
 

 

  
Abstract—This paper deals with the optimal choice and 

allocation of multi FACTS devices in Deregulated power system 
using Evolutionary Programming method. The objective is to achieve 
the power system economic generation allocation and dispatch in 
deregulated electricity market. Using the proposed method, the 
locations of the FACTS devices, their types and ratings are optimized 
simultaneously. Different kinds of FACTS devices are simulated in 
this study such as UPFC, TCSC, TCPST, and SVC. Simulation 
results validate the capability of this new approach in minimizing the 
overall system cost function, which includes the investment costs of 
the FACTS devices and the bid offers of the market participants. The 
proposed algorithm is an effective and practical method for the 
choice and allocation of FACTS devices in deregulated electricity 
market environment. The standard data of IEEE 14 Bus systems has 
been taken into account and simulated with aid of MAT-lab software 
and results were obtained. 

 
Keywords—FACTS devices, Optimal allocation, Deregulated 

electricity market, Evolutionary programming, Mat Lab. 

I. INTRODUCTION 
ISTORICALLY, the electricity industry was a monopoly 
industry with a vertical structure. In a vertically 

integrated environment, enterprises were responsible for the 
generation, transmission and distribution of electrical power in 
a given geographical area. Such companies could be state 
owned as well as private. But the last three decades, and 
especially during the 1990s, the electricity supply service has 
been undergoing a drastic reform all over the world. The old 
monopolist power markets are replaced with deregulated 
electricity markets open to the competition. Different forces 
have driven the power market towards the deregulation [1]. 
Even though the idea of deregulation is good, but not all of the 
electric system is suitable for such a change. Distribution and 
transmission are natural monopolies that invalidate them as 
participants in an open competitive market. This leaves 
generation as the only sector suitable for a competitive market. 
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But this does not mean that distribution and transmission 
would be untouched. Competition can be established in 
generation, but only if the necessary changes are introduced in 
distribution and transmission to allow and encourage a 
competitive generation market.  

II.  FACTS 
With ever increasing demand of electric power, the existing 

transmission networks even in the developed countries are 
found to be weak which results in poor quality of unreliable 
supply. Also, it is seen that in order to expand or enhance the 
power transfer capability of the existing transmission network 
huge sum of finances aid required and sometimes even 
difficulties are encountered in finding right-of-way for the 
new lines. Lot of research has gone into developing new 
technologies over the past few years to gain increased 
efficiency from the existing power system. This program is 
known as flexible A.C transmission system abbreviated as 
FACTS. The new technologies employ high speed thyristors 
for switching in or out transmission line components such as 
capacitors, reactors or phase shifting transformer for some 
desirable performance of the systems.  

The main objective of FACTS devices is to replace the 
existing slow acting mechanical controls required to react to 
the changing system conditions by rather fast acting electronic 
controls. Alternating current transmission systems 
incorporating power-electronic based and other static 
controllers to enhance controllability and increase power 
transfer capability. The FACTS technology is not a single 
high-power Controller, but rather a collection of Controllers, 
which can be applied individually or in coordination with 
others to control one or more of the interrelated system 
parameters mentioned above. 

A. Functional Diagram of the FACTS Devices 

1. Thyristors Controlled Series Compensator (TCSC) 
By modifying the reactance of the transmission line, the 

TCSC acts as the capacitive or inductive compensation 
respectively. In this study, the reactance of the transmission 
line is adjusted by TCSC directly. The rating of TCSC is 
depending on the reactance of the transmission line where the 
TCSC is located [2], [3]. 

 
X  XL  XTCSC                                  (1) 
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XTCSC  rTCSCXL                                 (2) 
 

where XLine is the reactance of the transmission line sand rTCSC 
is the coefficient which represents the degree of compensation 
by TCSC. To avoid overcompensation, the working range of 
the TCSC is chosen between -0.7XLine and 0.2XLine.   

 

 
Fig. 1 Model of TCSC 

 
The model of a transmission line with a TCSC connected 

between bus-i and bus-j is shown in Fig. 1. During the steady 
state the TCSC can be considered as a static reactance -jXC. 
The real power injections at bus-i (Pic) and bus-j (Pjc) can be 
expressed as follows. 

