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Abstract:

Electrical power systems are widely distributed systems, consisting of a large number of
interconnected synchronous generators through transmission lines, mounting real and
reactive power. Moreover, with deregulation and growth of the power industry, power
systems elements are forced to operate very near to their maximum capacity and hence,
the system becomes vulnerable. Therefore, controlled operation of power systems is
very critical and of utmost importance in order to achieve stable power system.
Naturally, this paves ways for implementing fast, efficient and reliable control
algorithms. Robustness and efficiency of power system controllers can be improved by
using complimentary models of intelligent systems. Difficulties encountered in
designing controls for nonlinear, dynamic and uncertain systems can be easily tackled
by using intrinsic observability property of various intelligent systems. Intelligent
controllers have been successfully applied to enhance operation and control of power
system. This paper presents an implementation of four different Fuzzy Logic based
intelligent controllers through the excitation system of the synchronous generator:
Conventional Fuzzy Logic Controller (CFLC), Adaptive Fuzzy Logic Controller
(AFLC), Adaptive Neuro-Fuzzy Logic Controller (ANFLC) and Takagi-Sugeno Fuzzy
Logic Controller (TSFLC). A comparison between the four proposed intelligent
controllers are presented.
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1. Introduction:

Understudy systems are continuously increasing in size in national and international
levels. Inter-connected unified networks installed in nearly all countries and continent.
Consumers demand of electricity increases day after day allover the world. Stable
operation of such large under study system is a necessity for all people. According to
these interconnections, the systems orders become relatively high and the complexity is
increased. Therefore, the analysis of dynamic stability and controller's design of these
large interconnected under study systems becomes difficult [1-2].

In the past fixed gain controllers were effectively used for damping out the low
frequency oscillations. These stabilizers are designed based on linearized model of
power systems for a particular operating and system condition. They are unable to
maintain their performance in constantly changing operating conditions of highly
nonlinear, interconnected power systems of today. They are also not very effective in
damping out the characteristic multimodal oscillations of interconnected system [3].

Adaptive stabilizers. which could track the changes in system dynamics in real time
should be in principle able to perform well for all network and operating conditions.
Stabilizer design based on adaptive control techniques, such as model reference
adaptive control, self tuning control and gain scheduling have been extensively reported
in literature, which appear to have better performances than the conventional stabilizer.
Use of adaptive stabilizers has however not become popular in actual power plants due
to various constraints such as complexity of design, extensive real-time computational
requirements, and possible non-convergence and numerical instability of the control
algorithms [4].

With recent advancement in Robust control technology, there has been a sustained effort
to design robust power system stabilizer which could maintain its performance in spite
of changes in system dynamics due to changes in network and operating conditions. It is
however often not possible to achieve the desired performance with the degree of
robustness required over the entire range of operating condition [5].

In recent years fuzzy logic based controllers have been suggested for PSS design. These
are model-free controllers, i.e. the exact mathematical model of the controlled system is
not required. The control strategy depends upon a set of rules which describes the
behavior of the controller. The ability to handle changes in plant parameters due to
changes in operating and system conditions and the ability of self tuning of parameters
to a certain extent are in-built in such design process [6].
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Moreover, different Fuzzy Logic based intelligent controllers appeared in the past few
years. In this paper, three of those controllers namely: Adaptive Fuzzy Logic Controller
(AFLC), Adaptive Neuro-Fuzzy Logic Controller (ANFLC) and Takagi-Sugeno Fuzzy
Logic Controller (TSFLC); are compared to the Conventional Fuzzy Logic Controller
(CFLC), when used as excitation system control of the synchronous generator.

2. Synchronous Machine Connected to Infinite Bus:

The synchronous machine under study is connected to an infinite bus through a
transmission line as shown in Figure (1), is modeled by a 13th order model.  This model
contains 5th order model for winding representation of synchronous machine, 4th order
model for automatic voltage regulator (AVR) and exciter and 4th order model for
turbine and speed governor [7].

~
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Double
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∞

Figure (1): Schematic diagram of synchronous machine connected to an infinite bus
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The matrix form for the synchronous machine connected to an infinite bus model is:

BuAxx +=
.

           (1)

uBxAxA
b

=+
.

