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Abstract: 
Applications offuzzy logic controllers have proved that a tuning algorithm must be added to 

improve its perfomance against the system disturbances. The tuning methodr represent an 
additional costs and complexiry for implementation. This paper, presents a novel method which 
implies a self-tuned c o n t r o h  capable of damping the system oscillations whatever the 
disturbance changes. Moreover, this controller is robust to a degree that permits more than 
2500% parameters uncertainties to be considered. The idea of this approach is to combine two 
control signals, one from a conventional stabilizer, e.g. lead lag compensator, and the other 
from a fuzzy logic controller. The stabilizer is designed based on modal techniques for the 
worst case of oscillations and is independent on the system disturbance. On the other side, the 
ranges of membership firnetions requiredfor the design of fuzzy logic controller are selected 
based on the worst experience of the input/output behavior. Thefinal controller is testedfor 
diflerent disturbances and system parameters and the results show a satisfactoory perfomance 
and robustness. 

Referring to Fig.(l), one can understand Fuzzy Logic (FL) as a logical system, which is an 
extension of multivalued logic. It is almost synonymous with the theory of fuzzy sets, a theory 
which relates to classes of objects with entrap boundaries in which membership is a matter of 
degree [I]. The basic concept underlying FL is that of a linguistic variable, that'is, a variable 
whose values are words rather than numbers. In effect, much of FL may be viewed as a 
methodology for computing with words rather than numbers. Although words may be less 
precise than numbers, their use is closer to human intuition. Furthermore, computing with words 
exploits the tolerance for imprecision and thereby lowers the cost of solution. Another basic 
concept in FL, which plays a central role in most of its applications, is that of a fuzzy if-then 
rule or, simply, fuzzy rule. 
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Fig.(l) The answer of the session question expressed in two- and multi-valued membership 

The past few years have witnessed a rapid growth in the number and variety of applications 
of fuzzy logic. The applications range ffom consumer products such as cameras, camcorders, 
washing machines, and microwave ovens to industrial process control l i e  drives, power 
systems medical instrumentation, and decision-support systems. Applications of fuzzy logic 
controllers have proved that a tuning algorithm must be added to improve its performance 
against the system disturbances [2,3,4,5]. The tuning methods are almost based on applying 
phase plane to calculate factors used as references for more additional membership functions. 
This complicates the implementation of these methods with microprocessors and adds more 
costs for the overall system beside increasing the mles if the system uncertainties are also to be 
considered. 

This paper, presents a novel method which implies a self-tuned controller capable to damp 
the system oscillations whatever the disturbance changes. Moreover, this controller is robust to a 
degree that permits more than f 500% parameters uncertainties to be considered. The idea of 
this approach is to combine two control signals, one 6om any conventional controller such as PI 
controller, stabilizer, or a lead lag compensator and the other 6om a fuzzy logic controller. The 
conventional controller is designed based on modal techniques for the worst case of oscillations. 
Since conventional controllers are essentially based on equivalence linearized dynamics about 
an operating point, they will not depend on the system disturbances. This guarantee system 
performance which is independent on the amount of disturbance. On the other side, the ranges 
of membership functions of the fuzzy logic controller is selected based on the worst experience 
of the input/output behavior. This, also, assures the controller robustness against the variations 
of system parameters due to any kind of modeling imprecision andlor uncertainty. The final 
controller is applied on a power system composed of a single machine connected to an infinite 
bus via a transmission line [6,7,8,9]. 

2.The Proposed System And Controller 

Figure (2) shows a schematic and block diagram of the system under study. Part (a) of this 
figure shows a power system which is composed of a single machine connected to an infinite 
bus via a transmission line. Part (b), shows the well known 'deMello and Concordia [6] first 
linearized model of the single machine system. The details of this model can be founded by 
reference to their paper[6] and the per unit nomenclature used will be given in the appendix 
This model is extensively used for the design of power System Stabilizers (PSS) and will also 
be used in this paper as an application system for the proposed new control approach. It is clear 
6om this figure that a fuzzy logic controller will be added in parallel with the PSS ,not only as 
an auxiliary controller to enhance the damping of power system oscillations, but also as a 



guarantee of controller robustness against disturbances change and parameters variations. Both 
the PSS and the fuzzy logic controller are fed from the speed deviations and the resulting signals 
will feed the system as shown in the mentioned figure. 
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Fig.@ The Power System Model: (a) Diagram of a single machine to infinite bus system 
(b) Linearized model of the system shown in (a) 

