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 Abstract - Increasing electrical load demand and transition 

from regulated to deregulated power systems caused many 

challenges, such as: high transmission line losses and low voltage 

levels. An effective control of reactive power improves voltage 

profile, reduces power losses and improves overall system 

performance. In case of abnormal operations of power systems, 

the transmission lines become over loaded and the voltage at 

buses is decreased. To solve these problems, Flexible Alternating 

Current Transmission Systems (FACTS) represent a promising 

solution. One of the important FACTS devices is Thyristor 

Controlled Series Compensator (TCSC). Differential Evolution 

(DE) algorithm is one of the recent Meta heuristic optimization 

algorithms. Two modifications are applied to DE algorithm to 

enhance its convergence characteristic. In this paper, solving the 

Optimal Reactive Power Dispatch (ORPD) problem considering 

TCSC is introduced based on Modified Differential Evolution 

Algorithm (MDEA). The multi objective function is considered to 

minimize the summation of power losses, voltage deviation, 

reactive power losses, cost of TCSC and number of units. Two 

systems are considered: IEEE 57-bus system and Western Delta 

Network (WDN). 

Index Terms - ORPD problem, Differential evolution, TCSC. 

I.  INTRODUCTION 

Modern power systems face serious problems, due to 

increasing demand and marketing, such as voltage instability 

and uncontrolled power flow in transmission lines. ORPD is 

very important for economic and secure operation of power 

systems. Effective reactive power compensation improves 

voltage profile and minimizes active and reactive power losses 

in transmission lines ‎[1]-‎[3]. Under abnormal operation of 

power systems, such as increasing load demand, the 

transmission lines become over loaded and voltage at buses 

are decreased. This situation represents a contingency 

operation and the Independent System Operator (ISO) must 

take an action to restore safe operation of power systems. 
To solve these problems, installing FACTS devises 

represents a promising solution ‎[4]-‎[5]. FACTS devices 

represent one of new technologies which improves the 

performance of power system. They control voltage 

magnitude, impedance of transmission line and power flow 

through transmission lines ‎[6]. TCSC is one of series FACTS 

devices, which is characterized by fast response. The 

optimization techniques that were implemented to solve ORPD 

problem can be classified to two main categories. The first 

category is the classical optimization methods ‎[7]-‎[9] such as 

linear programming, interior point method and gradient 

method. These methods suffer from the incapability of 

handling nonlinear objective functions. On the other hand, the 

second category, i.e. meta heuristic algorithms, ‎[10]-‎[14] 

include Particle Swarm Optimization algorithm (PSO), 

Genetic Algorithm (GA), DE algorithm, seeker optimization 

algorithm and so on. 

Many researches addressed the problem of selecting 

optimal location and optimal setting of FACTS devices, 

especially TCSC, in case of normal operation. In ‎[15], PSO 

technique is applied to find the optimal location of TCSC for 

static security enhancement. Also in ‎[16], a comparison 

between GA and DE algorithms is addressed for optimal 

location of TCSC to maximize loadability. In ‎[17], the authors 

introduced also two methods for implementation of GA for 

optimal location and optimal setting of TCSC to increase 
loadability of transmission lines for IEEE 30-bus system. 
Many literatures investigated the determination of optimal 

locations of FACTS devices under abnormal conditions. 

In ‎[18], TCSC and SVC are used under abnormal conditions to 

improve the performance of the IEEE 30-bus system based on 

DE algorithm. Although the optimal reactive power planning is 

very vital for power systems, especially in contingency 

situations, few researches discussed this problem. 

Moreover, very few papers addressed the ORPD 

considering FACTS devices under abnormal operation. 
In ‎[19], a new method is introduced for var planning under 

multiple operating scenarios to enhance voltage profile. 

In ‎[20], a model is introduced for long term reactive power 

planning under load uncertainties and line outage. In ‎[21], 

reactive power optimization to improve voltage stability limit 

incorporating TCSC device through DE/PSO was considered 

under contingency condition. 

