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This paper presents two new computationally efficient improved stochastic algorithms for 
solving Security Constrained Optimal Power Flow (SCOPF) in interconnected power 
systems. These algorithms are based on the combined application of Fuzzy Logic strategy 
incorporated in both Evolutionary Programming (EP) and Tabu Search (TS) algorithms, 
hence named as Fuzzy Mutated Evolutionary Programming (FMEP) and Fuzzy Guided 
Tabu Search (FGTS). The SCOPF calculation determines the schedule power system 
controls to achieve operation at a desired security level, while minimizing the generator 
fuel cost. The proposed methods are tested on single area IEEE 30-bus system and 
interconnected two area systems. The optimal solutions obtained using EP, TS, FMEP and 
FGTS are compared and analyzed. The analysis reveals that the proposed algorithms are 
relatively simple, efficient, reliable and suitable for real-time applications. And these 
algorithms can provide accurate solution with fast convergence and have the potential to 
be applied to other power engineering problems. 
 
Keywords: - Optimal Power Flow, Security Constraint, Evolutionary Programming, 
                       Tabu-search, Fuzzy-logic. 
 
1. INTRODUCTION 
Electric power systems are interconnected due to the fact that it is a better system to operate 
with more reliability, improved stability and less production cost than the isolated systems. 
The multi-area Optimal Power Flow (OPF) problem is a large scale non-linear optimization 
problem with both linear and non-linear constraints [1]. Multi-area OPF calculations 
determine the optimum generation schedule, optimal control variables and system 
quantities of each area with due consideration of generation and transmission system 
limitations.  
 
Conventional optimization methods [2-7] used for solving OPF problem. Methods based on 
successive linearization and interior point methods are popular. For medium size power 
systems, the conventional methods for OPF calculations may be fast and efficient enough. 
However, for large scale interconnected power systems the higher dimension of possible 
solution space and increase of constraints result in excessive computational burden. In the 
present scenario, the security and optimality of system operation have been treated 
simultaneously for better power system control, namely Security Constrained OPF 
(SCOPF) which leads to a further increase in the complexity of computation. SCOPF 
calculation determines the optimal control variables at a desired security level, while 
minimizing the generator fuel cost. With a view to reduce the computational burden some 
stochastic techniques [8-13] have been developed. 
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In Genetic Algorithm (GA) [9] the solution space is discrete in nature (binary 
representation) and hence it is difficult to effectively apply GA to multi-area OPF problem 
in a continuous multi-dimensional space. If used then there is a sacrifice of precision with 
an increase in the domain size, for a fixed binary length representation. The crossover and 
mutation operators are well defined for binary representation of chromosomes only and not 
for floating point representation. In GA, different parameter settings (population size, point 
of crossover, crossover and mutation probabilities) do not yield identical optimum and the 
tuned or optimal parameter settings are difficult to determine. The offspring evolved 
through the process of selection, crossover and mutation forms a new population and the 
old population is completely replaced by the new population. By this process the progress 
towards the solution may lack the advantages obtained in the last generation, in case the old 
population is much better (more fit) than the new population. In GA, premature 
convergence is another important concern. This condition occurs when the population of 
chromosomes reaches a configuration such that crossover operation no longer produces 
offspring that can outperform their parents. Under such circumstances all standard forms of 
crossover operation simply regenerate the current parents and any further optimization 
relies solely on bit mutation process which can be quite slow. Such problems are absent in 
Evolutionary Programming (EP) technique [10-11] which uses floating point representation 
for decision variables, hence applicable for large continuous domain optimizations. 
Moreover in EP only mutation operator is used and by avoiding crossover between parents 
the individuality of each parent is retained. In EP, both parent and offspring are combined 
for the subsequent selection process pertaining to be in the next iteration. Tabu Search (TS) 
algorithm [12] is another effective stochastic technique that has been successfully applied 
to many combinational optimization problems. This algorithm has the ability to avoid 
entrapment in local optimum by employing a flexible memory system along with the 
concept of distance incorporated in the selection procedure. The major drawback of EP and 
TS algorithms is a very large computation time due to the large number of iterations 
required to obtain a global optimum. Hence there is a need to accelerate the convergence of 
EP and TS techniques, thereby reducing the computation time.  
 
In the recent years there has been an increase in the application of Fuzzy Logic [13-17] 
strategy, as it is a non-linear mapping of input data vector into scalar output which requires 
appropriate but partial information or criteria only. Hence in this paper an amendment 
based on fuzzy logic is incorporated in both EP and TS technique for solving the multi-area 
OPF and SCOPF problems. The fuzzy logic is implemented in these effective stochastic 
algorithms (EP and TS) for obtaining a much better (faster) convergence, hence termed as 
Fuzzy Mutated Evolutionary Programming (FMEP) and Fuzzy Guided Tabu Search 
(FGTS). 
In this paper, the proposed methods (FMEP and FGTS) are used to solve multi-area OPF 
and SCOPF problems subject to the power balance equality constraints, limits on the 
control variables namely active power generations, controllable voltage magnitudes, limits 
on the dependent variables namely reactive power generations, load bus voltage magnitudes 
and limits on MVA line flows as the inequality constraints pertaining to base case state as 
well as contingency case states (critical line outages).  
 
