6 Sec 

MOM ess = 4.5% RISE TIME Tr = 0.6 Sec 

COA ess = 5% RISE TIME Tr = 0.6 Sec 

 
This transient response is taken for a speed of 1400 rpm and not the rated 

speed of 1450 rpm. 
 

Each response is taken for one case of number of labels (3 labels) or   9 rules. 
We fixed the number of labels or rules to show the effect of defuzzification methods. 
 

We confirmed this result in the control lab. 
 

6.  CONCLUSION 
This paper has studied the effect of converting fuzzy forms into crisp forms, a 

process called defuzzification. Defuzzification is a natural and necessary process; there 
is an analogous form of defuzzification in mathematics where we solved a complicated 
problem in the complete MOM. It involves less computation than the center of sums; 
computational simplicity. The results depict a validation of    these   techniques to 
control the DC shunt motor, and the results validate that the motor dynamic response is 
free speed over-shoot. 
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