 
   PC V ∆G V V ∆G cosδ ∆B sinδ          (3) 

 
   PC V ∆G V V ∆G cosδ ∆B sinδ          (4) 

 
Similarly, the reactive power injections at bus-i (Qic) and 

bus-j (Qjc) can be expressed as 
 

       Q C V ∆B V V ∆G sinδ ∆B cosδ        (5) 
                   

         Q C V ∆B V V ∆G sinδ ∆B cosδ       (6) 
                     

             ∆G C C

C
                      (7) 

 

              ∆B C C

C
                      (8) 

2. Thyristor Controlled Phase Shifting Transformer 
(TCPST) 

The voltage angle between the sending and receiving end of 
the transmission line can be regulated by TCPST. It is 
modeled as a series compensation voltage UFACTS = UTCPST, 
which is perpendicular to the bus voltage. The working range 
of the TCPST is between -5 degrees to +5 degrees. The 
injected currents at bus i and bus j can be expressed as 
follows. 

 
∆I ∆UTCPST                          (9) 

 
∆I ∆UTCPST                        (10) 

 
The equivalent circuit of TCPST is shown in Fig. 2. The 

injected active power at bus-i (Pis) and bus-j (Pjs) and reactive 

powers (Qis and Qjs) of a line having a phase shifter are [2], 
[3]. 

 
P V K G V V S G sinδ B cosδ        (11) 

  
P V V K G sinδ B cosδ        (12) 

 
Q V K B V V S G cosδ B sinδ      (13) 

 
Q V V K G cosδ B sinδ            (14) 

 

 
Fig. 2 Equivalent circuit for TCPST 

3. Unified Power Flow Controller (UPFC) 
Basically, the UPFC has two voltage source inverters (VSI) 

sharing a common dc storage capacitor. It is connected to the 
system through two coupling transformers. In this study, the 
series compensation UFACTS = UUPFC is employed. 

 

 
Fig. 3 Equivalent circuit of UPFC 

 
The schematic representation of the UPFC is shown in Fig. 

3. It consists of two voltage source converters and a dc circuit 
represented by the capacitor. Converter 1 is primarily used to 
provide the real power demand of converter 2 at the common 
dc link terminal from the ac power system. Converter 1 can 
also generate or absorb reactive power at its ac terminal, 
which is independent of the active power transfer to (or from) 
the dc terminal. Converter 2 is used to generate a voltage 
source at the fundamental frequency with variable amplitude 
(0 ≤ Vt ≤ Vtmax) and phase angle (0≤ ØT≤2π), which is added 
to the ac transmission line by the series-connected boosting 
transformer. The inverter output voltage injected in series with 
line can be used for direct voltage control, series 
compensation, phase shifter, and their combinations. UPFC 
has three controllable parameters, namely, the magnitude and 
the angle of inserted voltage (Vt, ØT) and the magnitude of the 
current (IQ). The injected active power at bus-i (Pis) and bus-j 
(Pjs) and reactive powers (Qis and Qjs) of a line having a UPFC 
are [4]. 

 
P VT g 2V VTg cos T δ V VT g cos T δ b sin T δ   (15) 
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P V VT g cos T δ b sin T δ         (16) 
 

Q V I V VT g sin T δ b    B
 

cos T δ (17) 
 

Q V VT g sin T δ b cos T δ     (18) 

4. Static Var Compensator (SVC) 
The SVC can be operated as both inductive and capacitive 

compensation. It is modeled as an ideal reactive power 
injection at bus i. 

 
∆Q QSVC           (19) 

 
The primary purpose of SVC is usually control of voltages 

at weak points in a network. This may be installed at midpoint 
of the transmission line. The reactive power output of an SVC 
can be expressed as follows [5]. 

 
QSVC

V V V
X

            (20) 

 
where Xsl is the equivalent slope reactance in p.u. and Vr are 
reference voltage magnitude.  

III. MATHEMATICAL FORMULATION 

A. Electricity Pool Market 
The main characteristic of electricity pool market is that the 

power is traded through the market and not bilaterally between 
producers and consumers. The market is operated either by a 
separate Pool Operator or directly by the Independent System 
Operator (ISO). The task of market operator is to lead the 
pool market to a short-run economic optimum. In order to 
achieve this aim, the market operator collects the electric 
power bids from suppliers as well as from consumers. These 
bids are related to a certain time interval. When the bids are 
submitted, the market operator runs the OPF program taking 
into consideration the network constraints. The objective of 
this OPF program is to minimize the total costs, which is 
equivalent to maximizing the social welfare. In the monopoly 
power markets the utility was performing an OPF knowing the 
real cost data of its generators. Furthermore, the load was also 
given and had to be fully covered. Consequently, the market 
operator runs the OPF based on the bids collected from the 
market participants. The formula for the generation cost is as 
follows [6], [7]. 

