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Abstract:

Applications of fuzzy logic controllers have proved that a tuning algorithm must be added to
improve its performance against the system disturbances. The tuning methods represent an
additional costs and complexity for implementation. This paper, presents a novel method which
implies a self-tuned controller 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 o 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 functions required for the design of fuzzy logic controller are selected
based on the worst experience of the input/output behavior. The final controller is tested for

different disturbances and system parameters and the results show a satisfactory performance
and robustness.

LIntroduction

Referring to Fig.(1), one canunderstand 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 [1]. The basic concept underlying FL is that of a linguistic variable, thatis, a variable
whose values are words rather than numbers. In effect, much of FL may be viewed asa
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.(1) 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 from consumer products such as cameras, camcorders,
washing machines, and microwave ovens to industrial process control like drives, power
systems medical instrumentation, and decision-support systems. Applications of fuzzy logic
controflers have proved that a tuning algorithm must be added to improve its performance
apainst 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 rules 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 + 500% parameters uncertainties to be considered. The idea of
this approach is to combine two control signals, one from any conventicnal controller such as P1
controller, stabilizer, or a lead lag compensator and the other from a fuzzy logic controller. The
conventional controller is designed based on modal techniques for the worst case of oscillations.
Since conventional controllérs are essentially based on equivalence linearized dynamics about
an operating point, they will not depend on the systemn 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 robusiness against the variations
of system parameters due to any kind of modeling imprecision and/or 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 systern. 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
from this figure thata fuzzy logic controlier will be added in parallel with the PSS ,not only as
an auxiliary controller to enhance the damping of power system oscillations, but also asa
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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 resuiting signals
will feed the system as shown in the mentioned figure. : :
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Fig.(2) 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 fuzzy logic controllers also appear in part 'b')
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2.1. The PSS Response:

Power system stabilizers are widely used [6-10] to improve the system steady state stability, i.¢.
the performance of synchronous generator under disturbance conditions. PSS i3 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 very small negative real parts in
a linearized model. For a steam unit having these a nominal operating conditions:

P=1.0pu. 0=02pu X~=04pu, while R, is neglected
and for the block diagram of Fig. (2-b) the following data are valid:
M=10s, D=00pu x;=16pu x,=155pu x;'=032pu
T’ =605 k=250 T,=005s
The overall power system transfer fiinction PSTF between Aw and Upss(s) is:
- L1214
G(s)=PSTF = - (1)
sT 4204635 + 80955 + 8411665+ 1770779

factoring this TF, the following "Maple" program shows that the unstable electro-mechanical
modes are: (s - .0789Y529449 + 6.412143157 1} (s -.07899529449 - 6.412145157 1)

> restart;
> PSTF:=((-11.121)/(s"4+20.463*s3+80.95*s"2+841. 166*s+1771.779));
11.121
PSTE = - -
s' 4204638 +80.95s" +841.166 s+ 1771.779
> factor(s"4+20.463*5"3+80.95*s"2+841.166*s+1771.779,complex);
(s + 18.26161072) (s + 2.359379867)
{8~ 07899529449 + 6.412145157 1) (s - .07899529449 - 6.412145157 1)
> ar=14,*(10%s)*(.08*s*s+.65*s+1);
a:=140.5(08s +.65s+ )
> br=(1+10%s) (.08 *s+1) *,065*s+1);
be={1+10s3{08s+1)( 0655+ 1)

> 1t =a/b;
s(.08Bs + .65+ 1)
it == 140.
(1+10s)(.08s+1)(.065s+1)
> factor(it);

s {5+ 6.063476324) (5 + 2.061523676)
21538460154 O

(s -+ 15.38461558) (s + [2.50000000) (5 -+ .1000000000)
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> al:=28.%(6%s) (. 05*s *s+.4%s+1);
al = 168.5(.05s +.ds+ 1)}
> BL=(1+10%s) *(.05*s+ 1) *( 11 *s+1);
bl =1+ 1053033+ (i s+ 1)
> PSS:=a/b;
s (088" +.655+1)
] = (),
(1108} (L08s+ 13 (065s+ 1)
> factor(PSS);

5 (s + 6.063476324) (s + 2.061523676})
2153840154
(s + 15.38461538) (s + 12.50000000) (s -+ .1000000000)

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

T.s 1+Tsl+Ts
1+Tsl+Tsl+Ts

PSS(s) =
@

is assumed. According to the modal algorithm given by the author in [11], the above unstable

mode is moved to a more stable location with “ -6.5 #6.5I ™ and the resulting PSS variables are
found through solving the resulting nonlinear equations to be:

r=10.0, Kg=I14, T=0.485, T,=0.08, T;=0.165 T~0.065

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

S (5 + 6.063476324) (s + 2.061523676)
PSS(s)= 215.3846154 (3)

{s + 15.38461538) (s + 12.50000000) (s +.10066G0000)

Ae
tRef. A ®

G(s) . o

PSS g

Fig.(3) The PSS and the Power System Modei:
the above power system transfer G(s), eqn(1), 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
nomina) operating conditions are shown in Fig.(4) and Fig(5).

