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Abstract: 

 Real and reactive power optimization is necessary for economic operation and voltage security of 

power systems. Real power generation is optimized by minimizing the fuel cost and real power loss is 

reduced to optimize reactive power dispatch. This paper proposes a coordinated control of reactive 

power dispatch and real power generation to relieve a power system from stressed condition and to 

keep it in economic state of operation. The low cost but fast response thyristor controlled series 

capacitor (TCSC) and static var compensator (SVC) devices are used to achieve the objectives. The 

simple and easy to use evolutionary programming algorithm is used to optimally position the FACTS 

devices. Amount of real power generation, generator bus voltages, transformer tap settings and 

location and parameter settings of TCSC and SVC are taken as the control variables. Two bus 

equivalent system of a multi-bus power system is used for quick assessment of voltage stability limit 

improvement. The effectiveness of the proposed work is tested on IEEE-30 Bus test system and the 

results obtained are really encouraging.  
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1. Introduction 

Nowadays power systems are operated under heavily loaded conditions due to various economic, 

environmental and regulatory changes. Consequently, voltage stability maintenance becomes a great 

concern for power companies. With increased loading conditions and exploitation of transmission 

systems, the problem of voltage instability and voltage collapse draws more attention. Voltage stability 
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is related to ability of power systems to maintain allowable voltage levels at all load buses under 

normal condition and after being subjected to small disturbances. A system is said to be voltage 

unstable when a disturbance, increase in load or change in system condition causes a progressive and 

uncontrollable decay in voltage. Voltage instability leads to voltage collapse [1]. 

In the emerging scenario of  deregulation of  power system networks, the optimum generation 

bidders are chosen based on real power cost characteristics and it results in reactive power shortage 

and hence the loss of voltage stability of the system. Transmission open access in a deregulated 

environment might result in congestion [2]-[3] and the consequent stressed condition and the possible 

voltage instability. Voltage instability is more likely in a system under highly stressed conditions like 

overload than in a system under normal load condition. Voltage stability analysis including stressed 

condition is necessary for ensuring the security of a power system. Various methods have been 

reported [4]-[5] to assess voltage stability of power systems to find the possible ways to improve the 

voltage stability limit.  

A power system needs to be with sufficient reactive reserves to meet the increased reactive power 

demand under heavily loaded conditions and to avoid voltage instability problems. Reactive reserve of 

generators can be managed by optimizing reactive power dispatch. Generator bus voltages and 

transformer tap settings are the control parameters in the optimization of reactive power. The amount 

of reactive power reserves at the generating stations is a measure of degree of voltage stability. Several 

papers [6]-[7] are published on reactive power reserve management with the perspective of ensuring 

voltage stability by providing adequate amount of reactive power reserves. Methods are available for 

quick assessment of voltage stability using the concept of deriving the single line two bus network 

equivalent for any multi-bus system [8].In this model, the multi-bus system is reduced to its equivalent 

two-bus system and then global voltage stability indices for indicating the state of the actual system is 

calculated. The parameters of the equivalent network are obtained from load flow run on the actual 

system. 

Evolutionary algorithms (EAs) like evolutionary programming (EP), Genetic Algorithm (GA), 

Differential (DE) and Particle Swarm Optimization (PSO) are widely exploited during last two decades 

in the field of engineering optimization. They are computationally efficient in finding global best 

solution for optimization problems and will not easily trap into local minima.  One such technique is 

that of Evolutionary Programming (EP) [9]. The EP technique is a stochastic optimization method in 

the area of evolutionary computation, which uses the mechanics of evolution to produce optimal 

solutions to a given problem. It works by evolving a population of candidate solutions toward the 

global minimum through the use of a mutation operator and selection scheme. The EP technique is 

particularly well suited to non-monotonic solution surfaces where many local minima may exist. 

The rapid development of fast acting and self commutated power electronics converters, well 

known as FACTS controllers, introduced in 1988 by Hingorani [10] are useful in taking fast control 

actions to ensure security of power systems. FACTS devices are capable of controlling the voltage 

angle, voltage magnitude [11] at selected buses and/or line impedance of transmission lines. Their 

application to improve voltage stability limits is well addressed in the recent years [12]-[14].TCSC is a 

series connected FACTS device inserted in transmission lines to vary its reactance and thereby reduces 

the reactive losses and increases the transmission capacity . 

Most of the previous works consider real and reactive power optimizations as two different tasks. 