2. PROBLEM FORMULATION 
 
The original multi-area OPF problem is decoupled to equivalent single area sub-problems 
where new variables namely the transmission line flows are considered [7]. Thereby, the 
multi-area OPF problem has been decoupled into independent single area OPF sub-
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problems (one for each area) with two more variables namely, ijTA  and jiTAA  (tie-line 
flows). The mathematical optimization problem of decoupled equivalent independent single 
area OPF and SCOPF sub-problems (considering area A) are defined as follows, 
Objective Function: 

( )2 2

1

Min A A A A A A A A A A A

T GCi GCi GCi GCi GCi GS GS GS GS GS
i

cng

F a P b P c a P b P c
=

= + + + + +∑          (1) 

 
Subject to: 
Power flow equations: 

    PFA (XA,UA, CA, CAA ) = 0                                                    (2) 
where XA,UA and CA,  are state vector, control vector and parameter vector pertaining to 
area A and CAA is the parameter vector comprising of a set of tie-line scheduled power flow 
from area A to the adjacent area AA. 
Power flow equations under contingency state (for SCOPF): 

( , , , ) 0A A A AA
R R R

PF X U C C =                                                           (3) 
where, the state, control and parameter vectors pertaining to Rth  post-contingency state in 
area A (say a critical line outage). 
 
Constraints on control variables: 
Generation active power limits: 

m in m a x

1 , 2 , 3 . . . . . , ;  A A A

G C i G C i G C i i c n gP P P =≤ ≤                                      (4) 
Slack bus generation limit: 

m in m a xA A A

G S G S G SP P P≤ ≤                                                                                     (5) 
Controllable bus voltage magnitude limits: 

m in m ax

1, 2 , ..., ;  A A A

C i C i C i i cn vV V V =≤ ≤                                               (6) 
 
Constraints on dependent variables: 
Reactive power generation limits: 

m in m ax

1, 2 , 3 ....., ;  A A A

G C i G C i G C i i cngQ Q Q =≤ ≤                                              (7) 
Load bus voltage magnitude limits: 

m in m ax

1, 2 , ..., ; A A

Lj L j L j

A
j N LBV V V =≤ ≤                                                        (8) 

Line flow constraints: 
m ax

1, 2 , ......, ;  A A

k k k N LL F L F =≤                                                       (9) 

3.  METHODOLOGY 
 
3.1 EP based algorithm for equivalent single area OPF sub-problem 
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The various sequential steps for solving equivalent single area OPF sub-problem using EP 
are as follows, 
 
3.1.1 Initialization of parent population 
An initial parent population Ipi of size Np is generated randomly within the feasible range 
and the distributions of initial trial parents are uniform. The elements of each parent 
individual are the controllable real power outputs of cng committed generating units and the 
controllable bus voltage magnitudes of cnv voltage controllable buses. The initial parent 
population is generated randomly as follows, 

      

1 2 1 2 1, 2, .....,, , ..., ; , , ...,  ;
p

A pi A pi A pi A pi A pi A pi

pi GC GC GCcng C C Ccnv pi NI P P P V V V == ⎡ ⎤⎣ ⎦       (10) 
The elements of   Ipi are generated as, 

( )  min  max
1, 2, 3, .......,,  ;

A pi A A

GCj GCj GCj
j cngP U P P ==                                            (11)  

( )  min  max
1, 2, 3, .......,,  ;

A pi A A

Cj Cj Cj
j cnvV U V V ==                                            (12)  

where, U ( x,y ) denotes a uniform random number between the limits x and y. For each 
individual, power flow using equation (3) is conducted and the corresponding slack bus 
generation A

G SP , reactive power generation of each generating unit A
GCiQ , load bus voltage 

magnitudes of all load buses A
LjV  and the line flow of all lines A

kLF  are calculated.  
 
The fitness function value ftpi  for each parent individual is computed as, 

 
  lim  lim  lim  lim

1 2 3 4
1 1 1

cng NLB NL
A pi A pi A A A

pi T GS GCi Lj k
i j k

ft F k P k Q k V k LF
= = =

= + + + +∑ ∑ ∑    (13)  

where, k1,k2,,k3 and k4 are penalty factors for the constraints (5, 7, 8 and 9) violation and the 
corresponding constraints violation are denoted as, 

 min    min

  lim

  max   max

;  if 

;  if 

A A pi A pi A

A pi GS GS GS GS

GS A pi A A pi A

GS GS GS GS

P P P P
P

P P P P

− <
=

− >

⎧ ⎫
⎨ ⎬
⎩ ⎭

                                                  (14) 

 min    min

 lim

  max   max

;  if 

;  if 

A A pi A pi A

A GCi GCi GCi GCi

GCi A pi A A pi A

GCi GCi GCi GCi

Q Q Q Q
Q

Q Q Q Q

− <
=

− >

⎧ ⎫
⎨ ⎬
⎩ ⎭

                                                  (15) 

 min    min

 lim

  max   max

;  if 

;  if 

A A pi A pi A

Lj Lj Lj LjA

Lj A pi A A pi A

Lj Lj Lj Lj

V V V V
V

V V V V

− <
=

− >

⎧ ⎫
⎨ ⎬
⎩ ⎭

                                                  (16) 

  max   max
 lim ;  if 

         0;  otherwise

A pi A A pi A
A k k k k

k

LF LF LF LF
LF

− >
=
⎧ ⎫
⎨ ⎬
⎩ ⎭

                                         (17) 