In this paper solving the ORPD problem considering TCSC 

is introduced based on modified differential evolution 

algoeithm (MDEA). A multi objective function is considered 

to minimize the summation of power losses, voltage deviation, 

reactive power losses, cost of TCSC and number of units. The 
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control variables include voltages magnitudes of voltage-

control bus, location of TCSC units and their settings. Two 

systems are considered here: IEEE 57-bus test system and 

Western Delta Network (WDN). IEEE-57 bus system is 

investigated only under normal operation, while WDN is 

investigated under normal and outage of three lines. 

 

II. THYRISTOR CONTROLLED SERIES COMPENSATOR   

 

TCSC is the most popular series FACTS device that has 

many merits such as fast response and low cost. 

Conventionally, TCSC has two modes of operation, i.e. 

capacitive and inductive modes. Figure 1 shows the modeling 

of TCSC in transmission lines. The value of reactance of 

TCSC ( TCSCX ) is a function of reactance of transmission line 

( LX ). To avoid over compensation and resonance of 

transmission line, the value can be taken as follows ‎[22]-‎[24]:  

XXX LTCSCL 2080 ..          (1)   

XXX LTCSCL 3070 ..          (2) 

  XXX LTCSCL 5050 ..          (3) 

 

 
Fig. 1 Modeling of TCSC in transmission line 

III. PROBLEM FORMULATION 

A) Objectives  

The objective function of the ORPD considering 

existence of TCSC devices is introduced as follows: 

F5L43D211 NwQwtwVwPwobj  cos)min(   (4)  

where w1, w2, w3, w4 and w5 are weights coefficients and NF  
is the number of TCSC units. The terms of the objective 

function will be explained in the following sections:
 

1. Active and reactive power losses 

Real and reactive power losses are calculating as following: 

))cos((  


ijji
2
j

nl

1k

2
ikL VVVVgP 2      (5) 

))sin((  


j1ji
2
j

nl

1k

2
ikL VVVVbQ 2            (6) 

where, 
LP is real active power losses through transmission 

lines, gk
is conductance of transmission line, nl is the number 

of lines, VV ji  and  are voltage magnitudes at buses i and j, 

respectively,  ji and  are angles of bus voltages, i, j, LQ is 

the reactive power losses through transmission lines and bk is 

the sucpetance of transmission lines. 

 

2. Voltage deviation 

The voltage deviation at load buses is calculated as 

following: 

)( VVV ref

NL

1i
LiD  



        (7) 

where V D  is the voltage deviation, NL is the number of load 

buses,V L is voltage of load bus and V ref  is  the reference 

voltage, i.e. 1.0 pu. 

3. Cost of TCSC 

Due to the high cost of FACTS devices, it is important to 

include this cost in the objective function. The cost is 

calculated as following ‎[25]: 

 75153713000150 SSC TCSC
2
TCSCTCSC ...      (8) 

 



nl

1m
TCSCTCSCm CStcos         (9) 

where “cost” is the total investment cost of TCSC, STCSC is 

the capacity of TCSC in Mvar and CTCSC  is investment cost 

of TCSC per kvar. The capacity of TCSC is calculated as 

follows: 

 XIS TCSCLTCSC  2
max

             (10) 

 where ILmax  is the transmission line current where FACTS 

device is installed. 

4.  Number of TCSC units 

The number of TCSC units has to be reduced since it is 

preferred to enhance the performance of power system by few 

umbers of FACTS devices to facilitate control processes 

B) Constraints 

Equation (4) is subjected to equality and inequality 

constraints.  Equations (11) and (12) represent the power flow 

equations as equality constraints, while equations (13)-(18) 

represent the system inequality constraints. 
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maxmin
iii PgPgPg              (14) 

maxmin
iii VgVgVg              (15) 

nliSS ii  ;max               (16) 

bus loadiVVV LiLiLi  ;maxmin           (17) 

XXX50 LTCSC
50L ..             (18)  

where ,gi diP P  are active power generation and load demand at 

bus i, respectively, ,gi diQ Q are reactive power generation and 

load demand at bus i, respectively, VV ji  , are voltage 

magnitudes at bus i and j, Y ij is the admittance between bus i 

I loop 

V2 
V1 

I1 I2 
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and j, ij  is the admittance angle of transmission line 

connected between buses  i and j. 

