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 Background: In the restructured electric power in order for producers and customers to 

have a fair competition and be able to provide and purchase power at the lowest price 
network lines should be able to be able to transmit power from producers to customers. 

Objectives: This paper proposes the use of Flexible AC Transmission Systems 

(FACTS) in order to enhance loadability of the network in restructured electric power 
system. The optimal location and parameter settings of The Static Synchronous Series 

Compensator (SSSC) and Thyristor Controlled Series Compensation (TCSC) as two of 

the most important FACTS devices have been investigated in this paper. FACTS 
devices are implemented to maximize the system loadability subject to the transmission 

line capacity limits. Improved Harmony Search Algorithm (IHSA) is used in order to 

find the solution which minimizes the value of objective function. IHSA as a novel 
heuristic algorithm is applied to find the proper parameter settings and location of SSSC 

and TCSC. Results: The results of the IHSA are compared with those obtained using 

the Particle Swarm Optimization (PSO) to demonstrate the effectiveness of the 
proposed method in finding the best location and proper parameter settings of SSSC 

and TCSC. The proposed approach is illustrated on IEEE 14-bus test systems. The 

results show that the optimal locating and sizing of the FACTS devices effectively 
enhance the power transmission system loadability. 
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INTRODUCTION 

 

Restructuring in electric power industry has led to extensive usage of transmission systems. In restructured 

electricity market, transmission systems are often operated near their rated capacity. The competition in 

electricity market has also led to an increased volume of electricity trade. This situation leads to an unexpected 

need of power transfer through some transmission lines [1]. To overcome this problem, one way is building new 

transmission lines so, the power networks should be expanded further to achieve a high operational efficiency 

and network security. On the other hand, one of the possible alternatives is the Flexible AC Transmission 

System (FACTS) technologies. 

The development of FACTS devices based on the progressive semiconductor technology opens up new 

opportunities for controlling the power flow of the transmission lines and extending the loadability of the 

available transmission network. FACTS devices can control the line reactance, bus voltage and line active and 

reactive power flows. Therefore, FACTS devices can be used to increase the capacity over existing transmission 

lines by proper power flow control over designed lines and to provide voltage support in the network [2]. The 

Thyristor Controlled Series Compensation (TCSC) is one of the most important of family members of FACTS 

devices for load flow control. Many methods have been studied in the literature to model different FACTS 

devices in the load-flow studies [3-4].  

Since incorporating FACTS devices in the Optimal Power Flow (OPF) optimization problem is very 

complicated, different heuristic algorithms have been proposed to solve such a problem. Genetic Algorithm 

(GA) has been proposed for optimal choice and allocation of FACTS devices in deregulated electricity market in 

[5]. Reference [6] has taken into account the financial issue related to application of FACTS devices and a 

proposal for investment recovery of these devices has proposed. 

Improved Harmony Search Algorithm (IHSA) as a heuristic method is conceptualized using the musical 

process of searching for a perfect state of harmony [7]. Compared to the earlier meta-heuristic optimization 

algorithms, IHSA imposes fewer mathematical requirements that can be easily adopted for various types of 
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engineering optimization problems [8]. References [9-10] demonstrate the potential of IHSA in solving complex 

power system problems. Particle swarm optimization (PSO) is another well-known heuristic optimization 

algorithm that has been widely used in different locating problems in restructured power system. It is a 

stochastic global optimization approach and its main strength is in its simplicity and fast convergence [11-12].   

This paper introduces a new method for solving the complicated problem of optimal location and parameter 

setting of the FACTS Devices. Maximization of the loadability of the transmission system is the objective of the 

optimization problem. Simulations carried out on the IEEE 14-bus test system are provided. The results of 

placing algorithm are also obtained using algorithm. These results of IHSA are compared to those obtained by 

PSO to show the effectiveness and capability of IHSA to solve this optimization problem. 

The rest of paper is organized as follows. The static models of SSSC and TCSC are provided in section II. 

Section III explains the IHSA. Proposed method is described in section IV. The simulation results are presented 

and discussed in detail in section V. The conclusions are drawn in Section VI. 

 

Facts devices static modeling and formulation 
SSSC Modeling: 

The SSSC is composed of voltage source converter, diodes, a dc link capacitor, and controller connected to 

transmission line via a coupling transformer [13]. The SSSC can be easily modeled as a special case from UPFC 

when there is no control for voltage. Fig .1 depicts the equivalent circuit model of SSSC. This model was used 

in deriving the steady-state model for load flow and static analysis [14] which makes it proper for our study. 