 
The values of penalty factors k1 ,k2,,k3 and k4 are chosen, such that if there is any constraint 
violations then the fitness function value corresponding to that parent will be ineffective. 
The maximum fitness function value among the  Np parent individuals is stored as ftmax. 
 
3.1.2 Mutation  
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An offspring population m

oiI  of size Np is generated from each parent Ipi  as, 

[ ]      

1 2 1 2
1, 2, ......, 2, , ..., ; , , ..., ;

p p p

m A oi A oi A oi A oi A oi A oi

oi GC GC GCcng C C Ccnv
oi N N NI P P P V V V = + +=   (18) 

The elements of  m
oiI  are generated as, 

( )  2 1, 2 , 3 .....,0 ,  ;
G C j

A o i A p i

G C j G C j P j cn gP P N σ == +                                (19) 

( )  2 1, 2 , 3 .....,0 ,  ;
C j

A o i A p i

C j C j V j cnvV V N σ == +                               (20) 

Subject to, 
 m in   m in

 

 m ax   m ax

;  if 

;  if 

A A o i A

G C j G C j G C jA o i

G C j A A o i A

G C j G C j G C j

P P P
P

P P P

<
=

>

⎧ ⎫
⎨ ⎬
⎩ ⎭

                                                             (21)  

and 
 m in   m in

 

 m ax   m ax

;  if V

;  if V

A A o i A

C j C j C jA o i

C j A A o i A

C j C j C j

V V
V

V V

<
=

>

⎧ ⎫
⎨ ⎬
⎩ ⎭

                                                             (22) 

where,  ( )20,N σ  represents a normal random variable with mean zero and variance 2σ . 

The variance 
2

GCjPσ or 
2

C jVσ decides the width of the normal distribution curve 

corresponding to each variable and it is computed as, 

2  max  min

max

1, 2 , .....,( )  ; 
GCj

pi A A

P GCj GCj j cng
ft

P P
ft

σ β == −                                   (23)  

2  m ax  m in

m ax

1, 2 , .....,(V )  ; 
C j

p i A A

V C j C j j cnv
ft

V
ft

σ β == −                                  (24)  

where, β is the mutation scaling factor. The value of variance is chosen according to the 
relative fitness value ftpi / ftmax so that the width of the normal distribution curve is small if 
ftpi is low and vice versa. The fitness function value corresponding to each offspring is 
computed by using the equation (13). 
 
3.1.3 Competition and Selection  
 
The 2Np trial solutions comprising of Np solutions corresponding to parent population Ipi 
and Np solutions corresponding to their offspring m

oiI  need to compete for survival in the 
combined matting pool. The weight Wi for each individual in the combined population 
decides the survival. The weight Wi of each individual is computed as follows, 

1

1, 2, 3, ...., 2 ; 
i p

q

t
t

NW iw
=

== ∑                                                       (25) 
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where

0 ;  otherwise

1 ; if 
 

     

i
i

r it

ft
u

ft ftw
>

+=
⎧ ⎫
⎪ ⎪
⎨ ⎬
⎪ ⎪⎩ ⎭

                                                            (26) 

                                                                                
where, the competitor  ftr  is selected at random from among the 2Np trial solutions, ui is the 
uniform random number ranging over 0 to 1 and  q is the arbitrarily chosen competition 
number which is normally taken as Np. Thereby, each individual competes with Np 
individuals in the matting pool. The 2Np individuals in the matting pool are ranked in 
descending order with respect to their weights and the first Np individuals are retained as 
parents pertaining to the next iteration. The mutation and selection process are repeated 
until a specified count of maximum generation is reached. There is no specific standard 
stopping criteria for Evolutionary Algorithms. The maximum number of iteration for the 
stopping criteria is identified as the one for which, if the maximum number of iteration is 
decreased below that value, then there would not be a convergence (reasonable minimum 
cost without any constraint limit violation) at least in any one or more of the 100 trial 
studies. 
 
3.2 TS based algorithm for equivalent single area OPF sub-problem  
       
The various sequential steps for solving equivalent single area OPF sub-problem using TS 
are as follows, 
 
3.2.1 Initialization of Parent Population 
 
The initialization process is similar to that of EP as described in section 3.1.1.  
 
3.2.2 Mutation  
 
The mutation process is similar to that of EP as explained in section 3.1.2.  Where,  

      
1 2 1 2 1, 2,....,, ,.., ; , ,.., ; p p p m

m A oi A oi A oi A oi A oi A oi
oi GC GC GCcng C C Ccnv Noi N N NI P P P V V V = + + += ⎡ ⎤⎣ ⎦    (27)              

offspring are generated from  Nm  parent individuals. 
 