IV. MODIFIED DIFFERENTIAL EVOLUTION ALGORITHM 

A) basic differential evolution algorithm 

Differential evolution algorithm (DE) is an effective 

evolutionary computation methodology due to its fast 

convergence characteristic, few control parameters and small 

computation time. It was introduced by R. Storn and K. Price 

and its process can be summarized as following ‎[26]: 

 Initial population and parameter selections 

The first step of DE is to create initial population of 

candidate solutions. The parameter values of each vector in 

the population must be within certain limits according to: 

)( minmaxmin
UUUU iiii rand      (19) 

where: UU ii
maxmin, are the minimum and maximum values 

of decision variables, respectively, rand is uniformly 

distributed number between [0 and 1], i=1, 2,..., NP. NP  is 

the number of population. 

 Mutation process 

The mutation process depends on perturbing the selected 

vector U 3  randomly using the difference between two 

other randomly-selected vectors ( UU 12  , ). The mutation 

process is applied according to: 

)( UUUU 2134 F         (20) 

where: UUU   321 ,,  and U 4  are randomly selected 

vectors with UUUU 1234  and F is the scaling 

factor, whose value is (0 ≤ F ≤ 1.2). 

 Crossover process 

To increase the population diversity, a crossover operator 

is applied. The crossover operation produces a trial vector, 

which is used in the selection process. The trial vector is 

the combination of parent vector (U i ) and mutant vector, 

(U 4 ). The crossover process is performed as following: 



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where, j=1, 2,…, D and q is a randomly chosen index  [1, 

2,…, D]. The value of CR is chosen in the range of [0, 1]. 

D is the number of control variables. 

 Selection process 

In this process, the vectors that compose the next 

generation will be selected. The fitness of parent vector is 

compared with the fitness of trial vectors and the vectors of 

better fitness are selected according to: 

 
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B) Proposed Modifications 

In this work, two modifications are applied to DE algorithm 

to enhance the characteristic of convergence and performance 

as explained in the next section: 

1) Modifying the mutation factor 

In this section, a modified mutation factor for DE is applied 

to improve the performance of traditional DE. The scaling 

factor (F) is modified in each generation according to the 

following relation: 

bdrSF  )1 ,0(
2

          (23) 

where: d is a linear decreasing factor in the range between [0.2 

and 1.2], r is a random variable, S is an acceleration factor and 

b is a deceleration factor. The Factor “d” increases the capacity 

to explore the search space. 

On the other hand, when combining the random variable 

“r” in the optimization process, the value of scaling factor “F” 

will fluctuate. The acceleration factor (S) balances between 

global exploration and local exploitation. When improved 

fitness function reduces the value of F, the speed of 

convergence increases. The importance of deceleration factor 

appears when the fitness function is not improved. In this case, 

the value of “F” will be increased to prevent dropping in local 

optimum ‎[27]. 

2) Modified penalty factor 

The proposed MDEA is enhanced with an adaptive penalty 

factor which is multiplied by the violated dependent variables. 

This penalty term is added to the fitness function which aims to 

enhance the system convergence. The penalty factor is updated 

according to the following expression: 

    nn 1             (24) 

where,  1n  is a new penalty factor at iteration (n+1), n is 

the previous penalty factor at iteration (n) and  is the 

updating formula of the penalty factor. 

The updating formula of penalty factor is calculated as 

follows: 

  
|

||










DepDep

fitfit

n1n

1nn         (25) 

where, fitfit nn 1
,


are the old and new fitness functions, 

DepDep n1n
,


are the new and old dependent variables, 

respectively, and  ,   are constants, whose value are obtained 

empirically. In this work, updating penalty factors is applied 

only for load voltages and reactive power generation, while 

penalty factors for thermal limit violation, active power 

generation for slack bus and equality constraints are 

maintained constants. 

V. PROPOSED METHODOLOGY 

Figure 2 shows the flowchart of the proposed methodology. 