(The PSS and the f u w  logic controllers also appear in part 'by 



2.1. The PSS Response: 

Power system stabilizers are widely used [6-101 to improve the system steady state stability, i.e. 
the performance of synchronous generator under disturbance conditions. PSS is considered as a 
feedback controller connected to a power generating unit. The purpose of stabilizing signal from 
PSS is to hinder poor-damped machine speed electro-mechanical oscillation. These oscillations 
are essentially due to the pair of complex poles with positive or v a y  small negative real parts in 
a linearized model. For a steam unit having these a nominal operating conditions: 

P=l.Op.u. Q=0.2p.u. Xe=0.4p.u., while Re is neglected 

and for the block diagram of Fig. (2-h) the following data are valid:: 

The overall power system transfer function PSTF between Aw and Upss(s) is: 

- 11.121 

G(s)=PsTF := - f I )  

s' + 20.463 r' + 80.95 rf + 841.lh6 $ + lT'I.77Y 

factoring this TF, the following "Maple" program shows that the unstable electro-mechanical 
modes are: Is - ,07899529449 + 6.412145157 1) . (\ -.07899.529449 - 6.4121451571) 



In order to inhibit these two poor-damped electro-mechanical oscillation a PSS having the TF 
as follows: 

is assumed. According to the modal algorithm given by the author in [l 11, the above unstable 
mode is moved to a more stable location with " -6.5 ifj.51" and the resulting PSS variables are 
found through solving the resulting nonlinear equations to be: 

applying these results on the PSS(s) equation, the above "Maple" Program give a factored form 
of PSS equation in the form: 

Fig.(3) The PSS and the Power System Model: 

the above power system transfer G(s), eqn(l), and the PSS(s), eqn.(3) are shown in Fig.(3). 
The above system is simulated and the results for the previously given system data and the 
nominal operating conditions are shown in Fig.(4) and Fig(5). 



Fig.(5) The Power System response to a 0.015% step change in the terminal voltage 
(Closed Loop and nominal data, PSS only) 



However. the above results are very acceptable if the operating conditions and the system 
data remain unchanged. Unfomately, it is a well known feature of power systems that the 
operating conditions are always varying. Also the parameters of the power system are very 
sensible to any change in the system components. For example, an extensive calculations of the 
constants of part (b) of Fig. (2) has been performed to show the change in the significant K", 
i.e. K,-K6. The following table give a summery of the change of these constants if the line 
reactance is changed. 

Table (1) Variations in modelparameters with line reactance 

I I Q =O.l28 pu.  Q 4 . 2 5 6  p.u. Q =0.384 6.u. Q =0.512p.u. 
X 1 =0.2 p.u. X 1 =0.4 pu.  X 1 =0.6 p.u. X 1 =0.8 p.u. 
Vm =0.92 p.u. Vm =0.92 p.u. V m 4 . 9 2  p.u. Vm=0.92 p.u. I 

I 

f?om this table it is clear how the system parameters can be completely differ &om one operating 
point to another one. It is important to refer that the S- factors of the previously given G(s) in 
equation (I) are functions of these K''. Hence, another response is expected if these parameters 

Case 1 I Case 2 I Case 3 I Case 4 
P =0.736 P.U. I P =0.736 P.U. 1 P 4 7 3 6  11.". I P =0.736 nu.  