3.2.3 Recombination  
 
An offspring population r

oiI  of size Nr is generated from the parent population as, 
      
1 2 1 2 1,...., 2, ,...., ; , ,..,  ;

p m p

r t oi t oi t oi A oi A oi A oi
oi G G Gng C C Ccnv N N NI P P P V V V oi + += =⎡ ⎤⎣ ⎦             (28) 

The elements of  r
oiI  are generated within the feasible range as, 

1 2 1
( )r

oi pi pi pi
I I I Iγ= + −                                                                              (29) 

where,  Ipi1 and Ipi2  are the two randomly selected parent individuals and γ  is the 
recombination factor. 
 
3.2.4 Determination of Nm and Nr 
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Initially both Nm and Nr are initialized to half of the population size Np. For the next 
generation or iteration either Nm or Nr is increased if the best solution in the previous 
iteration corresponds to the mutation or recombination process respectively. If there is an 
increases in Nm then a corresponding decrease in Nr is executed and vice versa, such that 
Nm+ Nr = Np.. 
 
3.2.5 Evaluation and Selection  
The sum of distances Di corresponding to each individual in the combined population (both 
parent and offspring) is calculated from each best solution in the Tabu List (a list of pre-
selected size containing previous best solutions) as follows, 

 
1

1, 2 , 3......, 2  ;
TLS

i i ptabu k
k

i ND I I
=

== −∑                                               (30) 

where, TLS is the Tabu List Size. Each individual is assigned with two ranks, one according 
to its fitness value RFi (individual with least fitness value attains the highest rank and vice 
versa) and the other depending on the sum of distances RDi (individual with highest 
distance attains the lowest rank and vice versa). Combining these two ranks each individual 
is assigned with a weight Wi as follows, 

i i iW R F R Dα= +                                                                                             (31)    
where, α  is the distance weight factor. The weight of each individual in the combined 
population decides its survival. Individuals are arranged in descending order according to 
their weights and the first Np individuals are transcribed for the next generation or iteration. 
And the best individual along with its fitness value replaces the worst solution in the Tabu 
List. The mutation, recombination, determination of Nm and Nr along with evaluation and 
selection processes are repeated until a specified count of maximum generation is reached. 
The maximum number of iteration is selected as explained in section 3.1.3 . 
 
3.3 Need for Fuzzy Implemented Stochastic Algorithms (FMEP and FGTS) 
 
The major drawback of EP and TS algorithms is a very large computation time due to the 
large number of iterations required to obtain a global optimum. Hence there is a need to 
accelerate the convergence of EP and TS techniques, thereby reducing the computation 
time. The fuzzy logic is implemented in these effective stochastic algorithms (EP and TS) 
for obtaining a much better (faster) convergence. The value of variance 2

GCjPσ or 2

CjVσ as in 

equation (23) or (24) in the mutation process depends on three factors. The first one is the 
relative value of fitness ftpi / ftmax.. It is an essential factor which has the major influence on 
the value of variance. If the relative fitness value ftpi / ftmax is low then the width of the 
normal distribution curve is small and vice versa. The second factor is the search range 

 max  min( )A A
GCj GCjP P−  or  max  min(V )A A

Cj CjV−  pertaining to that of (23) or (24), which is a 
constant throughout the whole search process. But actually the search range varies for each 
generation or iteration as PGCj or VCj  (control variables) varies and hence there is a need for 
an effective search range. The third factor is the scaling factor β . Generally β  is fixed 
throughout the whole search process. However, for practical applications a small fixed 
mutation scaling factor may result in a premature convergence while a large fixed mutation 
scaling factor may not converge. Hence there is a need for an adaptive scaling factor. 
 
Thus the last two factors need a certain control to obtain a better (faster) convergence. 
Moreover the relationship between them seems arbitrary, complex and ambiguous to 
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determine. Hence fuzzy logic strategy where the search criteria are not precisely bounded 
would be more appropriate than a crisp relation. Thus, either an adaptive scaling factor or 
the variance can be obtained from the fuzzy logic strategy, thereby leading to an improved 
EP technique termed as Fuzzy Mutated Evolutionary Programming (FMEP). 
 
The need for fuzzy logic implementation in the mutation process as explained above are 
valid for TS algorithm too. In a similar fashion the recombination factor γ  is an arbitrary 
variable. Since recombination deals with a search process pertaining to the existing 
boundary or search range of the parent population in the present iteration the fuzzy logic 
strategy can be implemented. Thus leading to an amendment in the TS algorithm using the 
fuzzy logic strategy, termed as Fuzzy Guided Tabu Search (FGTS). 