21

1

 (2)

From the above equations, the A matrix can be written as:

1
1

2 AAA b
−−= 

(3)

Elements of A-matrix are defined in appendix [A], where:

[ ]Tgmsrafdfkdkqdq PPVVVEiiiiix ∆∆∆∆∆∆∆∆∆∆∆∆∆=          (4)

[ ]ccL PVPu ∆∆∆=                                                            (5)
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3. CFLC:

The first step in designing the FLC is the determination of the state variables which are
used for evaluation of the performance of the system. The input signals to the FLC are
to be chosen from these variables. Since the main objective of the controller is to limit
the variations in the power angle, deviation of power angle derivative (Δω) and
deviation of speed derivative (Δώ) are chosen to be the input to FLC. Each control rule
consists of an “IF situation THEN action” pair. The “IF” portion of the rule is called the
premise or antecedent, while the “THEN” part is the consequent. The premise defines a
region of the input space wherein the rule is valid. This region is characterized by a
fuzzy set on the discourse of the input variable. The consequent defines the desired
control action to be taken for the input space delimited by the premise. The following
fuzzy sets for input signals Δω and Δώ are defined as:

a- Large positive : “LP”.
b- Medium positive : “MP”.
c- Small positive : “SP”.
d- Very small : “VS”.
e- Small negative : “SN”.
f- Medium negative : “MN”.
g- Large negative : “LN”.
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According to the control principle of the PSS, the control rules can be constructed based
on the values of Δω and Δώ. For example : IF ∆ ω value is LP and Δώ value is LN,
THEN the control action (u) should be VS . The above IF-THEN rule is a fuzzy
description of the control logic representing the human expert’s value, a set of fuzzy
control rules similar to the above can be obtained. An example set of rules is shown in
Table (1).

Table (1): Example of fuzzy logic control rules

Δω / Δώ  LN MN SN VS SP MP LP

LN LN LN LN LN MN SN VS
MN LN LN MN MN SN VS SP
SN LN MN SN SN VS SP MP
VS MN SN VS SP SP MP LP
SP MN SN VS SP SP MP LP
MP SN VS SP MP MP LP LP
LP VS SP MP LP LP LP LP

In order to properly describe the input signals, it is necessary to specify certain
thresholds for Δω and Δώ according to the expert’s knowledge and to define their
membership values as shown in Table (2). According to Table (1), the fuzzy relation
matrix can be constructed. However, since the fuzzy relation matrix usually has very
high dimension (49 for the last example), it is inconvenient and unnecessary to store the
relation matrix directly.

Table (2): Membership values of Δω and Δώ

Δω / Δώ  LN MN SN VS SP MP LP

-  1.0 1.0 0.5 0.0 0.0 0.0 0.0 0.0
-  0.2 0.0 1.0 0.5 0.0 0.0 0.0 0.0
-  0.1 0.0 0.5 1.0 0.5 0.0 0.0 0.0
-  0.05 0.0 0.0 0.5 1.0 0.0 0.0 0.0

0.0 0.0 0.0 0.5 1.0 0.5 0.0 0.0
+  0.05 0.0 0.0 0.0 1.0 0.5 0.0 0.0
+  0.1 0.0 0.0 0.0 0.5 1.0 0.5 0.0
+  0.2 0.0 0.0 0.0 0.5 0.5 1.0 0.0
+  1.0 0.0 0.0 0.0 0.0 0.0 0.5 1.0

By virtue of basic results in theory of fuzzy relational equations, the fuzzy relation of
the control rules is given by :

( )R U
i i i u U A i B i iu u∆ ∆ ∆ ∆     , , (min( ( ), ( ), ( )))max

• •=
(9)
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where :
m = degree of membership;
A = fuzzy set for Δω;
B = fuzzy set for Δώ;
U = fuzzy set for input ui; and i .. indicates to the degree of membership (0<i<50)

For appropriate control signals, we define crisp values for the control output
corresponding to the different fuzzy subsets LN, MN, SN, VS, SP, MP, or LP. These
crisp values are given in Table (3). After the membership function values are
constructed appropriately for input and output signals (shown in Tables 2 and 3) and the
fuzzy relation is defined in Equation (9), the fuzzy logic controller can be used for
power systems stability enhancement. It has been reported  that fuzzy-logic-based
controllers performs better than conventional FLC [8].