Auxiliary bus between the existing buses of the system is a reference point of the power flow direction. The 

SSSC control parameters (voltage source magnitude and angle) limits are as follows: 
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             (1) 

 

Therefore in this paper, for load flow analysis and ATC enhancement, SSSC variables SCV  and SC , are 

needed to be optimized.  

 
Fig. 1: SSSC static model. 

 

Equations (2) and (3) represent the derivation of the power flow equations of SSSC from bus n to bus l. 
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According to the above relationships, the power injection model of network line with SSSC is implemented 

in the optimization problem. 

TCSC Modeling: 
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In this section TCSC static model and it's formulation in optimal power flow problem is presented. In static 

application of the TCSC it is usually modeled as a series reactance [15]. TCSC reactance limits are assumed to 

be: 

 

0.7 0.7l c lx x x                                                                                                                                    (4) 

Where, cx is the TCSC reactance and lx  is reactance of the transmission line in which TCSC is located.  

 

Improved Harmony Search Algorithm: 

The harmony search algorithm was derived by adopting the idea that the existing meta-heuristic algorithms 

are found in the paradigm of natural phenomena. The algorithm was recently developed in an analogy with 

music improvisation process where music players improvise the pitches of their instruments to obtain better 

harmony [8]. The pitch of each musical instrument determines the aesthetic quality, just as the objective 

function value is determined by the set of values assigned to each decision variable [7].  

 

Traditional HAS: 

Steps of optimization procedure of traditional HSA are as follows [8], [9]: 

Step 1. Initialize the optimization problem and algorithm parameters. 

Step 2. Initialize the harmony memory (HM). 

Step 3. Improvise a new harmony from the HM. 

Step 4. Update the HM. 

Step 5. Repeat steps 3 and 4 until the termination criterion is satisfied. 

Initialization of the Optimization Problem and Algorithm Parameters 

In this step the optimization problem is specified as follows:  

Minimize ( )f x  

Subject to   
i ix X ,       i= 1, 2, . . . , N 

where ( )f x  is the objective function; x is a candidate solution consisting of N decision variables (
ix );  

iX  is the set of possible range of values for each decision variable, that is, 
L i i U ix X x   for continuous 

decision variables where L ix   and U ix  are the lower and upper bounds for each decision variable, 

respectively; and N is the number of decision variables. In addition, HS algorithm parameters that are required 

to solve the desired optimization problem are specified in this step. These parameters are the harmony memory 

size (HMS) or the number of solution vectors, harmony memory considering rate (HMCR), pitch adjusting rate 

(PAR), and termination criterion (maximum number of searches). HMCR and PAR are parameters that are used 

to improve the solution vector; both are defined in step 3. 

Initialization of the Harmony Memory 

In this step, the harmony memory (HM) matrix, shown in Eq. (5), is filled with as many randomly 

generated solution vectors as HMS and sorted by the values of the objective function, ( )f x . 

HM=

1

2

.
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x

x
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                                                                            (5) 

Improvising New Harmony from the Harmony Memory 

A new harmony vector, 
1 2( , ,..., )Nx x x x    , is generated from the HM based on memory considerations, 

pitch adjustments, and randomization. For instance, the value of the first decision variable 1( )x   for the new 

vector can be chosen from any value in the specified HM range
1

1 1( )HMSx x . Values of the other decision 

variables ( )ix   can be chosen in the same manner. There is a possibility that the new value can be chosen using 

the HMCR parameter, which varies between 0 and 1 as follows: 

ix    ←  1 2, ,..., HMS

i i i i

i i

x x x x

x X

  


 

  

The HMCR sets the rate of choosing one value from the historic values stored in the HM, and (1-HMCR) 

sets the rate of randomly choosing one feasible value not limited to those stored in the HM. For example, a 

with probability HMCR 

with probability (1-HMCR) 
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HMCR of 0.9 indicates that the HS algorithm will choose the decision variable value from historically stored 

values in the HM with the 90% probability or from the entire possible range with the 10% probability. Each 

component of the new harmony vector, 
1 2( , ,..., )Nx x x x    , is examined to determine whether it should be 

pitch-adjusted. This procedure uses the PAR parameter that sets the rate of adjustment for the pitch chosen from 

the HM as follows: 

Pitch adjusting decision for ix   ← 




  

 

A PAR of 0.3 indicates that the algorithm will choose a neighboring value with 30%   HMCR probability. 

If the pitch adjustment decision for 
ix   is Yes, the pitch-adjusted value of ix   will be 

ix    where α is the 

value of bw × u(−1,1), bw is an arbitrary distance bandwidth for the continuous design variable, and u is a 

uniform distribution between −1 and 1. 