Optimization of real power for fuel cost minimization is a well known concept [15]. Likewise, reactive 

power is optimized as a separate task not coordinating the real power cost minimization [16]. 

Coordinated control of real and reactive power minimization would be more meaningful to consider a 

system for OPF constraint voltage stability limit improvement.   Recently, few works [17]-[18] have 

been done on voltage stability improvement considering both real and reactive power optimization.  
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The proposed algorithm for optimal real and reactive power flow control achieves the goal by 

setting suitable values for real power generation, generator terminal voltages, transformer tap settings, 

reactance of TCSC and var rating of SVC.  This work suggests a coordinated control of all parameters 

of real and reactive power control and the system is considered under full load condition to make this 

work more meaningful with regard to voltage stability limit improvement. The optimal locations of 

FACTS are done based on different factors such as loss reduction, voltage stability enhancement and 

fuel cost reduction. Cost of FACTS devices are high and therefore care must be taken while selecting 

their position and number of devices. With a view to reduce the cost of FACTS devices only, the low 

cost TCSC and SVC are considered but the results obtained are encouraging one.  

  

2. Voltage Stability Constrained-Optimal Power Flow (VSC-OPF) 

Total real power generation of a power system needs to be minimized to ensure economic 

operation. OPF is the widely used tool for minimizing the total fuel cost. In OPF, generators with low 

real power production cost are maximum utilized.   

In competitive energy market, power transaction from GENCOS to DISCOS are carried through 

TRANSCOS and it should be ensured that the transmission lines are neither congested nor voltage 

unsecured. 

Plain OPFs [19]-[20] are not sufficient for secured operation of transmission systems in 

reregulated environment. Cheap power may be available but it is possible to be transmitted without 

affecting the system security only if the transmission lines are voltage secured. This necessitates the 

OPF with voltage stability limit as a constraint. Voltage stability- constrained OPFs have been recently 

proposed as security constrained OPFs [21]-[22]. These models have been shown to provide higher 

transaction levels and electricity prices, while ensuring security. This work tries to address the voltage 

stability constrained OPF with the global voltage stability indicator as the tool. 

 

3. Model of TCSC 

TCSC is a series compensation component which consists of a series capacitor bank shunted by 

thyristor controlled reactor. The basic idea behind power flow control with the TCSC is to decrease or 

increase the overall lines effective series transmission impedance, by adding a capacitive or inductive 

reactance correspondingly. The TCSC is modeled as a variable reactance, where the equivalent 

reactance of line Xij is defined as: 

 

 0.8 0.2 1ij Line TCSC LineX X X X   
 

 

Where, Xline is the transmission line reactance, and XTCSC is the TCSC reactance. The level of the 

applied compensation of the TCSC usually varies between 20% inductive and 80% capacitive (1).     

 

4. Model of SVC 

The static var compensator is a shunt connected FACTS controller and is modeled as a variable 

reactive power connected to a bus in a power system. The effect of SVC is incorporated in power flow 

problem as reactive power generation/absorption. The range of reactive power generation is limited 

between maximum and minimum values of -20 MVAR to +20 MVAR to keep the size minimum for 

reducing the cost of SVC. 

The reactive power generated by SVC is given by: 
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 min max

SVC SVC SVCQ Q Q 2 
 

 

5. Equivalent Two-Bus System and Formulation of Global Voltage Stability Index  

Two-bus equivalent system of a multi-bus power system can be obtained using the total active and 

reactive load and loss obtained from load flow analysis for a particular operating condition. The 

generator bus and the load bus in the equivalent network represent the total power generation and total 

load of the actual system not any of the bus in the original system. 

 

 
 

Fig. 1. Two-bus series equivalent model 

 

The current through the equivalent network can be written as: 
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Where S g and Sl  are the total complex power generation and total load of the original system, Ploss and  

Qloss  are the real and reactive power losses, Vs  and  Vr   are the sending and receiving end voltages. Il 

is the line current,Xeq and Req are the equivalent reactance and resistance.  