Table (3): Crisp outputs w.r.t. fuzzy subsets

Fuzzy Sets LN MN SN VS SP MP LP
Crisp Value - 1.2 - 0.8 - 0.2 0.0 0.2 0.8 1.2

4. AFLC:

There are many approach variants of the self-tuning problematic of fuzzy adaptive
controllers [9-10]. A first method consists in the use of some scaling factors (online
tunable) on the inputs and respectively, on the output of the fuzzy controller. Another
method consists in the modification the membership function allure, through a suitable
tuning of their parameter’s values. The last mentioned method is the one used in the
present paper. In Figure (2) is presented the Simulink block diagram of the considered
control structure. The output’s error represents the main variable, on which relays the
online adjusting of controller’s parameter by the tuning algorithm [11-12]. The
implementation and simulation of control structure has been done with Matlab-
Simulink, considering the case of a single tunable parameter (the strategy can be easily
generalized also for all other parameters). The on-line tuning algorithm of a parameter is
implemented through a bipositional component, which briefly describes the following
tasks (in this case, the ‘c’ parameter corresponding to the control’s variable singletons):

- If the output’s error remains in the specified values range, it maintains a constant
value c1 for ‘c’ parameter (experimental off-line determined value).

- If the output’s error exceeds the values range, the ‘c’ parameter is tuned to a new
value c2, and this value is maintained until the output’s error decreases under a
value (closed to zero) [13].
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Figure (2): Adaptive PI-FLC Structure with Simulink model

5. ANFLC:

The neuro-fuzzy logic controller is a combination of a fuzzy logic controller and a
neural network, which makes the controller self tuning and adaptive. Figure (3) depicts
the neuro-fuzzy logic controller with controlled system. To find the optimal values of
the NF parameters (premise and consequent parameters) for driving the plant to meet all
control objectives, an optimal Fractional Order PID (FOPID) controller should be
designed. The input/output data which will be obtained from FOPID controller design
should be used to train the NF controller [14].

Once a fuzzy controller is transformed into an adaptive network, the resulting ANFLC
can take advantage of all the neural network (NN) controller design techniques
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proposed in the literature [15]. Most of these methodologies are derived directly from
counterparts for NN controllers. Essentially, the adaptive network is a superset of
multilayer feed forward NNs with supervised learning capability. The block diagram of
a feedback stabilizing system is shown in Figure (4) [16].

Figure (3): Neuro-fuzzy logic controller

Figure (4): Overall control system

6. TSFLC:

In order, a Takagi-Sogeno proposed with two inputs; speed deviation (Δω) and
acceleration (Δώ) of the rotor of synchronous generator were taken as the inputs with
triangle membership function and one output with constant value. This output added to
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the voltage of AVR for accomplish the stability enhancement and damped out of the
low frequency oscillations to approach a good and fast stability. The simulation results
earned under different changes in inputs and parameters of power system. Generally
triangle or trapezoidal membership functions are used [17]. Here a triangular
membership function is used to define the degree of membership. In this case study we
determined a symmetrical triangular membership function for two inputs as shown in
Figure (5). The output range is between [-1,1] and they have a constant and crisp values
for the Takagi-Sugeno fuzzy controller. Figure (6) depicts the membership function of
outputs. The output variable in Takagi-Sugeno fuzzy rules is given in terms of a
functional relation of the inputs [18].

Figure (5): The membership function of inputs; (a) Δω, (b) Δώ

Figure (6): The membership function of outputs
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7. Simulation Results:

The synchronous machine connected to an infinite bus and shown in Figure (1) is
modeled and simulated. The synchronous machine is connected to an infinite bus
through double transmission lines.  The complete data of this system is given in
Appendix [B]. The overall system is tested under five different loading conditions as
shown in Table (4). To validate the effectiveness of the four mentioned controllers, time
response of rotor angle deviation for 10% increase in  load power are drawn at the five
different operating conditions.  In each case the responses of the system with the four
mentioned controllers are given in Figures (7, 8, 9, 10, and 11). It can be concluded
from these results that the system with TSFLC give best accuracy response and give
good performance than the others three controllers.

Table (4): Loading conditions (in p.u.)