For solving ORPD problem considering FACTS devices 

(TCSC), many aspects are considered as following:  

 The lines with low power losses are excluded from the 

candidate ones 

 Lines, which are connected between two generation buses, 

are excluded to avoid conflict between control of FACTS 

and generators. 

 Lines, which contain on-load tap changer, are excluded to 

avoid conflict between control of FACTS and control of 

on-load tap changer. 
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VI. CASE STUDIES 

A) Test systems 

IEEE 57-bus test system and WDN are used to implement 

the proposed technique for ORPD using MDEA in normal and 

abnormal operation. The IEEE 57-bus test system has 7 

generators allocated at buses 1, 2, 3, 6, 8, 9 and 12. Bus 1 is 

the slack bus, while other generator buses are voltage control 

buses. There are 80 lines and 17 on-load tap-changer 

transformers. The second system is WDN, as a part of the 

unified Egyptian network system, which has 8 generators at 

buses 1, 2, 3, 4, 5, 6, 7 and 8. Bus 1 is the slack bus, while 

other generation buses are voltage control buses ‎[28]. 

 

 
 

Fig. 2 The flow chart of the proposed methodology 

 

 

B) Results and comments 

1. IEEE 57-bus system 

This system is investigated only under normal operation. 

The initial active and reactive power losses of this system are 

0.2786 pu and 1.21 pu, respectively. The average voltage 

deviation is 0.0246 pu. There is a violation in voltage at bus 31 

since it is 0.936 pu, i.e. lower than minimum value. The ORPD 

is solved by MDEA considering only voltages of voltage 

control buses as control variables. The number of voltage 

control bus is six and the total number of control variables is 

six. Table I illustrates the results of solving ORPD problem 

with MDEA, where there is a high reduction in active and 

reactive power generation after solving ORPD problem. The 

reduction in reactive power generation after applying ORPD 

with MDEA is about 0.12 pu. Also it is found that after 

applying ORPD with MDEA, the violation at bus 31 is 

eliminated, where the voltage is increased to 0.9518 pu. From 

the table it is obvious that active and reactive power losses are 

reduced after applying ORPD. In addition, the voltage profile 

is improved with higher reserve power. 
 

Table I: ORPD solution for IEEE 57-bus using MDEA 

 

Variables  
Limits Initial 

 case 

ORPD with 

MDEA Min.  Max.  

Pg1 (pu) 0.50 5.75 4.7866 4.767 

Qg1 (pu) -2.00 3.50 1.2885 0.5786 

Qg2 (pu) -1.50 2.00 -0.0075 0.5787 

Qg3 (pu) -1.50 1.50 -0.0090 0.3995 

Qg6 (pu) -1.25 1.25 0.0087 0.0278 

Qg8 (pu) -2.00 2.00 0.6210 0.4595 

Qg9 (pu) -3.00 1.10 0.0229 0.5747 

Qg12 (pu) -2.00 1.55 1.2863 0.4808 

V1 (pu) 0.94 1.06 1.0400 1.0400 

V2 (pu) 0.94 1.06 1.0100 1.0289 

V3 (pu) 0.94 1.06 0.9850 1.0120 

V6 (pu) 0.94 1.06 0.9800 1.0022 

V8 (pu) 0.94 1.06 1.0050 1.0214 

V9 (pu)  0.94 1.06 0.9800 1.0015 

V12 (pu) 0.94 1.06 1.0150 0.9972 

V31 (pu) 0.94 1.06 0.9360 0.9518 

QG   3.2109 3.09 

Active Power loss (pu) 0.2786 0.259 

Reactive power loss (pu) 1.21 1.137 

voltage deviation (pu) 0.0246 0.0214 

Reduction in power flow in transmission 

lines (pu) 
- 0.7691 

Reserve in reactive power generation 

(pu) 
- 0.12 

 