 
3.4 FMEP based algorithm for equivalent single area OPF sub -problem  
       
i) The fuzzy logic inputs and output are decided and their feasible ranges are declared. 
There are two control variables namely controllable real power outputs of cng  committed 
generating units and controllable bus voltage magnitudes of cnv  voltage controllable 
buses. Hence there are two sets of fuzzy inputs and output pertaining to each variable 
namely, 

max 1  /piInput ft ft=                                                                                (32) 
For controllable real power outputs of cng  committed generating units,   

{ } max    min 2 ( ); ( )A A pi A pi A

GCj GCj GCj GCjInput Max P P P P= − −                         (33) 
For controllable bus voltage magnitudes of cnv  voltage controllable buses, 

{ } m ax    m in 2 (V ); ( )A A pi A pi A

C j Cj Cj C jInput M ax V V V= − −                        (34) 
The Input 1 is the first essential factor as described in section  3.1.2 and Input 2 is an active 
search range determined as the maximum search distance or range pertaining to each 
element of parent individual Ipi in the present iteration from any of its corresponding limits 

(max or min). The output of the fuzzy logic strategy is the variance 
2

G C jPσ or 
2

C jVσ . 

 
ii)  Fuzzification of inputs and output using triangular membership function. Five fuzzy 
linguistic sets have been used for each of the inputs and output as shown in Fig. 1. 
 

 
                                        Fig. 1  Fuzzy Membership Function  
 
iii) The mutation scaling factor β  is resolved into the fuzzy control logic or fuzzy rule 
base. The fuzzy rule base is formulated for all combinations of fuzzy inputs based on their 
ranges. The fuzzy rule base is shown in Table I. 
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TABLE I -  Fuzzy Rule Base 
Input 1 
Input 2 XSmall Small Medium Large XLarge 
XSmall XSmall XSmall Small Small Small 
Small XSmall Small Small Medium Medium 
Medium XSmall Small Medium Large Large 
Large Small Medium Large XLarge XLarge 
XLarge Small Medium Large XLarge XLarge 

iv)  Defuzzification of the output using the Centroid method. 
5 5

1 1
/i i i

i i

C x y y
= =

= ∑ ∑                                                                  (35)  

where,  xi is the mid-point of each fuzzy output set i and yi  is its corresponding membership 
function value. The Centroid C is scaled (multiplied by its range) to obtain variance value 
of each element in the parent population. 
 
3.5 FGTS based algorithm for equivalent single area OPF sub-problem 
 
The fuzzy logic implementation in the mutation process of FGTS is similar to that of FMEP 
as explained in section 3.4. In TS technique the recombination factor γ is an arbitrary 
factor and since recombination deals with a search process pertaining to the existing 
boundary or search range of the parent population in the present iteration, a better 
intensification strategy can be obtained with fuzzy logic implementation using the 
following fuzzy system inputs,  

2 1 3 pi piInput I I= −  and   
min

1 4 pi TSInput I I= −                                (36) 
The Input 3 is same as in equation (29) and Input 4 is a relative distance indication of the 
parent individual Ipi1 from the best individual in the Tabu List min

TSI . The output of fuzzy 
logic strategy is the recombination factorγ . The various sequential steps involved in the 
fuzzy implemented mutation and recombination process are similar to that of FMEP 
explained in section 3.4. 
 
3.6 Stochastic algorithm for equivalent single area SCOPF sub-problem 
 
The algorithmic steps for solving equivalent single area SCOPF sub-problem using EP, TS, 
FMEP and FGTS techniques are exactly the same as that explained in sections 3.1, 3.2, 3.4 
and 3.5 respectively except the initialization step. The initialization of parent population 
pertaining to SCOPF sub-problem is as follows, 
 
An initial parent population Ipi of size Np  is generated randomly within the feasible range 
and the distributions of initial trial parents are uniform. The elements of each parent 
individual are the controllable real power outputs of cng committed generating units and the 
controllable bus voltage magnitudes of cnv voltage controllable buses. The initial parent 
population of size Np is generated randomly as in equation (10) and the elements of   Ipi are 
generated as in equations (11) and (12). For each individual, power flow using equation (2) 
is conducted and the corresponding slack bus generation A

GSP , reactive power generation of 

each generating unit A
GCiQ , load bus voltage magnitudes of all load buses A

LjV  and the line 

flows of all lines 
A

kLF  are calculated. The fitness function value for each parent individual 
is computed as in equation (13) and denoted as ftpi. For each individual, power flow using 
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equation (3) is conducted corresponding to each contingency case ( 1, 2, ..., NOR = ) and the 

corresponding slack bus generation
RA

G SP , reactive power generation of each generating 

unit 
RA

GCiQ , load bus voltage magnitudes of all load buses 
RA

L jV  and the line flows of all 

lines 
RA

kL F  are calculated. The new fitness function value 
SC

pift  for each parent 
individual is computed as, 

 lim  lim  lim 

5 6 7
1 1 1 1 1 1

cngNO NO NLB NO NL
SC A R A R A R

pi pi GCi Lj k
R i R j R k

ft ft k Q k V k LF
= = = = = =

= + + +∑∑ ∑∑ ∑∑      (37) 

 where,  k5, k6 and k7 are penalty factors for the constraints (7, 8 and 9) violation  
corresponding to R th  critical line outage and the constraints violation are denoted as, 