Fig.(6) The Power System response to a 0.015% step change in the terminal voltage 

(Closed loop and a 50% increase in the C(s) parameter lid , PSS only) 



Fig.(7) The Power System response lo a 0.01% step change in the terminal voNage 

(Closed loop and a 500% increase in the G(s) parameter Kd) (PSS only) 

are changed. Figure (6) shows the system response if a light change in these parameters is 
assumed in the G(s) function. It is clear that the PSS alone can't hinder these changes especially 
if the change of these parameters is high enough to give the results of Fig.(7). In the above 
figures only one parameter is assumed to change. This parameter is the factor of "d " in Eqn.(l) 
and will be referred as "K,, '"Kdnominal =20.463). However, it is known that all the factors of 
the denominator of this equation are functions of the previously mentioned K" ( i.e. KI-& ) 
161. 

2.1. The Proposed Fuzzv Logic Controller: 

Fuzzy logic controllers (FLC) represent one of the recent control alternatives which are 
widely used in many applications during this recent decade. The attraction of Fuzzy Logic (FL), 
in general, lays in the fact that it can yield a controller which acts in a manner similar to human 
language. The theory of FL and FLC can be found anywhere in the literature. However 
reference [13] can be very helpful to get started very simply in this field. It is also important to 
be aware of the physical system to be controlled using FLC. This will simplify the steps leadimg 
to an efficient and reasonable FLC. In summary, the so called Mamdani's fuzzyinference 
method [12.13] is the most commonly seen fuzzy methodology. Mamdani's method was among 
the first control systems built using fuzzy set theory. This methodology process constitutes 
these steps: 

Step I .  Fuzzify Inputs: This means how to select the inputs for FLC and determine the degree 
to which they belong to each of the appropriate fuzzy sets via membership functions. 
Slep 2. Apply Fuuy Operator: Once the inputs have been fuzzified, One knows the degree to 
which each part of the antecedent has been satisfied for each rule. If the antecedent of a given 



rule has more than one part, the fuzzy operator is applied to obtain one number that represents 
the result of the antecedent for that rule. This number will then be applied to the output function. 
Step 3. Apply Implication Method: Simply the usage of "OR" or "AND". 
Step 4. Aggregate All Outputs: This is the process by which the fuzzy sets that represent the 
outputs of each rule are combimed into a single fuzzy set. 
Step 5. Defuuify: Smce the aggregate of a fuzzy set encompasses a range of output values, and 
so must be dehzzified in order to resolve a single output value fiom the set. 

The purpose of this paper, principally. is how to solve the problem of generating appropriate 
membership functions whatever the grade of disturbance may be. In the early work of Mali'ind 
Hassan [2,3] , a tuning technique is proposed to solve this problem in the work of Hiyama, 
[4,5]. Unfortunately, beside the complications of this approach due to its extra rule which is 
determined based on phase plane, the added parameter "R" (refer to their papers) is a function 
of a previous disturbance which is basically unpredictable and only (refer to the results in [2,3]) 
theoretical results can be satisfactory. Therefor, this paper presents a new approach to solve this 
problem. The idea of this approach is to combine two control signals, one fiom a conventional 
stabilizer, e.g. lead lag compensator, and the other fiom a fuzzy logic controller. The stabilizer 
is designed based on modal techniques for the worst case of oscillations and is independent on 
the system disturbance. On the other side, the ranges of membership functions required for the 
design of fuzzy logic controller are selected based on the worst experience of the inputloutput 
behavior. The Matlab Fuzzy Logic Controller toolbox is used to implement this approach and a 
Simulink block diagram for the previously mentioned power system of Fig.(2) is performed and 
shorn in Figure (8). This figure also indicates the control strategy used in this paper. 

Fig.(@ A Simulink model of the proposed Power System and Controller 

This model is previously used to simulate the power system with the application of PSS, and the 
results showeduisatisfactorv dam~ine if the svstem Darameters are chaneed. In this section. the . - - 
FLC is put ro work firstly with the nominal parameters and operating conditions and the system 
response is shown in Figs.(9,10,1 I). It is clear that at this disturbance the FLC is more efficient 
than PSS. The same result is shown in the three figures to focus that only light oscillations (scale 
of Figs.(lO,l I) is 10.~ rather lo4 as in Fig. (8)). However, in Fig.(l I), the execution time is 
extended to 30 seconds to show the speed will be settled after a long time. It is clear that the 
FLC is very efficient and leads to very little sways which can be neglected. At this point, it is 



convenient to refer that the previously mentioned Fuzzy Logic Toolbox of Matlab which is used 
to implement the proposed controller have the advantage of enabling the user to show the 
controller structure, the rules, a view of the fuzzy process (called rule viewer) and a surface 
viewer to check the control strategy as a whole in an online manner with every design change. 
This is clear if one note the figures (12-15) for the proposed controller. 