Table II compares between the proposed technique and 

other algorithms for IEEE 57-bus power systems. From this 

table, it is found that for the proposed technique, the voltages 

of only voltage control buses are considered as control 

variables. Neither FACTS devices nor load tap changer 

transformers are considered in this system. However, the 

power losses are reduced to 0.259 pu using MDEA. In case of 

Determine minimum and maximum control variables, assign 1 if 

there is a TCSC unit and 0 if there is no TCSC unit 

Read initial data from NRLF and calculate active, reactive power 

losses and voltage deviation. Determine the lines excluded from 

candidate lines 

Create initial population, determine control variables, modify bus 

admittance matrix, calculate voltages and angles according to 

FDLF & calculate total objective function 

Determine the parameters of MDEA algorithm and determine 

weights of objective functions and penalty factor values 

No 

Calculate final voltages, angles, active power losses, reactive power 

losses, final voltage deviation 

Apply selection process, determine control variables, update 

penalty factor 

For trial vector, determine new control variables, modify bus 

admittance matrix, calculate voltages and angles then calculate 

total objective function 

 

yes 

Applying mutation process 

Apply crossover process 

End 

Start 

 Violation in control 

variables 

 

 Set parameter 

value with 

limit 

No 

yes 
 Violation in control 

variables 

 

 Set parameter 

value with 

limit 
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using DE, Artificial Bee Colony (ABC) and combined DE and 

ABC, the power losses are reduced to 0.2586 pu, 0.2769 pu 

and 0.2556 pu, respectively. The control variables used are the 

voltages at generation bus, on-load tap changers and two shunt 

capacitors. In case of using Honey Bee and Bacterial Foraging, 

the active power losses are reduced to 0.27 pu, the number of 

TCSC is seven units in this case. So, the cost is increased in 

addition to increasing the number of control actions in case of 

using DE, PSO, Honey Bee, Bacterial Foraging and ABC. 

 
Table II: Comparison between the proposed technique and other algorithms 

for IEEE 57-bus power system 

Algorithm Active power losses in (pu) 

Proposed Technique 0.259 

DE ‎[29] 0.2586 

ABC ‎[29] 0.2769 

DE and ABC ‎[29] 0.2556 

Honey Bee ‎[30] 0.2700 

Bacterial Foraging ‎[30] 0.2700 
 

2. Western Delta Network (WDN) 

Table III presents the ORPD solution considering two case 

studies. Case1 represents normal operation, while Case 2 

represents outage of three critical lines to simulate an 

emergency condition. With respect to Case 1, the initial active 

and reactive power losses in case of normal operation are 

0.4046 pu and 1.375 pu, respectively, while the average 

voltage deviation is 0.0265 pu. Under these conditions, there is 

no violation related to transmission lines. However, there are 

voltage violations at buses 15, 18, 20→22. The performance 

of WDN is not satisfactory and many improvements are 

needed. Thus, solving the ORPD problem is very important to 

improve the performance of system. Furthermore, this 

investigation is vital to eliminate the violation of voltages at 

different buses. Only the voltage values at voltage-control 

buses are considered as the control variables and no TCSC 

units are inserted in this case. The number of voltage control 

buses is seven and the number of control variables is also 

seven. After applying ORPD, the violations in voltages at 

buses are eliminated and also the summation of reactive power 

generation is reduced. The active and reactive power losses are 

reduced to 0.3741 pu and 1.2783 pu, respectively. 

The outage of the most-critical three lines, lines 2, 9 and 28, 

is addressed in Case 2. The active and reactive power losses are 

increased to 0.5584 pu and 1.844 pu, respectively and the 

average voltage deviation is increased to 0.0288 pu. There are 

violations in voltages at buses (15, 18, 20→22, 30 and 32). On 

the other hand, there is a violation in the power flow through 

line 1, which reaches 1.54 pu, while the maximum limit is 1.2 

pu. So, it is important to eliminate the violation, improve 

voltage profile and improve power quality. After applying 

ORPD, the voltages at all buses are within limit, there is no 

violation in line 1, the power flow through line 1 becomes 1.19 

pu within limit and also there is high reduction in reactive 

power generation. The performance of system is improved after 

solving ORPD problem considering TCSC units. The active 

and reactive power losses are reduced to 0.4945 pu and 1.659 

pu, respectively. There are reductions in power flow through 

transmission lines by 0.6857 pu. In addition, there is high 

reserve in reactive power generation by 0.2391 pu. The optimal 

locations of TCSC units for this case are in lines 1 and 10 that 

represent the lines with maximum power losses. 
 