 
C PG α P α P α        (21) 

B. FACTS Devices Cost Function 
The cost functions for SVC, TCSC and UPFC are 

developed as follows. 
 

C UPFC 0.0003S 0.269S 188.22  US$
V

      (22) 
 

C TCSC 0.0015S 0.7130S 153.75  US$
V

    (23) 

 
C SVC 0.0003S 0.3051S 127.38     US$

V
   (24) 

 
where ‘S’ is the operating range of the FACTS devices in 
MVar. The cost of a TCPST is more related to the operating 
voltage and the current rating of the circuit concerned [8]. 
Thus, once the TCPST is installed, the cost is fixed and the 
cost function can be expressed as follows. 
 

C TCPST d . P IC          US$        (25)          
 
where ‘d’ is a positive constant representing the capital cost 
and ‘IC’ is the installation costs of the TCPST. Pmax is the 
thermal limit of the transmission line.  

C. Optimal Choice and Location of FACTS 
This project is proposed to determine the suitable location 

and rating of FACTS devices in deregulated electricity market. 
The overall system cost function which includes the bid offers 
of market participants and the investment cost of FACTS 
devices is employed. The formulation of the optimal location 
of FACTS devices can be expressed as follows [9], [10].  

 
CTOTAL C f  C PG           (26) 

 
E f, g  0                  (27) 

 
B f b , B g b                        (28) 

 
where C1 (f) is the average investment costs of FACTS 
devices, C2 (PG) is the total generation costs, CTOTAL is the 
overall cost of objective function, E (f, g) is the equality 
constraints with respect to active and reactive power flow, B1 
(f) is the inequality constrains for FACTS devices, B2 (g) is 
the inequality constrains for conventional power flow, ‘f’ is 
the variables of FACTS devices, ‘PG’ is the generation power 
of the generators, ‘g’ is the operating state of the power 
system. 

Normally, the FACTS devices will be in-service for many 
years. However, only a part of its lifetime is employed to 
regulate the power flow. In this paper, five years is applied to 
evaluate the cost function. Therefore the average value of the 
investment costs is calculated using the following equation: 

 
C f  C

 
       US$                 (29) 

 
where C*(f) is the total investment costs of FACTS devices.  

D. Power Loss Formula 
The exact loss formula of a system having N number of 

buses is [4], [6]. 
 
PC ∑ ∑ α P PNN Q Q β Q P Q     (30) 

 
  α

R

V V
cos δ δ                    (31) 
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β
R

V V
sin δ δ                  (32) 

IV. EVOLUTIONARY PROGRAMMING 
Evolutionary Programming (EP) is a powerful and general 

optimization method. The EP technique is based on the 
mechanics of natural selections. The main stages of the EP 
technique include initialization, mutation and selection. EP 
seeks the optimal solution of an optimization problem by 
evolving a population of candidate solutions over a number of 
generations or iterations. A new population is formed from an 
existing population through the use of a mutation operator. 
The degree of optimality of each of the new candidate 
solutions or individuals is measured by its fitness which can 
be defined as a function of the cost or objective function of the 
problem. Through the use of a selection scheme, the 
individuals in each population compete with each other. The 
winning individuals will form a resultant population which is 
regarded as the next generation. Through this the population 
evolves towards the global optimal point. The main 
components are presented as below [11], [12].  

A. Initialization  
The initial population is initialized randomly using sets of 

uniform random number distribution ranging over the feasible 
limits of each control variable in equation.  

 
x  x  u x  x           (33) 

 
where xi is the ith element of the individual in a population min 
xi and max xi are the lower and upper limits of the ith element 
of the individual. u is a uniform random number in the interval 
[0, 1]. 

B. Fitness Function 
 The fitness of the kth individual can be calculated by 
 

f  K F               (34) 
 
where  is the fitness of the kth individual.  K f is an arbitrary 
constant, and F′ is the objective function. 

