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ABSTRACT

In this paper, a fuzzy C-means controller proposed to the
generation of optimal fuzzy rule base by Fuzzy C - Means
clustering technique (FCM) for load frequency control in
deregulated environment. The phase-plane plot of the inputs
of the fuzzy controller is utilized to obtain the rule-base in the
linguistic form. The proposed method is tested on a two-area
power system with different contracted scenarios under
various operating conditions. The results of the proposed
controller are compared with the fuzzy PID controller and
conventional PID controller to illustrate its robust
performance. These comparisons demonstrate the superiority
and robustness of the proposed controller.

Keywords
LFC, Fuzzy PID Controller, Fuzzy C-means Controller,
Deregulated Environment.

1. INTRODUCTION

In the power system, any sudden load change causes the
deviation of frequency and tie-line power. So, that Load
Frequency Control (LFC) is a very important issue in power
system operation and control for supplying sufficient and
reliable electric power with good quality [19]. The main aim
of the LFC is to maintain zero steady state errors for
frequency deviation and Tie-line power in a multi-area
restructured power system. A lot of studies have been made in
the last two decades about the LFC in interconnected power
systems [1-7]. In most of the researchers Proportional Integral
(P1) controllers have been widely used for decades as the load
frequency controllers. Actually, several techniques have been
proposed to design the Pl controller, where the controller
parameters of the PI controller are tuned using trial-and-error
approach. However, it gives poor performance in the system
transient response. Proportional Integral Derivative (PID)
controller has been proposed to improve the performance of
load frequency control problem. the mentioned technique
needs to a more complex design process [10].The real world
power system contains different kinds of uncertainties due to
load variations, system modeling errors and change of the
power system structure. Many authors have proposed fuzzy
logic based controllers to power systems [9][12][14]. Fuzzy
logic is a rule-based approach to decision making. This
approach is used to handle imprecise knowledge and was
developed in the sixties by H. Shayeghi [15]. Such knowledge
can be collected and delivered by a human expert (e.g.
decision-maker, designer, process planner, machine operator,
etc.). Fuzzy C-Means (FCM) is a Clustering algorithms permit
the classification of the data in distinct groups using distance
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and/or similarity functions. These groups can later be used
directly in selecting appropriate fuzzy set boundaries. Also the
algorithms can automatically combine similar objects (data
entries) in order to reduce the global size of the data. Finally
the clustering algorithms let us easily detect potential outliers
(clusters containing one or very few data entries). This feature
is taken into consideration to design a decentralized fuzzy
controller. The phase plane plot of the input space is formed
into clusters with the cluster centers is formed to obtain the
required rule-base of the proposed fuzzy controller[22].The
proposed control has simple structure and does not require an
accurate model of the plant. Thus, its construction and
implementation are fairly easy and can be useful for the real
world complex power system. The proposed method is
applied to a two-area restructured power system as a test
system. The results of the proposed Fuzzy-C-means controller
are compared with the Fuzzy PID (FPID) controller [18] and
conventional PID controller [9] through some performance
indices in the presence of large parametric uncertainties and
system nonlinearities under various area load changes

2. DEREGULATED POWER SYSTEM
FOR LFC WITH TWO AREAS

Simultaneous design for a fixed controller structure is used in
all reported decentralized LFC scenarios. This approach is
numerically difficult for a large scale power system.
Traditionally, electric industry is vertically integrated with all
the transmission, generation and distribution under its control
with interconnecting with the neighboring areas[11]. Whereas,
in deregulated power systems, the Vertically Integrated Utility
(VIU) no longer exists [4]. However, the usual LFC
objectives, i.e. reconstruction the frequency and the net
interchanges to their ideal values for each control area, still
remain. For the purpose of evaluating the performance of such
a system, a flexible technique has been developed and
implemented. The method assumes that LFC is performed by
an Independent System Operator (ISO) based on parameters
defined by the participating generating units [1]. The
participant units comprise beneficial generators and
independent power producers. The utilities describe the units,
which will be under LFC, while the independent power
producers may or may not participate in the load frequency
control [3]. Deregulated system will consist of GENCOs,
DISCOs, and transmission companies (TRANSCOs) and
independent system operator (ISO). However,the common
AGC goals i.e., restoring the frequency and the net
interchanges to their desired values for each control area [17].
The power system is assumed to contain two areas and each
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Figurel Block diagram of two-area power system in deregulated environment