 

Updating the Harmony Memory: 

In this stage, if the new harmony vector is better than the worst harmony vector in the HM in terms of the 

objective function value, the existing worst harmony is replaced by the new harmony. The HM is then sorted by 

the objective function value. 

 

Termination Criterion: 

The computations are terminated when the termination criterion (maximum number of improvisations) is 

satisfied. Otherwise, steps 3 (improvising new harmony from the HM) and 4 (updating the HM) are repeated. 

 

Improved Harmony Search Algorithm: 

The traditional HSA uses fixed values for both PAR and bw in which these values can only be adjusted at 

the initialization step (Step 1) and cannot be changed during new generations. The main drawback of this 

algorithm is that it needs much iteration to find an optimal solution. An improved Harmony Search Algorithm 

(IHSA) is then developed by Mahdavi et al. [16]. The IHSA has been successfully applied to various 

benchmarking and standard engineering optimization problems. Numerical results reveal that the IHSA can give 

better solutions compared to the traditional HSA and other heuristic or deterministic methods and also it is a 

powerful search algorithm for solving various engineering optimization problems [17]. 

The main difference between the IHSA and traditional HSA is in the way the PAR and bw values are 

adjusted. To improve the performance of the HSA and eliminate the drawbacks of fixed values of PAR and bw, 

the IHSA uses variable PAR and bw values in the improvisation step (Step 3). The PAR value changes 

dynamically with generation number and is expressed as follows [16]: 

( )
( ) Max Min

Min

PAR PAR
PAR gn PAR gn

NI


                 (6) 

Where, PAR(gn) is pitch adjusting rate for each generation; PARMin is minimum pitch adjusting rate; 

PARMax is maximum pitch adjusting rate; NI is number of solution vector generations and gn is generation 

number 

bw changes dynamically with generation number and is defined as (7): 

( ) exp( )Maxbw gn bw c gn                           (7) 

( )Max

Min

bw
Ln

bw
c

NI
                                                    (8) 

Where, bw(gn) is bandwidth for each generation; bwMin is minimum bandwidth and bwMax is maximum 

bandwidth. 

 

Proposed Algorithm: 
In deregulated power markets, the objective of power systems operation and planning is to maximize the 

social welfare. In this paper, the use of FACTS devices to maximize the system loadability and defer the 

upgrade investments of the network is proposed. Because of the high costs of investment of FACTS devices, 

there is considerable risk in their application; therefore the best location and proper parameter setting is very 

important.  

The proposed algorithm is explained in two subsections. The first one describes the objective function that 

should be maximized considering line flow limits, voltage limits and reactive power constraints. The second 

subsection presents the implementation of the IHSA as an optimization tool to maximize the loadability of the 

system. 

Yes   with probability PAR 

No   with probability (1-PAR) 
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Objective Function: 

To achieve the best utilization of the existing transmission systems, FACTS device should be installed in 

such a place to maximize the system loadability as much as possible while have minimum installation cost of 

these devices and satisfy the thermal limits of the transmission lines and the bus voltage limits in the network 

[18]. The objective function in this study is defined as maximization of loadability while to consider the voltage 

magnitude and transmission line limits, penalty factors are also involved in the objective function to 

accommodate these limits: 

 

 T VMin F F Loadability                                       (9) 

,

1

LN

T T i

i

F F


                                       (10) 

,

1

BN

V V n

n

F F


                                                (11) 

Where, Loadability  is the increased loadability of the system after implementation of FACTS devices in 

the system. ,T iF  and ,V nF represent proposed penalty functions for each line and each bus that are shown in 

Figs. 2 and 3, respectively. 

 

 
 

Fig. 2: Proposed penalty function for transmission lines limit 

 
 

Fig. 3: Proposed voltage penalty function 

 

Implementation of Improved Harmony Search Algorithm: 

The objective of power systems operation and planning in the deregulated markets is to maximize the social 

welfare through minimizing investment costs on transmission network.  

Fig. 4 shows proposed optimization procedure based on HSA. In this procedure after initializing 

optimization problem and algorithm parameters, Harmony Memory (HM) is initialized. All transmission lines of 

the system are considered as a potential location for placement of FACTS devices. 

OPF is performed for the new system with FACTS devices for each harmony vector. Based upon results of 

OPF, loadability of the system is calculated for each harmony vector. Then penalty functions are calculated. 

After that the objective function value for each harmony vector is calculated. Finally, the termination criterion is 

checked. Termination criterion is assumed to be the number of iterations in this paper. 
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The same procedure is used for applying the PSO algorithm to this optimization problem. 

 

       
 

Fig. 4: Proposed optimization method procedure 

 

RESULTS AND DISCUSSION 

 

The proposed method is illustrated using the IEEE 14-bus test systems [19] to investigate the performance 

the proposed methods. IEEE 14-bus test system comprises 5 generators and 11 loads and 20 transmission lines. 