C. Mutation 
A new population is generated by using the Gaussian 

mutation operator. Each element of the kth new trial solution 
vector, Vk′, is computed by.  

 
              x ,

′  x , N 0, σ ,                  (35) 
 

σ ,  x  x    a             (36) 
 
where ,

′  is the value of the ith element of the kth offspring 
individual. ,  is the value of the ith element of the kth parent 
individual.  , ,  is a Gaussian random number with a 
mean of zero and standard deviation of k, i. and  are 
the lower and upper limits of the ith element of the kth parent 

individual.  is the fitness value of the kth individual.  is 
the maximum fitness of the parent population. The ‘a’ is a 
positive number constant slightly less than one and ‘g’ is the 
iteration counter. 

D. Selection 
The selection technique utilized is a tournament scheme, 

which can be expressed as; 
 

w   1 if f   f
0 otherwise

        S  ∑ wN       (37) 

 
where  is the fitness of the kth individual in the combined 
population.  is the fitness of the rth opponent randomly 
selected from the combined population based on 
  is the greatest integer less than or equal to x. 
the ‘u’ is a uniform random number in the interval [0, 1] and P 
is the population size.  

E. Termination Criterion 
If the maximum generation number is reached, the iteration 

process is terminated. Otherwise, the mutation and selection 
process will be reiterated until the criterion is satisfied. 

V.  CASE STUDY 
To check the effectiveness of the above said method, IEEE 

14 bus system is shown in Fig. 4 is used for simulation. The 
system consist of 5 generators connected at the bus 1,2,3,6 & 
8, these bus are called as the generator bus & are owned by the 
generating companies. Generator costs coefficients and Line 
data for IEEE 14 Bus system are given in Tables I and II. 
Loads are assumed to maintain constant power demand.  

 
TABLE I 

GENERATOR COEFFICIENTS 
Coefficients G1 G2 G3 G4 G5 

α 1 0.06 0.05 1 0.02 0.03 
α 2 60 50 300 15 45 
α 3 100 100 100 100 100 

 

 
Fig. 4 Single line diagram for IEEE 14 Bus system 
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TABLE II 
LINE DATA FOR IEEE 14 BUS SYSTEMS 

From bus To bus Resistance (p.u) Reactance (p.u) 
1 2 0.01938 0.05917 
1 5 0.05403 0.22304 
2 3 0.04699 0.19797 
2 4 0.05811 0.17632 
2 5 0.05695 0.17388 
3 4 0.06701 0.17103 
4 5 0.01335 0.04211 
4 7 0.00 0.20912 
4 9 0.00 0.55618 
5 6 0.00 0.25202 
6 11 0.09498 0.1989 
6 12 0.12291 0.25581 
6 13 0.06615 0.13027 
7 8 0.00 0.17615 
7 9 0.00 0.11001 
9 10 0.03181 0.08450 
9 14 0.12711 0.27038 
10 11 0.08205 0.19207 
12 13 0.22092 0.19988 
13 14 0.17093 0.34802 

A. Case 1 (Without FACTS) 
In this case, the simulation was done without connecting the 

FACTS devices. The performance of the system is given in 
Table III.   

 
TABLE III 

OUTPUT WITHOUT FACTS 
Description Without FACTS Device 

Generation 
(MW) 

G1 51.3991 
G2 88.9383 
G3 50.0011 
G4 149.7882 
G5 84.6439 

Power Flow 68.1668 
Power Loss (MW) 24.7436 

Cost  (US$/MW-hr) 30792 

 

 
Fig. 5 Iteration Vs Cost Curve 

B. Case 2 (With TCSC) 
In this case the TCSC is placed in line 1-5 in reference to 

case 1 and program is simulated. Optimal power flow, injected 
active power to the bus and losses of the system with TCSC is 
found. The obtained result from MATLAB coding is given in 
Table IV.  

 
 

TABLE IV 
OUTPUT WITH TCSC 

Description Without FACTS Device With TCSC 

Generation 
(MW) 

G1 51.3991 50.5615 
G2 88.9383 80.3642 
G3 50.0011 50.0315 
G4 149.7882 149.0860 
G5 84.6439 93.0472 

Power Flow 68.1668 84.0337 
Power Loss (MW) 24.7436 20.3967 
Cost (US$/MW-hr) 30792 30783 

 

 
Fig. 6 Iteration Vs Cost Curve 

C. Case 3 (With TCPST) 
 In this case the TCPST is placed in line 1-5 in reference to 

case 1 and program is simulated. Optimal power flow, injected 
active power to the bus and losses of the system with TCPST 
is found. The obtained result from MATLAB coding is given 
in Table V.    