area includes two GENCOs and also two DISCOs and the
block diagram of the generalized LFC scheme for a two area
deregulated power system is shown in fig.1. A DISCO can
contract individually with any GENCO for power and these
transactions are made under the super vision of ISO. To make
the visualization of contracts is the concept of a ‘DISCO
participation matrix’ (DPM) will be used [2]. Essentially, DPM
gives the participation of a DISCO in contract with a GENCO.
In DPM, the number of rows has to be equal to the number of
GENCOs and the number of columns has to be equal to the
number of DISCOs in the system. Any entry of this matrix is a
fraction of total load power contracted by a DISCO toward a
GENCO. As a result total of entries of column belong to
DISCO of DPM is

%i Cpfij=1. The corresponding DPM for the considered power
system having two areas and each of them including two
DISCOs and two GENCOs is given as follows:

Where
_ j™ DISCOpower demand out of i GENCOin p.uMW

Cpfij «th .
j DISCOtotal power demand in p.uMW
cpfis cpfiz cpfiz  cpfis
cpfar  cpfaa cpfaz  cPf2s
DPM = 1
cpfar cPfaz cbfaz cPfaa W)
cPfar CPfaz cPfaz CPfas

Where Contract participation factor (CPF)is like a signal that
carry information as to which GENCO has to follow load
demanded by which DISCO. The actual and scheduled steady
state power flows on the tie line are given as:

AP, ; (scheduled) =
(demand of DISCOin j" area from GENCOini™ area)
- (demand of DISCOini"™ area from GENCOin j* area) (2)

And at any given time, the tie line power error APtiel-2, error
is defined as

AP tiel-2,error= AP tiel-2,actual — AP tiel-2,scheduled  (3)

The error signal is used to generate the respective ACE signals
as in the traditional scenario.

ACEI1=BAf1+AP tiel-2,error 4
ACE2=BAR+AP tie2-1,error  (5)

The closed loop system in fig.2 is characterized in state space
form as

A fully controllable and observable, dynamic model for a two

area power system is proposed, where ‘x’ is the state vector and
‘u’ is the vector of power demands of the DISCOs.
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The deviation of frequency, turbine output and tie-line power
flow within each control area are measurable outputs that can be
used for output feedback.

The doted and dashed lines show the demand signals based on
the possible contracts between GENCOs and DISCOs that carry
information as to which GENCO has to follow a load demanded
by that DISCO. These new information signals where absent in
the traditional LFC scheme. As there are many GENCOs in
each area, the ACE signals have to be distributed among them
due to their ACE participation factor in LFC[16].

3. FUZZY C-MEANS CLUSTERING
ANALYASIS

In recent years, fuzzy modeling technique have become an
active research area due to its successful application to complex
system model, where classical methods such as mathematical
and model-free methods are difficult to apply because of lack of
sufficient knowledge. The Fuzzy Logic model is empirically-
based, relying on an operator’s experience rather than their
technical understanding of the system. For a little more complex
system, but for which significant data exist, model free method
such as neural networks provide a powerful and robust means to
reduce some uncertainty through learning, based on patterns in
the available data. For the most complex system where few
numerical data exist and only ambiguous or imprecise
information may be available, fuzzy reasoning provides a way
to understand system behavior by allowing us to interpolate
approximately  between observed input and  output
situation[24].The imprecision in fuzzy models is therefore,
generally quite high. Fuzzy systems can implement crisp input
and output, and produce a non-linear functional mapping just as
do algorithms [14, 21]. Depending on the system, it may not be
necessary to evaluate every possible input combination since
some may rarely or never occur. This will increase the number
of fuzzy rules and complexity but may also increase the quality
of the control. Fuzzy C-Means (FCM) is a method of clustering
which allows one piece of data to belong to two or more
clusters [23, 25]. This is frequently used in pattern recognition.
It is based on minimization of the following objective function:

N C
J =ZZU{J." Hxi —CJ-H

i=l j=1 (8)

2

where m is any real number greater than 1, uij is the degree of
membership of xi in the cluster j, xi is the ith of d-dimensional
measured data, cj is the d-dimension center of the cluster, and
|[*]| is any norm expressing the similarity between any measured
data and the center.

Fuzzy partitioning is carried out through an iterative
optimization of the objective function shown above, with the
update of membership uij and the cluster centers cj by:

1 N
Uj = 2 ZuiTXi
k=1 ||Xi_ck|| Where ;Uij )

{‘u.‘.k”) —uf ‘} <e
This iteration will stop when ! !
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where € is a termination criterion between 0 and 1, where as k
are the iteration steps. This procedure converges to a local
minimum or a saddle point of Jm

In a batch mode operation, FCM determines the cluster centers
ci and the membership matrix U using the following steps:

Step 1: Set the number of clusters ¢ Initialize the membership
matrix U with random values between 0 and 1 such that the
summation of degrees of belongingness of a data point to all
clusters is always equal to unity.

Step 2: Calculate ¢ Fuzzy cluster centers, 1, ci where i = 1,
2,...c, using Eq. (9).

Step 3: Compute the objective function according to Eq. (8).
Stop if either it is below a certain tolerance value or its
improvement over previous iteration is below a certain
threshold.

Step 4: Compute a new U using Eq. (9). Go to Step 2.

4. DESIGN OF PROPOSED FUZZY
CONTROLLER USING FUZZY C-MEAN
ALGORITHM (FCM CONTROLLER)

The Normal Fuzzy controller is designed heuristically with
rules as shown in Table 2. The structure of the Fuzzy Controller
is as shown in the Fig.(3).

The three normalized input variables 5'5’5 are first
fuzzified
The definitions of the fuzzy sets are as follows [10-12]:

0 [x()+1] if x()e[-10]
My ()= .

‘ -[x()-1] if x(.)e[0,1] )
1 ()=x() if x()e[0.] )
m()=—x() ifx()e[-L0] o

The Fuzzy C-Means controller is tuned to the normal fuzzy
controller. The phase-plane plot of the input space is obtained.
The input space is divided into clusters and the cluster centers
are identified. The sequence of rules of the original fuzzy
controller are super imposed onto the phase-plane plot of the
input space with cluster centers as shown in Fig.4 . Hence, the
required rules are identified and the non-cooperative rules are
eliminated as shown in Table-2

The efficacy of the proposed method is demonstrated for
load frequency control of two-area in deregulated Power system.
The performance of the proposed controller is compared
with conventional controller, original fuzzy controller in Table -1

©)

36



Table 1 Representation of rules in linguistic form
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If X (5) isPand