Assuming Vs  to be at nominal value of 1∟0° p.u. we get, 
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Once the global two-bus power network equivalent to multi-bus power system is obtained, then 

the global voltage stability indicator (GVSI) could be formulated in a straight forward manner from 

parameters of the global network as described below: 
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Replacing Qg in the equation of Pg, 
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When |Vs| is 1.0  p.u, the above equation becomes, 
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Root of the above equation is given by  
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Now, Pg must have a real value, hence the discriminant of above equation must be greater than or 

equal to zero. This yields the following relation: 
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Above expression is termed as Global Voltage Security Index (GVSI) [8] which gradually 

increases with increasing load in the actual power system and reach the value „1‟ at critical point of 

voltage stability (when load flow matrix Jacobian becomes singular). Therefore the value of GVSI is 

sufficient to assess the overall voltage stability status of a multi-bus power system at a particular 

operating point. 

 

6. Evolutionary programming (EP) Algorithm 

6.1 Overview  

EP is an evolutionary based optimization algorithm and it uses probability transition rules to select 

generations. Each individual competes with other individuals in a combined population of the parents 

and the off springs. The winners of the same number as the individuals in the parent‟s generation, 

constitute the next generation [23]-[25]. The different operations involving in EP are briefly explained 

below: 

Initialization: The initial population is generated randomly within the feasible search space. Then the 

fitness f(Xi) of  each individual is calculated  according to the objective function and the environment.  

 

   0 min max min 14ij j j jx x rand x x  
 

i=1,2,3…….NP;   j=1,2,3…….D 

Where “rand ” function generates random values uniformly in the interval (0, 1);NP is the size of the 

population;D is the number of decision variables. xj
min 

 and xj
max 

are the lower and upper bound of the 

j
th

 decision variable, respectively. 

Statistics: The maximum fitness f
max

(X), minimum fitness f
min

(X), the sum of fitness f
sum

(X), and 

average fitness f
ave

(X) of this generation are calculated:  

Mutation:  Each probabilistically selected parent, is mutated; for example Xi, is mutated and added to 

its Population as in the following the equation. 

 1 2(0, ) 15t t

ij ijX X N    

 

Where,  
 

 
max min

max

i

ij ij

f X
x x

f X
    

Where t is the current iteration count, N ( μ,σ
2
 ) represents a Gaussian random variable with mean μ 

and variance σ
2
 and β is the mutation scale, 0<β≤1, that could be adaptively decreased during 

generations. If any mutated value exceeds its limit, it will be given the limit value. The Mutation 

process allows an individual with larger fitness to produce more offspring for the next generation. 
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Competition: competition is created between the parents and their off springs by tournament selection 

method. Parents and off springs are combined as a single vector (2NP) and arranged in the ascending 

order of their fitness for a minimization problem. The first half (NP) of the combined population is 

chosen as the parents for the next generation. 

Convergence criterion: If the convergences condition is not met, the mutation and the competition 

process will run again. The maximum generation number can be used for convergence condition. Other 

criterion, such as the ratio of the average and the maximum fitness of the population is computed and 

generations are repeated until  

 

 

 
 max
16

avef X

f X
  

 

where δ should be very close to 1, which represents the degree of satisfaction. If the convergence has 

reached a given accuracy, an optimal solution has been found for an optimization problem. 

 

6.2. Implementation of EP algorithm for VSC-OPF  

6.2.1. Representing an individual: 

Each individual in the population is defined as a vector containing the values of control parameters 

including the size of TCSC and SVC. 

 

Each individual is  (Pg1,Pg2,…Pgn,Vg1, Vg2,…Vgn , T1, T2, …Tn, XTCSC1... XTCSCn,QSVC1...QSVCn ) 

 

TCSC device is positioned at a possible location (line) and SVC is located at a load bus then the 

VSC-OPF is run and reduction in line losses and fuel cost (fitness) is observed. This procedure is 

repeated for all individuals in the population. Then the statistics of the population is used for creating 

the new population. The fitness of each new individual is calculated by running optimal load flow 

problem. This procedure is repeated iteratively until the stopping criterion is not met.    

6.2.2 Feasible search space definition: 

There are several constraints in this problem regarding the characteristics of the power system and 

the desired voltage profile. Each of these constraints represents a limit in the search space. Therefore 

the EP algorithm has to be programmed so that the individuals can move only over the feasible region. 

For instance, the network in Fig. 2 has 4 transmission lines with tap changer transformer. These lines 

are not considered for locating TCSC, leaving only 37 other possible locations for TCSCs. The SVC 

can be installed only in load buses and the system considered here is with 24 load buses. 