 m in    m in

 lim  

  m ax   m ax

;  if 

;  if 

R R

R R

A A pi A pi A

G C j G C j G C j G C jA R

G C j A pi A A pi A

G C j G C j G C j G C j

Q Q Q Q
Q

Q Q Q Q

− <
=

− >

⎧ ⎫⎪ ⎪
⎨ ⎬
⎪ ⎪⎩ ⎭

                                  (38) 

 min    min

 lim  

  max   max

;  if 

;  if 

R R

R R

A A pi A pi A

Lj Lj Lj LjA R

Lj A pi A A pi A

Lj Lj Lj Lj

V V V V
V

V V V V

− <
=

− >

⎧ ⎫⎪ ⎪
⎨ ⎬
⎪ ⎪⎩ ⎭

                                  (39) 

  max   max

 lim  
;  if 

0;  otherwise         

R RA pi A A pi A

k k k kA R

k

LF LF LF LF
LF

− >
=
⎧ ⎫⎪ ⎪
⎨ ⎬
⎪ ⎪⎩ ⎭

              (40) 

The values of penalty factors k5, k6 and k7 are chosen, such that if there are any constraint 
violations then the fitness function value (new) corresponding to that parent will be 
ineffective. The maximum fitness function value (new) among the Np parent individuals is 
stored as ftmax..  
 
4. SIMULATION RESULTS 
The stochastic algorithms (EP, TS, FMEP and FGTS) are tested on a standard IEEE 30-bus 
test system [11] and an interconnected two area test system, formed by interconnecting two 
identical standard IEEE 30-bus systems through a tie-line of scheduled interchange (from 
area 1 to area 2). The standard IEEE 30-bus test system consists of 6 generating units, 41 
lines and a total demand of 283.4 MW. The interconnected two area test system has a 20 
MW tie-line scheduled interchange between buses 5 and 26 corresponding to area 1 and 2 
respectively. The fuzzy logic systems data are presented in Appendices. The optimal 
parameters obtained for the stochastic algorithms are as follows, for IEEE 30-bus and 
interconnected two area test systems population size Np is 10. The mutation scaling factor 
of EP and TS based algorithms is 0.03. The recombination and distance weight factors 
pertaining to TS algorithm are 0.04 and 0.01 respectively. The penalty factors k1 to k7 are 
chosen by trial and error. Initially a small value between 10 and 100 will be chosen. After 
the investigation, if the constraint violated individuals have not been effectively eliminated 
then, the penalty factor values will be increased until a converged solution is reached with 
no constraint violations. Convergence is tested for 100 trial runs. The simulations were 
carried out on Pentium IV, 2.5 GHz processor. The comparative convergence 
characteristics of IEEE 30-bus test system corresponding to EP-FMEP, TS-FGTS and 
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FMEP-FGTS algorithms for single area OPF (with same initial population) are shown in 
Figs. 2, 3 and 4 respectively. The convergence characteristics are drawn by plotting the 
minimum fitness value from the combined population across iteration or generation index. 
 

         
Fig. 2 Convergence characteristic of EP and FMEP             Fig. 3 Convergence characteristic of TS and FGTS 

 

 
Fig. 4. Convergence characteristic of FMEP and FGTS 

 
From Figs. 2, 3 and 4 it is observed that the fitness function value converges smoothly to 
the optimum (minimum) value without any abrupt oscillations, thus ensuring convergence 
reliability of the proposed algorithms. And further it is observed that the fuzzy implemented 
algorithms (FMEP and FGTS) have much better convergence (less number of iterations) 
than EP and TS based algorithms. From Fig. 4 it is inferred that the FGTS has a faster 
convergence than FMEP based algorithm. 
 
The optimal solutions of IEEE 30-bus test system using EP, FMEP, TS and FGTS based 
single area OPF problem are presented in Table II. The bus voltage magnitudes of all load 
buses, reactive power generation of each unit and the line flows in all lines corresponding 
to the optimal solution of IEEE 30-bus test system are presented in Tables 3, 4 and 5 
respectively. 
 

TABLE II - Optimal Solution of IEEE 30-bus system for single area OPF 
Algorithm EP FMEP TS FGTS 
PG1 (MW) 151.118 150.978 151.317 151.881 
PG2 (MW) 55.531 56.0052 57.9674 58.7253 
PG5 (MW) 23.7235 24.0149 22.6414 22.5278 
PG8 (MW) 30 30 29.3362 28.1455 
PG11 (MW) 16.4185 15.4046 16.6799 13.2461 
PG13 (MW) 15.1158 15.3498 13.8955 17.3807 

V1 (p.u ) 1.03407 1.04957 1.05 1.05 
V2 (p.u ) 1.01644 1.0313 1.02819 1.03396 
V5 (p.u ) 0.987084 0.997306 0.99678 1.00043 
V8 (p.u ) 0.989314 1.01029 1.00674 1.02156 
V11 (p.u ) 1.03485 0.997406 1.04031 1.01351 
V13 (p.u ) 1.04499 1.00098 0.983977 1.01953 