45



Fig.(4) The Power System response to a 0.015% step change in the terminal voltage

(Open Loop and nominal data)

-t_i_‘_’rﬁéiin §8E., .

Fig.(5) The Power System response to a (.015% step change in the terminal voltage
(Closed Loop and nominal data, PSS only )
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However, the above results are very acceptable if the operating conditions and the system
data remain unchanged. Unfortunately, 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 compenents, 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. Ki~K¢ The following table give a summery of the change of these constants if the line
reactance is changed.
Table (1) Variations in model parameters with line reactance

Case 1 Case 2 Case 3 Case 4

P =0.736pu. P =0.736 p.u P =0.736p.u. P =0.736pu,
Q =0.128pu. Q =0.256p.u Q =0.384pu. Q =0512pu,
X1 =02pu X, =04pu X =0.6pu X1 =08 pu
Voo =0.92 p.u. Voo =092 p.u. Voo =092 p.u. Veo =0.92 p.u.

K; 2.2851 1.4803 1.0951 0.8692

K; 1.7229 1.2129 0.9503 0.7865

K; 0.3137 (0.3881 0.4479 0.4971

K 0.5026 0.4819 0.4583 0.4342

K -(,0837 -0.0997 -0,1019 -0.09877

K, 0.4304 0.5947 0.9620 0.7577

from this table it is clear how the system parameters can be completely differ from one operating
point to another one. [tis important to refer that the 8- factors of the previously given G(s} in
equation (1) are functions of these K". Hence, another response is expected if these parameters

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

{ Closed loop and a 50% increase in the G(s) parameter K4 , PSS only)



Fig.(7} The Power System response to a 0.01% step change in the terminal voltage
( Closed loop and a 500% increase in the G(s) parameter K} (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 "s* " in Eqn.(1)
and will be referred as "K," (Kynominal =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. K~Ks)

[6].

2.1, The Proposed Fuzzy 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 amywhere 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 leading
to an efficient and reasonable FLC. In summary, the so called Mamdani’s fuzzy inference
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 1. 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.

Step 2. Apply Fuzzy 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
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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 combined into a single fuzzy set.
Step 3. Defuzzifp: Since the aggregate of a fuzzy set encompasses a range of output values, and
so must be defuzzified in order to resolve a single output value from 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 Malik and
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 from a conventional
stabilizer, e.g. lead lag compensator, and the other from a fuzzy logic controller. The stabilizer
is designed based on modal technigues 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 input/foutput
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
shown in Figure (8). This figure also indicates the control strategy used in this paper.

Upsn Loop
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Fig.(8) 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 showed unsatisfactory damping if the system parameters are changed. In this section, the
FLC is put to work firsily with the nominal parameters and operating conditions and the system
response is shown in Figs.(9,10,11). 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.(10,11) is 10 rather 10* as in Fig. (8)). However, in Fig.(11), 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
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convenient to refer that the previously mentioned Fuzzy Logic Toolbox of Matlab which is used
to implement the proposed controfler 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. '

e
ﬂma in sec.

”

Fig.(9) The Power Systern response to a 0.015% siep change in the termmal volmge

(Closed Loop and nominal data, FLC only )

Frg (10) The same results of Fig.(9) without the dashed curve of the uncomralled speed n

(nore the scale oé_geed o skow the only light sways resulted if FLC is applred)
. Sewdd Devistion. o

e

Fig.(1 1 ) The same results of F:g (9) w:thaut tlze dashed curve of the uncamralled speed
. (note that the simulation time is enlarged to 30 seconds)
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Fig.(15) The 3-D surface viewer indicates all the possible controller decisions
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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.(16) 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 arobust 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 orie 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 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 functions required for the design of
fuzzy logic controller are selected based on the worst experience of the input/output behavior.
The proposed approach is implemented on the well known Concordia mode! 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 & System Data

= Machine inertia coefficient =10 s.
= Machine damping coefficient =0.
= System base angle frequency = 377.
= Machine mechanical torque
= Machine electrical torque
= Machine speed
= Angle between machine quadrature axis and infinite bus
T 4 = direct axis transient open circuit constant =6.0 s.
E = Generator field voltage '
e rer = Terminal reference voltage
e pss = PSS output voltage signal
e, = Voltage error signal
E'y, = g-axis component of voltage behind transient reactance
K, = Exciter amplifier gain = 25.0
Ta = Exciter amplifier time constant =0.05 s.
Xd = d-axis reactance =1.6 p.u.
Xq = g-axis reactance =]1.55 p.u.
Xd = d-axis transient reactance =0.32 p.u.
P = Machine active power loading =I. p.u.
0 = Machine reactive power loading =0.2 p.u.
Xe = transmission line reactance =0.4 p.u.
Prefix A stands for small change

»E NNp LR
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