o f  Fie.19) without the dashed curve o f  the uncontrolled weed - 
(note the scale of speed to show the only light sways resulted if FLC is applied) 

x 1 0 ' ~  SIlsrd D ~ l ~ t i o n  
c 10 1 

Fig.(ll) The same results of Fig.(9) without the dashed curve of the uncontrolled speed 
. (note that the simulation time is enlarged to 30 seconds) 



Fig.(l2) The FLC structure (Two inputs, namely, the speed and its rate of change and one 
oulpul, i e .  the required control signal) 

Fig.(I3) The rules of theproposed FLC 



Fig.(I4) The results of the rule viewer at any random conditions 

Fig(l5) The 3-0 surface viewer indicates all the possible controller decisions 



Fig.(ll(i The Power System response to a 0.01% step change in the terminal voltage 
(Closed Loop and nominal data, FLC only) 



The membership functions selected for a certain disturbance have proven to produce a robust FL 
controller (Refer again to Figs.(9-11)). However, if a light change in the disturbance takes place 
these membership functions have to be tuned to keep such controller robustness (Fig.(l6) shows 
speed oscillations for only 0.005 change in the system disturbance.). As the purpose of this 
paper is to avoid extra rules based on nonlinear calculations in order to reconstruct (tune) the 
membership functions, a combination between the above designed PSS and FLC have shown to 
be sufficient to get a robust controller against a wide range of disturbances and for parameters 
change which may exceed 500% of those nominal values. Figure (17) shows the results of the 
proposed controller if a disturbance of 10% (instead of 1%) and a 500% change in one of the 
dominant parameters. In a relatively short time (1.5 Sec.) the speed deviations will be damped. 

3. Conclusions 

This paper has proposed a novel approach to avoid the complexity which may arise if extra 
rules based on nonlinear calculations is performed to tune FLC. The approach is based on 
combining two control signals, one from a conventional stabilizer, e.g. PI controller, lead lag 
compensator, or PSS and the other fiom a fuzzy logic controller. The stabilizer is designed 
based on modal techniques for the worst case of oscillations and is independent on the system 
disturbance. On the other side, the ranges of membership functions required forthe design of 
fuzzy logic controller are selected based on the worst experience of the inputloutput behavior. 
The proposed approach is implemented on the well known Concordia model of a single machine 
power system to damp speed oscillations following any disturbance. Results showed a robust 
controller against wide range of disturbances and for parameters change which may exceed 
500% of those nominal values. 

4. Appendix 

Nomenclature & Svstem Data 

M = Machine inertia coefficient =I0 s. 
D = Machine damping coefficient =O. 
y =System base anglefrequenv = 377. 
T, = Machine mechanical torque 
T, = Machine electrical torque 
w =Machine speed 
6 = Angle behveen machine quadrature axis and infinite bus 
T1dD = direcf axis bansient open circuit constant =6.0 s. 
Efd = Generatorfield voltage 
~ , R ~ J  = Terminal reference voltage 
e p~ = PSS output voltage signal 
e , = Voltage error signal 
E', = q-axis component of voltage behind transient reactance 
KO = Exciter amplifier gain = 25.0 
Ta = Exciter amplifier time constant =0.05 s. 
Xd = d-axis reactance = I  .6p.u. 
Xq = q-axis reactance =1.55p.u. 
X d  = d-axis fransient reactance =0.32p.u. 
P = Machine active power loading =I. p.u. 
Q =Machine reactive power loading =0.2p.u. 
Xe = transmission line reacfance =0.4p.u. 
Prefix A stands for small change 
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