Total PG (MW) 291.907 291.754 291.838 291.907 
Total QG (MVAr) 73.528 71.3515 72.6947 71.1569 
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Loss (MW) 8.50688 8.3544 8.43755 8.50666 
Total Fuel cost ($/hr) 809.997 809.493 809.454 809.533 
Number of iterations 350 270 300 250 

Computation time (sec) 90 75 80 70 
 

          TABLE  III -  Bus Voltage magnitude of load buses               TABLE  IV-  Reactive power generation   
                                                                           

                  
 

    TABLE V - Power flow in transmission lines 
 

Line No Line Flow  
(p.u MVA) 

Line 
No 

Line Flow  
(p.u MVA) 

1 0.997572 22 0.0708648 
2 0.515651 23 0.0380744 
3 0.311887 24 0.0663937 
4 0.479238 25 0.0906632 
5 0.603458 26 0.0542052 
6 0.403184 27 0.189543 
7 0.407417 28 0.0906525 
8 0.162389 29 0.0212429 
9 0.351128 30 0.0769796 
10 0.0342373 31 0.068928 
11 0.154377 32 0.0426822 
12 0.124614 33 0.00370107 
13 0.260149 34 0.0427453 
14 0.369944 35 0.0464331 
15 0.300908 36 0.182333 
16 0.345914 37 0.0643892 
17 0.0877877 38 0.0731827 
18 0.211413 39 0.0376058 
19 0.101438 40 0.035766 
20 0.0241236 41 0.141956 

21 0.058377   

 
From Tables III, IV and V it is inferred that there are no bus voltage magnitude, reactive 
power generation, and the line flow limit violations. This reinforces the effectiveness of 
proposed algorithms in maintaining the system operating limits. From Table II it is inferred 
that for the same optimum the number of iterations or generations are low for FMEP and 
FGTS based algorithms than EP and TS based algorithms respectively. Moreover the FGTS 
algorithm has a faster convergence (less computation time or less number of iterations) than 
FMEP algorithm. Hence the fuzzy implemented EP and TS algorithms are simple and 
efficient for solving single area OPF. 
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The optimal solutions of interconnected two area test system using EP, FMEP, TS and 
FGTS based multi-area OPF problem are presented in Tables VI and VII. 
 
From Tables VI and VII it is inferred that for the same optimum the number of iterations or 
generations are low for FMEP and FGTS based algorithms than EP and TS based 
algorithms respectively. The FGTS algorithm has a faster convergence than FMEP 
algorithm. Hence it is inferred that the proposed algorithms are simple and efficient for 
solving OPF problem of ‘n’ number of interconnected areas / buses. 
 

TABLE VI - Optimal Solution of multi-area OPF problem using EP and FMEP 
Area Area 1 sub-problem Area 2 sub-problem 

          Algorithm EP FMEP EP FMEP 
PG1 (MW) 151.184 150.602 149.928 149.252 
PG2 (MW) 65.743 63.5216 52.6326 51.6714 
PG5 (MW) 27.8061 25.9223 20.9056 21.5083 
PG8 (MW) 30 30 22.4527 24.36 
PG11 (MW) 18.6291 23.2052 13.4079 12.4332 
PG13 (MW) 19.3186 19.4497 13.0004 12.9644 

V1 (p.u ) 1.05 1.04812 1.05 1.05 
V2 (p.u ) 1.03227 1.02978 1.03392 1.03366 
V5 (p.u ) 1.02123 0.992109 1.00457 1.00249 
V8 (p.u ) 1.02704 1.02603 1.03034 1.0138 
V11 (p.u ) 1.04221 0.987475 0.986477 0.995168 
V13 (p.u ) 0.976807 0.99561 1.00075 0.993217 

Total PG (MW) 312.681 312.7 272.327 272.189 
Total QG (MVAr) 74.784 74.7007 69.6164 69.2762 
Loss (MW) 9.28102 9.30003 8.92687 8.78945 
Total Fuel cost ($/hr) 891.754 891.841 738.075 737.988 
Number of iterations 350 270 350 270 
Computation time (sec) 90 75 90 75 

 
TABLE VII   Optimal Solution of multi-area OPF problem using TS and FGTS 

Area Area 1 sub-problem Area 2 sub-problem 
          Algorithm TS FGTS TS FGTS 

PG1 (MW) 151.213 150.848 149.938 149.559 
PG2 (MW) 66.7911 65.1681 51.3335 50.3608 
PG5 (MW) 26.3314 25.8851 22.7663 21.932 
PG8 (MW) 30 30 22.068 25.5046 
PG11 (MW) 19.287 22.4324 13.8697 12.6832 
PG13 (MW) 19.2895 18.2947 12 12 

V1 (p.u ) 1.04808 1.04985 1.04979 1.05 
V2 (p.u ) 1.03206 1.03091 1.03457 1.03125 
V5 (p.u ) 0.989445 1.01118 1.00692 1.00354 
V8 (p.u ) 1.01074 1.01583 1.02486 1.02728 
V11 (p.u ) 0.958438 1.01385 1.05 1.02775 
V13 (p.u ) 1.03781 1.00363 1.04475 1.04699 