6.2.3 Fitness function   

The goal of VSC-OPF is to minimize the real power generation cost and real power loss by 

optimal positioning of TCSC and SVC and their corresponding parameters. The GVSI is augmented 

with the objective function and the objective function can be expressed as: 

 

   min 17T lossF C P GVSI  
 
 

The terms in the objective function are: 
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where CT is the total fuel cost, Ploss is the total real power loss, ak, bk, ck are the generator cost co-

efficients, Pgk  is the real power generation at bus „k‟, NL is the number of transmission lines, NPQ and 

NPV are the number of load buses and generator buses respectively, λ is the penalty coefficient and is 

set to 500.  

 

Subject to 

Equality constraints 

a) Real power balance equation 

     
1

cos 21
B
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b) Reactive power balance equation  

     
1

sin 22
B

TCSC

N

Gi Di i j ij j iij X
j

Q Q VV Y   


     

Inequality constraints 

a) 
 

Real power generation limit 

 min max ; 23Gi Gi Gi PVP P P i N  
 

b) 
 

Reactive  power generation limit 

 min max ; 24Gi Gi Gi PVQ Q Q i N  
 

c)         Load bus voltages 

 min max ; 25i i i PQV V V i N  
 

d)         Line flow 

 max ; 26i i LS S i N 
 

e)         Reactance of TCSC 

 min max 27TCSC TCSC TCSCX X X 
 

f)           Reactive power of SVC 
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 min max 28SVC SVC SVCQ Q Q 
 

 

7. Simulation Results and Discussions 

The proposed algorithm is developed as a software tool in MATLAB environment and 2.93 GHz 

Core Coe 2 Duo processor based computer system is used. The effectiveness of proposed approach has 

been illustrated using the medium size IEEE 30 bus test system [26]. 

 

Figure.2.  One line diagram of IEEE 30 Bus System 

 

The system has 6 generator buses (1 slack and 5 PV buses), 24 load buses and 41 transmission 

lines. Transmission lines    6-9, 6-10, 4-12 and 28-27 are with tap changer transformers and therefore 

are not suitable for positioning of TCSC. Only the remaining 37 lines are considered as candidate 

location for positioning of TCSC. The 24 load buses are the possible locations for the SVC.  

The total fuel cost of real power generation is calculated using the values of real power generation 

from all the generators under full load condition. Cost coefficients of the generators are given in table 

1. 

 
Table .1. Cost coefficients of generators 

Generator 

Number 

Cost Co-efficients 

A b c 

Gen 1 0.00000 2.00000 0.00375 

Gen 2 0.00000 1.75000 0.01750 

Gen 5 0.00000 1.00000 0.06250 

Gen 8 0.00000 3.25000 0.00834 

Gen 11 0.00000 3.00000 0.02500 

Gen 13 0.00000 3.00000 0.02500 

        *Cost=a+bPG+cPG
2 
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Fuel cost and real power loss are optimized by controlling the parameters of real power 

generation, generator bus voltages, tap settings of transformers, reactance of TCSC and var rating of 

SVC. These control parameters are varied within their respective limits and the limits are given in table 

2. 

 

 

 

Table. 2. Limits of control parameters 

Sl No Parameter Allowable 

Range 

1 Pg2 (20-80) MW 

2 Pg5 (15-50) MW 

3 Pg8 (10-35) MW 

4 Pg11 (10-30) MW 

5 Pg13 (12-40) MW 

6 Generator voltage magnitude (Vg) 0.9-1.1p.u. 

7 Transformer tap setting (T) 0.9-1.1p.u. 

8 TCSC reactance (XTCSC) (-0.8XL)-(0.2XL) p.u. 

9 MVAR Rating of SVC (QSVC) (-20)-(+20) MVAR 

 

The system with full load condition is considered as a stressed condition for stress relief to 

improve the voltage stability limit. OPF is run several times considering one TCSC in a line  and one 

SVC at a load bus and the reduction in real power loss and fuel cost (objective) is calculated. The best 

solution for minimization of the objectives is found by implementing the EP algorithm. The FACTS 

devices are located in the global best positions to improve the voltage stability by controlling the 

power flow through the transmission lines of the system.  

The values of real power generation, generator terminal voltages and tap settings are allowed to 

vary within their limits during the optimization process and the values shown in table 3 are the most 

suitable ones for the objectives considered. 
 