X(§) is P and X (.é:) isP

If X (5) is N and X(5) is N and X (5) isP

Rule-1
then output is NB

Rule-2 If X (5) is P and X(5) isP and X (5) isN
then output is NS

Rule-3 If X (5) isPand X(§) isPand X (5) isZ
then output is NM

Rule-4 If X (6) isPand X(é‘) is N and X (5) isP
then output is NM

Rule-5 If X (5) isPand X(§) is N and X (5) isZ
then output is Z

Rule-6 If X (5) isPand X(é‘) is N and X (5) isN
then output is NS

Rule-7 If X (5) isPand X(é‘) is Z and X (5) isP
then output is NM

Rule-8 If X (5) isPand X(é‘) is Z and X (5) isZ
then output is NS

Rule-9 If X (6) isPand X(é‘) is Z and X (5) isN
then output is Z

Rule-10 If X (5) is N and X(5) is P and X (5) isP
then output is NM

Rule-11 If X (5) is N and X(é‘) is P and X (5) isZ
then output is Z

Rule-12 If X (5) is N and X(5) is P and X (5) isN

then output is PS

Rule-13
then output is PS

Rule-14 If X (5) is N and X(é‘) is N and X (5) isN
then output is PB

Rule-15 If X (5) is N and X(é‘) is N and X (5) isZ
then output is PM

Rule-16 If X (5) is N and X(5) isZ and X (5) isP
then output is Z

Rule-17 If X (5) is N and X((S) isZ and X (5) isZ
then output is PS

Rule-18 If X (5) is N and X(5) isZ and X (5) isN
then output is PM

Rule-19 If X (5) is Z and X(é‘) isPand X (5) isP
then output is NM

Rule-20 If X (5) is Z and X(5) isPand X (5) isN
then output is Z

Rule-21 If X (5) is Z and X(5) isPand X (5) isZ
then output is NS

Rule-22 If X (5) isZ and X(5) is N and X (5) isP
then output is Z

Rule-23 If X (6) is Z and X(5) is N and X (5) isN
then output is PM

Rule-24 If X (5) is Z and X(5) is N and X (5) isZ

then output is PS
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Rule-25 If X (5) is Z and X(5) is Z and X (5) isP
then output is NS

Rule-26 If X (5) is Z and X(5) is Z and X (5) isZ
then output is Z

Rule-27 If X (5) is Z and X(5) is Z and X (5) isN

then output is NS

Table 2 Representation of rules in linguistic form

If X (5) is N and X(5) isZand X (5) isZ

Rule -17
then output is PS
Rule-18 | If X (5) is N and X(5) is Z and X (5) isN
then output is PM
Rule -21 If X (5) is Z and X(5) isPand X (5) isZ
then output is NS
Rule -25 If X (5) is Z and X(5) is Z and X (5) isP
then output is NS
Rule -26 If X (5) is Z and X(5) is Z and X (5) isZ
then output is Z
Nﬂ_ i Z _ P
="
3l, PE > B z
1 .
|
~ ] Ps z NS ~
)
(I
b b O . 8
J 2 ) s “ M
|

Fig 2. Phase-plane plot of the input space with

cluster centers
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5. SIMULATION RESULTS

To illustrate the performance and robustness of the proposed
control against parametric uncertainties and unconstructed

loads variations, simulations are performed for three scenarios
of possible contracts under various operating conditions and
large load demands

A Scenario 1: transaction based on free contracts:

In this scenario, DISCOs have the freedom to have a contract
with any GENCO in their or other areas. So all the DISCOs

contract with the GENCOs for the power based on following
05 025 0 03

02 025 0 0
DPM =
0 025 1 07
03 025 0 0O
It is considered that each DISCO demands 0.1 pu total power
from GENCOs as defined by entries in DPM and each GENCO
participates in AGC as defined by the following apf:

apfi; =0.75 apfz1 =1 —apfi; =025
apfzz = 0.5 apfsz =1 —apfz; =05

The results for this Scenario are given in Fig8-10
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Fig4. Fregency deviation in areal(rad/sec)
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B Scenario 2: transaction based on free contracts no violation

In this scenario, DISCOs have the freedom to have a contract
with any GENCO in their or other areas. So all the DISCOs
contract with the GENCOs for the power based on following