Case P Q
A 0.2 0.6
B 1.0 0.6
C 1.2 0.6
D 0.8 0.6
E 1.2 0.8

Figure (7): Rotor angle deviation response due to 10% load increase
at loading condition (Case A: P = 0.2 and Q = 0.6)
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Figure (8): Rotor angle deviation response due to 10% load increase
at loading condition (Case B: P = 1.0 and Q = 0.6)

Figure (9): Rotor angle deviation response due to 10% load increase
at loading condition (Case C: P = 1.2 and Q = 0.6)
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Figure (10): Rotor angle deviation response due to 10% load increase
at loading condition (Case D: P = 0.8 and Q = 0.6)

Figure (11): Rotor angle deviation response due to 10% load increase
at loading condition (Case E: P = 1.2 and Q = 0.8)
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The results demonstrated in the curves of Figures (7) to (11), illustrate that the general
quality of operation and application of a coordinated control of FLPSS-AVR applied for
a power system, is most effective. The Figures show that the quality of this controller
will offer a new addition to the conventional controllers. Results show that there is still
an area for investigating the application of different control strategies using different
controllers, such as TSFLC, at different locations in the power network for attaining
better stability characteristics. Also, the results show that a fast coordinated control such
as the one with FLPSSs is more suitable for damping system oscillations for having the
system intact than the case with the machine controlled with effective AVR and PSS at
all times. A conventional AVR control at some locations with effective PSS at other
locations may be most suitable for keeping some severe transient conditions. This
effectiveness differs between the four mentioned controllers: CFLC, AFLC, ANFLC, and
TSFLC.

From the figures it’s clear that there is an improvement in response during transient
period. Also, the oscillations are dimensioned after about 1.25 seconds and hence the
dynamic and steady state stability coming in a faster way. So, the control technique
proved its quality to damp the oscillations. It is clear that the effectiveness of the
proposed control strategy in damping the system frequency (speed) oscillations. Also,
it’s noticed that, the proposed control strategy has the merit of existing strategies by the
improvement in both transient and steady state stability. It can be concluded from these
results that the power system with TSFLC give best accuracy response and give good
performance than the others three controllers. The TSFLC showed high response when
applied to power system. The TSFLC proved satisfactory dynamic performance. When
the TSFLC is attached to the power system, its response behave as the PD controller.

8. Conclusions:

This paper presents an implementation of four different Fuzzy Logic based intelligent
controllers through the excitation system of the synchronous machine connected to
infinite bus: Conventional Fuzzy Logic Controller (CFLC), Adaptive Fuzzy Logic
Controller (AFLC), Adaptive Neuro-Fuzzy Logic Controller (ANFLC) and Takagi-
Sugeno Fuzzy Logic Controller (TSFLC). A comparison between the four proposed
intelligent controllers are presented in order to improve the dynamic response of the
system under study and to give an optimal performance at any loading condition. Also,
these controllers are designed in order to retain only the states, which are measurable or
observable. The obtained results show the effectiveness and good accuracy of the
Takagi-Sugeno Fuzzy Logic Controller (TSFLC) in enhancing the damping
characteristic of the studied system in comparison with the other three controllers types.
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Nomenclatures:

Amplifier gain…Ka

Exciter gain…Ke

AVR gain…Kr

Exciter stabilizer gain…Ks

Inertia constant…M
Steady state speed governor regulation…Rg

Transmission lines resistance…rl

Amplifier time constant…Ta

Exciter time constant…Te

Governor time constant…Tg

AVR time constant…Tr

Exciter stabilizer time constant…Ts

Steam turbine time constant…Tt

d-axis reactance…xd

Field winding reactance…xfd

d-axis damper winding  reactance…xkd

q-axis damper winding  reactance…xkq

Transmission lines reactance…xl

d-axis mutual reactance…xmd

q-axis mutual reactance…xmq

q-axis reactance…xq

Appendix [A]: Elements of A-matrix
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Appendix [B]: System Parameters

Parameters of the synchronous machine that connected to infinite bus power system (in p.u.):

377ωb1.563xq

0.014M1.653xd

0.0D1.47xmq

18.85Rg1.56xmd

0.25Tg1.502xkq
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1Tt1.608xkd

13.89Ke1.646xfd

50Ka0.2xl

1Kr0.0032ra

0.057Ks0.001rfd

.02Te00.011rkd

0.02Ta00.014rkq

0.001Tr0.02rl

0.45Ts1Vb