Table. 3. Optimal Values of Control Parameters 

Control 

Variables 

Buses Value 

Without 

FACTS 

With 

FACTS 

Pg1 1 159.533   143.397   

Pg2 2 51.4489 59.0570 

Pg5 5 22.7732 21.6492 

Pg8 8 19.5000 20.1724 

Pg11 11 17.0045 24.0038 

Pg13 13 21.7643 22.9739 
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Vg1 1 1.06 1.06 

Vg2 2 1.0379     1.0515   

Vg5 5 1.0057 1.0232 

Vg8 8 1.0533 0.9880     

Vg11 11 1.0637 1.0123     

Vg13 13 1.0554 1.0596 

T1 6-9 1.0601 1.0515   

T2 6-10 0.9096 1.0177     

T3 4-12 1.0746 .9996 

T4 28-27 1.0291 0.9234     

 

The most suitable position for the TCSC is line number 19-20 and bus number 3 is found to be the 

global best position for SVC for var optimization (table 4). The insertion of TCSC controller at the 

suitable line modifies their reactance and changes the power flow and thereby reduces the line losses. 

It is ensured that the location of TCSC is a line without tap setting transformer. The FACTS devices 

are helping the control parameters in optimizing the reactive power dispatch and real power 

generation.  

Table. 4. Global best position fir FACTS devices 

FACTS 

Device 

 

Global 

Best Location 

MVAR Size  Line Reactance 

Old New 

TCSC 19-20 ---- 0.0680 
 

0.0790 
 

SVC 3 11.1650 ----- ---- 

 

Coordinated control of real power generation, generator bus voltages, tap settings and reactance of 

TCSC and var rating of SVC reduces the line losses greatly and slight increase in fuel cost is 

acceptable when voltage stability is of more importance. The values of reactive power generation, 

reactive power loss and real power loss before and after FACTS are compared in table 5. Reduction in 

reactive power generation is an indication that the system is relieved from the stressed condition. The 

amount of reactive power generation reduction can be seen as reactive power reserve and it may be 

used when the system needs it again in future. The reduction in fuel cost, total real power generation, 

total reactive power generation, total real power loss, total reactive power loss and reduction in GVSI 

is clear from table 5. The reduction in reactive power generation is a better way of planning reactive 

power without using more number of var sources. The voltage stability limit improvement is obvious 

from the reduction in the value of GVSI after FACTS are located.   
 

 

Voltage stability improvement is assessed by observing the value of GVSI that is, the reduction in 

the value of GVSI is an indication that voltage stability limit is improved. GVSI value of the reduced 

equivalent of the system before and after optimization is compared in table 5. The better improvement 

in voltage stability limit is due to the change in power flow through the lines caused by the insertion of 

TCSC and reactive power support provided by SVC. 
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Table. 5. Reduction in fuel cost, Pgen, Qgen, Ploss , Qloss, and GVSI   

 

The bus voltage profile is improved considerably after the installation of FACTS devices and the 

resultant improvement is illustrated in figure 3. The better voltage profile improvement in the load 

buses and reduction in the generator bus voltages indicate the effectiveness of the proposed method. In 

this case both the real power loss minimization and voltage profile improvement are better. The much 

reduction in real power loss and increase in voltage magnitudes after the insertion of FACTS proves 

that they are highly efficient in relieving a power network from stressed condition and improving 

voltage stability improvement. 

     

Figure. 3. Voltage profile improvement 

8. Conclusions  

This work demonstrates a EP based optimization algorithm to solve the problem of optimal real 

and reactive power dispatch including the placement and sizing of TCSC and SVC devices in a 

medium size power network for global voltage stability limit improvement and reducing the fuel cost. 

This work proves that voltage stability limit improvement is more effective when it is done both by 

control of real and reactive power generation and power flows. The voltage security constrained OPF 

ensures system voltage stability and makes a power system secured or transactions feasible in a 
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deregulated environment. It is clear from the simulation results that FACTS devices are good at 

controlling the power flows through different transmission lines of the system and in the resultant 

reactive power optimization. Only one TCSC and SVC is recommended and hence the installation cost 

of FACTS controllers will not be an economical burden.  The reduction in reactive power generation 

can be viewed as optimal reactive planning and the system is relieved from stressed condition. That is 

the system is left with increased reactive capability and thereby under voltage secured condition. The 

reduction in real power loss and fuel cost after installation of FACTS are really encouraging and the 

savings in fuel cost will be more than the installation cost of FACTS. The EP algorithm is efficient, 

very easy to implement and widely used in the field of engineering. The algorithm is able to find the 

optimal solutions with a relatively small number of iterations and individuals, therefore with a 

reasonable computational effort.  
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