The data for the generators in and load profile can be found in [19]. Loads and Units data are available in Tables 

A-I and A-II of Appendix, respectively.  

IHSA and PSO parameters are presented in Table 1  
 

Table 1: HS and PSO Algorithms’ Parameters 

IHSA PARAMETERS 

HMS HMCR PARMAX PARMIN BWMAX BWMIN ITERMAX 

20 0.90 0.99 0.4 1 0.00001 150 

PSO PARAMETERS 

SWARM SIZE C1 C2 W1 W2 ITERMAX 

20 1.50 1.50 0.80 0.20 150 

 

Table 2 and 3 show the optimal locations as well as the optimum parameter selection for placement of 

SSSC and TCSC, respectively that are obtained from the HSA and PSO algorithms.  

From the simulation results presented in Table 2 and by applying both algorithms and considering the best 

results obtained from IHSA for SSSC application, it can be seen that one SSSC can increase the system 

loadability up to 31%. The PSO algorithm has resulted in a solution than can enhance the loadability of the 

system 29%.  

Based upon the results presented in Table 3 and considering the best results for TCSC application, it can be 

observed that the proposed IHSA algorithm has resulted in a solution that can increase the system loadability up 

to 11%. The PSO algorithm has resulted in a solution than can enhance the loadability of the system 9%.  

From both FACTS devices investigated in this paper it is demonstrated that IHSA is more capable in 

finding the optimal location and proper size than the PSO algorithm. It was also shown that SSSC can enhance 

No 

Yes 

End 

 

Start 

 

Initialize the optimization problem and algorithm 
parameters 

 
Initialize the HM 

 

Improvise a new harmony from HM based on HMCR, PAR and randomization 

 

Perform Optimal Power Flow for Each Vector 

 

Calculate the Loadability of Each Vector 

 

Calculate Penalty Function 

 

Compute objective function (Fitness) for each harmony vector 

 Termination         

criterion satisfied? 
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the loadability of the system more effectively than TCSC. However, since the installation cost of the SSSC is 

much higher than TCSC, application of TCSC might be more cost effective than the application of the SSSC as 

a short term planning program. The desired level of enhancement in loadability of the system and the value that 

it bring to the system versus the cost associated with the FACTS device implementation determine which 

FACTS device is more proper for the system. 

 
Table 2: IHSA and PSO Results of SSSC Parameters and Selected Branches – SSSC Locating 

HSA 

Branch # From To ( )TV pu  ( )T Rad  Loadability 

2 1 5 0.2500 0.5397 31% 

PSO 

Branch # From To ( )TV pu  ( )T Rad  Loadability 

15   0.1545 0.7321 29% 

 

Table 3: IHSA and PSO Results of TCSC Parameters and Selected Branches – TCSC Locating 

HSA 

Branch # From To cx  Loadability 

14 7 8 0.7000 11% 

PSO 

Branch # From To cx  Loadability 

14 7 8 0.5016 09% 

 

Conclusion: 
Implementation of FACTS devices to enhance the loadability of the system has been proposed in this paper. 

The IHSA and PSO algorithms as two powerful heuristic techniques were applied to find the best transmission 

line and proper parameter setting of FACTS devices. The IEEE 14-bus test system was used to demonstrate the 

effectiveness of the proposed algorithm. The results show that loadability of the system can be significantly 

improved by optimal implementation of FACTS devices. The results also demonstrate the advantage of IHSA 

over PSO algorithm in finding the optimal location and size of FACTS devices. Obtained results also shown that 

SSSC is more capable of improving loadability of the system than TCSC while because of the lower 

implementation costs of TCSC it is a better solution for short-term application. 

 

Appendix: 

      
 Table A-1: Load Data for IEEE 14-Bus Test System 

Bus No Pd Qd Bus No Pd Qd 

1 0 0 8 0 0 

2 21.7 12.7 9 29.5 16.6 

3 94.2 19 10 9 5.8 
4 47.8 -3.9 11 3.5 1.8 

5 7.6 1.6 12 6.1 1.6 

6 11.2 7.5 13 13.5 5.8 
7 0 0 14 14.9 5 

 

Table A-2: Generating Units’ Data for IEEE 14-Bus Test System 

Bus # a ($/(MWh)2) b ($/MWh) c ($/h) 
max
gp

 

(MW) 

min
gp  (MW) 

1 0.0252 16 0 332.4 0 

2 0.14 14 0 140 0 

3 0.5 8 0 100 0 

6 0.06 26 0 100 0 

8 0.2 24 0 100 0 
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