Total PG (MW) 312.912 312.628 271.975 272.04 
Total QG (MVAr) 75.6379 74.1863 68.3643 68.4006 
Loss (MW) 9.51188 9.22797 8.57538 8.63993 
Total Fuel cost ($/hr) 892.126 891.289 737.09 737.495 
Number of iterations 300 250 300 250 
Computation time (sec) 80 70 80 70 

 
The IEEE 30-bus system is chosen for single area SCOPF problem. Three single line 
outages namely line 3 (bus 2-4), 15 (bus 4-12) and 27 (bus 10-21) are considered as 
contingency cases. The optimal solutions obtained using the proposed algorithms are 
presented in Table VIII. 
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From Table VIII it is inferred that for the same optimum the number of iterations or 
generations are low for FMEP and FGTS based algorithms than EP and TS based 
algorithms respectively. Moreover the FGTS algorithm has a faster convergence than 
FMEP algorithm. Hence the fuzzy implemented EP and TS algorithms are simple and 
efficient for SCOPF. Also, from Tables II and VIII it is inferred that there is an increase of 
total fuel cost and transmission loss than the base case optimal solution. And further the 
optimal solutions in Table VIII have no operating constraints violation, thus ensuring the 
effectiveness of the proposed algorithms in maintaining the system constraints under any 
contingency case. 

 
TABLE VIII Optimal Solution of IEEE 30-bus system for SCOPF 

Algorithm EP FMEP TS FGTS 
PG1 (MW) 161.621 157.898 159.859 160.262 
PG2 (MW) 40.0381 42.4611 41.9717 41.8059 
PG5 (MW) 21.2931 22.1686 21.453 20.6253 
PG8 (MW) 29.9386 29.4801 30 29.5239 
PG11 (MW) 21.0431 21.5323 20.5942 22.5239 
PG13 (MW) 18.5216 18.6069 18.9529 17.8863 

V1 (p.u ) 1.04604 1.05 1.03559 1.0488 
V2 (p.u ) 1.03043 1.03385 1.01238 1.03139 
V5 (p.u ) 1.0115 1.01009 0.993139 1.01375 
V8 (p.u ) 1.01187 1.01921 0.991194 1.01237 
V11 (p.u ) 1.02402 1.02324 0.963867 1.03756 
V13 (p.u ) 0.994631 1.02579 1.01527 1.01316 

Total PG (MW) 292.456 292.147 292.831 292.355 
Total QG (MVAr) 78.1329 76.4945 80.3104 77.7569 

Loss (MW) 9.05598 8.7473 9.43086 8.95495 
Total Fuel cost ($/hr) 812.065 811.756 813.276 811.81 
Number of iterations 450 350 400 300 

Computation time (sec) 200 160 180 130 
 
5. CONCLUSION 
 
This paper presents two improved, simple, efficient and reliable fuzzified stochastic 
algorithms (FMEP and FGTS) for solving multi-area OPF and SCOPF problems. The 
proposed algorithms are developed from EP and TS techniques by an amendment in each 
technique using fuzzy logic for obtaining a much better convergence. This paper 
demonstrates with clarity, chronological development and by successful application of the 
proposed algorithms on standard test systems for solving OPF and SCOPF problems for 
interconnected power system. The results obtained from these proposed algorithms are 
compared. The analysis reveals that TS based algorithm converges faster than EP based 
algorithm and in both techniques the fuzzy implemented algorithms are much faster in 
convergence. The proposed algorithms have the potential to be applied to other power 
engineering problems such as dynamic economic dispatch with several essential 
constraints, capacitor placement problems, optimal location of Flexible AC Transmission 
System (FACTS) controllers, coordination of FACTS controllers etc., since they can 
produce accurate optimum with fast convergence. 
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APPENDICES 

Fuzzy Logic System Input 
 

TABLE IX -  Fuzzy mutation input data for IEEE 30-bus test system (controllable real power outputs) 

 
 

TABLE  X -  Fuzzy mutation input data for IEEE 30-bus test system (controllable bus voltage magnitudes) 
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TABLE XI -  Fuzzy recombination input data for                 TABLE XII -  Fuzzy recombination input data for                  

                         IEEE 30-bus test system                                                           IEEE 30-bus test system  
                          (controllable real power outputs)                                        (controllable bus voltage magnitudes) 

 

          
 

Nomenclature  

FT     : Total Fuel Cost 
cng    :  Number of generators excluding the slack bus generator. 

, ,GCi GCi GCia b c : Fuel cost equation coefficients of ith active power controllable generator 

 GCiP   : Active power generation of ith active power controllable generator 

 GS
P   : Slack bus generation 

, ,GS GS GSa b c  : Fuel cost equation coefficients of slack bus generator 

 Ci
V   : Voltage magnitude of ith voltage control bus 

 cnv   : Number of voltage control buses 

 GCi
Q   : Reactive power generation of ith generator 

 LjV   : Voltage magnitude of jth load bus 

 kLF   : Line flow of kth transmission line 

 NL       : Number of transmission lines 
 NO  : Number of single line outages 