05 025 0 03
0 0 0 0
0 05 1 07

05 025 0 0

DPM =

It is considered that each DISCO demands 0.1 pu total power
from GENCOs as defined by entries in DPM and each GENCO
participates in AGC as defined by the following apf:

apfiy =075 apfz; =1 —apfi; =025

apfaz = 0.5 apfy; = 1—apfz; = 0.5

The results for this Scenario are given in Fig11-13
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time(s)
Fig8. Freqgency deviation in area2(rad/sec)
0.1
’;‘ RELLN
= V#— Yo
0 LS L L L PP
2 s
E O:
] v
. N
g o1m " ..' ---- conventional PID controller
b - == == fuzzy controller
== ~CM controller

0.2 I I I I I I I I I

o] 2 4 6 8 10 12 14 16 18 20

time(s)

Fig9. Tie line power deviation(pu/MW)

C. Scenario 3: contract violation

In this case, the DISCOs may violate a contract by demanding
more or less power than that specified in the contract. This
excess power is reflected as a local load of the area
(unconstructed demand). In this section it is assumed that in
addition to the specified contracted load demands DISCO in
area 1, demand 0.1 p.u as large unconstructed load in each area
is taken up by the GENCOs in the same area and the tie line
powers are the same as in scenario 1 in the steady state. The
purpose of this scenario is to test the effectiveness of the
proposed controller against uncertainties and large load
disturbances APd
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The power based on following DPM:

DPM =

0.5
0.2
0
0.3

0.25
0.25
0.25
0.25

o = D

0.3
0
0.7
0

It is considered that each DISCO demands 0.1 MW total power
from GENCOs as defined by entries in DPM and each GENCO
participates in AGC as defined by the following apf:

apfiy =075 apfa1 =1 —apfi; =025
apfaz = 0.5 apfaz =1—apfz; =05

The total local load in areal=Load of DISCO1 + Load of
DISC0O2=(0.1+0.1)+0.1pu=0.3pu

The total local load in area2=Load of DISCO3 + Load of
DISCO4 =0.1+0.1pu=0.2pu

The results for this Scenario are given in Figl4-16
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6. CONCLUSIONS

In this paper, minimizing rules of fuzzy controller has been
proposed to design the FCM controller for the solution of LFC
problem in a deregulated power system. Usually, the rule base
is determined by experience and control knowledge of human
expert which is a trial and error process and takes much time
and cost. Thus, to reduce design effort and find optimal fuzzy
control rules, the rules are obtained by superimposing the phase
plane plot consisting the identified clusters using FCM onto the
rule base of the fuzzy controller designed heuristically. The
proposed method was applied to load frequency control of two-
area deregulated Power system. The simulation results indicate
that the proposed FCM controller can guarantee the stability of
the overall system for large parametric uncertainty and
maintains same level of performance when compared to Fuzzy
controller. The main advantage of the proposed approach is that
by reducing the rule base it can significantly reduce the time
and effort needed to design a fuzzy controller centered tabs, and
so on. For three authors, you may have to improvise.
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Table 4 The Parameters Of Control Area

Control area parameters | Areal Area2

Kp(pu/Hz) 102 102

Tp(sec) 20 25

B(pu/Hz) 0.425 0.396
| Tijpu/Hz) 0.245

41


http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Vakula,%20V.S..QT.&searchWithin=p_Author_Ids:38235085500&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Sudha,%20K.R..QT.&searchWithin=p_Author_Ids:37680194900&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?tp=&arnumber=6141127&contentType=Journals+%26+Magazines&sortType%3Dasc_p_Sequence%26filter%3DAND%28p_IS_Number%3A6141124%29
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?tp=&arnumber=6141127&contentType=Journals+%26+Magazines&sortType%3Dasc_p_Sequence%26filter%3DAND%28p_IS_Number%3A6141124%29
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?tp=&arnumber=6141127&contentType=Journals+%26+Magazines&sortType%3Dasc_p_Sequence%26filter%3DAND%28p_IS_Number%3A6141124%29
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=4082359
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=4082359
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=4082359
http://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=6141124
http://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=6141124