 
TABLE V 

OUTPUT WITH TCPST 
Description Without FACTS Device With TCPST 

Generation 
(MW) 

G1 51.3991 50.6912 
G2 88.9383 50.3327 
G3 50.0011 50.0073 
G4 149.7882 149.8595 
G5 84.6439 120.0045 

Power Flow 68.1668 97.6683 
Power Loss (MW) 24.7436 20.8733 
Cost (US$/MW-hr) 30792 30468 

 

 
Fig. 7 Iteration Vs Cost Curve 
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D. Case 4 (With SVC) 
In this case the SVC is placed in line 1-5 in reference to 

case 1 and program is simulated. Optimal power flow, injected 
active power to the bus and losses of the system with SVC is 
found. The obtained result from MATLAB coding is given 
Table VI.   

 
TABLE VI 

OUTPUT WITH SVC 
Description Without FACTS Device With SVC 

Generation 
(MW) 

G1 51.3991 50.4534 
G2 88.9383 54.9999 
G3 50.0011 50.0363 
G4 149.7882 148.5576 
G5 84.6439 116.4697 

Power Flow 68.1668 84.0337 
Power Loss (MW) 24.7436 20.3967 
Cost (US$/MW-hr) 30792 30518 

 

 
Fig. 8 Iteration Vs Cost Curve 

E. Case 5 (With UPFC) 
In this case the UPFC is placed in line 1-5 in reference to 

case 1 and program is simulated. Optimal power flow, injected 
active power to the bus and losses of the system with UPFC is 
found. The obtained result from MATLAB coding is given in 
Table VII 

 
TABLE VII 

OUTPUT WITH UPFC 
Description Without FACTS Device With UPFC 

Generation 
(MW) 

G1 51.3991 50.1378 
G2 88.9383 61.6774 
G3 50.0011 50.0233 
G4 149.7882 149.2429 
G5 84.6439 112.2796 

Power Flow 68.1668 83.6892 
Power Loss (MW) 24.7436 23.0645 
Cost (US$/MW-hr) 30792 30661 

 

 
Fig. 9 Iteration Vs Cost Curve 

F. Case 6 (With Multi FACTS) 
In this case the TCSC in line 1-5,UPFC in line 2-4, TCPST 

in line 1-2, and SVC in line  2-3, and the IEEE 14 bus system 
data’s are fed and program is simulated. Optimal power flow 
of the system with Multi FACTS devices are found out in 
Tables VIII and IX.  

 
TABLE VIII 

OUTPUT WITH MULTI FACTS DEVICES 
Description Without FACTS Device With Multi FACTS 

Generation 
(MW) 

G1 51.3991 51.1940 
G2 88.9383 51.9049 
G3 50.0011 50.0010 
G4 149.7882 149.9921 
G5 84.6439 115.1823 

Power Loss (MW) 24.7436 17.9348 
Cost (US$/MW-hr) 30792 30354 

 
TABLE IX 

POWER FLOW 

Line FACTS 
device 

Power flow 
(MVA) 

Power flow for without 
FACTS (MVA) 

1-5 TCSC 81.2631 68.1668 
2-4 UPFC 82.9027 78.7815 
1-2 TCPST 92.2078 83.2612 
2-3 SVC 93.7037 64.6572 

 

 
Fig. 10 Iteration Vs Cost Curve 

VI. CONCLUSION 
In this paper, an evolutionary programming based approach 

is proposed to determine optimal choice and location of 
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FACTS devices in the deregulated electricity market. Four 
types of FACTS devices such as TCSC, UPFC, TCPST and 
SVC were simulated. The overall system cost function, which 
includes the bid offers of the market participants and the 
investment costs of FACTS devices, is employed to evaluate 
the power system performance. Simulation results validate the 
efficiency of this new approach in minimizing the overall 
system cost function. It was found after simulation that the 
active power flow of the transmission line increased up to its 
thermal limits by connecting the FACTS devices in the line. 
The proposed algorithm is an effective and practical method 
for the location of FACTS devices in deregulated electricity 
market. 
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