Table III: ORPD solution for WDN for cases 1 and 2 
 

Cases 
Operating 

Limits (pu) 
Case 1 Case 2 

Variables Min. Max. 
Initial 

case 

ORPD + 

MDEA 

Initial 

Case 

ORPD 

+MDEA + 

TCSC 

Pg1 (pu) 0.1 3.75 2.49 2.46 2.6442 2.5805 

Qg1(pu) 0 2.0 0.5671 0.3109 0.6089 0.3914 

Qg2 (pu) 0 2.0 0.2251 0.3186 0.4559 0.3911 

Qg3 (pu) 0 2.0 1.0450 1.0815 1.0450 1.1267 

Qg4 (pu) 0 2.0 1.1489 1.1067 1.1489 1.1418 

Qg5 (pu) 0 2.0 0.6794 1.2556 0.7728 1.0668 

Qg6 (pu) 0 2.0 0.8147 0.6057 0.8924 0.6371 

Qg7 (pu) 0 2.5 0.8362 0.8864 0.8357 0.9297 

Qg8 (pu) 0 2.5 0.6014 0.2033 0.6324 0.4683 

V13 (pu) 0.95 1.05 0.9730 0.9984 0.958 0.9927 

V15 (pu) 0.95 1.05 0.9440 0.9989 0.944 0.9987 

V18 (pu) 0.95 1.05 0.9190 0.9757 0.919 0.9756 

V20 (pu) 0.95 1.05 0.9030 0.9612 0.9030 0.9611 

V21 (pu) 0.95 1.05 0.9080 0.9654 0.9080 0.9652 

V22 (pu) 0.95 1.05 0.9390 0.9948 0.9390 0.9947 

V30 (pu) 0.95 1.05 0.957 0.9858 0.944 0.9852 

QG  5.9178 5.7687 6.392 6.1529 

Optimal location of TCSC - - - Lines 1&10 

Total cost of TCSC U$ - - - 2.77×106 

 

Table IV summarizes performance of WDN for normal and 

emergency operation conditions. According to the obtained 

results, the proposed methods enhanced the operation of the 

WDN and release the power flow in transmission lines as well 

as the reactive power reserve from generating units. 

 
Table  IV: Performance  of WDN for Cases 1 and 2 

 

Variables  

Case 1 Case 2 

Initial  

case 

ORPD  

+ MDEA  

Initial  

Case 

ORPD 

+MDEA + 

TCSC 

Active power loss (pu) 0.4046 0.3741 0.5584 0.4945 

Reactive power loss (pu) 1.375 1.2783 1.8444 1.6590 

Average voltage deviation (pu) 0.0265 0.0230 0.0288 0.0182 

Reduction in power flow (pu) - 0.4046 - 0.6857 

Reserve in reactive power 

generation (pu) 
- 0.1491 - 0.2391 

 

Table V illustrates the parameter of MDEA for IEEE 57-

bus system and WDN. From this table, it is found that the 

parameters of MDEA are constant. 

 
Table V: Parameter of MDEA for IEEE 57-bus system and WDN 

Parameter IEEE 57-bus system WDN 

Maximum number of generation 500 2000 

Number of control variables 6 7- 67 

Number of populations 30 335 

Crossover factor 0.95 0.95 

Acceleration factor  1.8 1.8 

Deceleration factor 1 1 

Decreasing factor  1 1 
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VII. CONCLUSION 

This paper presents the implementation of a modified 

differential evolution algorithm for solving the ORPD 

problem. This is intended to improve the system performance 

under normal and abnormal operating conditions. Case studies 

are implemented on IEEE 57-bus test systems, in addition to 

WDN to prove the capability of the proposed procedure. 

Numerical results show that the proposed MDEA has 

significant benefits as good convergence characteristics. Two 

efficient modifications are proposed to the MDEA on the basis 

of scaling factor and penalty factor. The results prove the 

flexibility of synchronous generators as efficient reactive 

power sources compared to other switchable devices in terms 

of the power losses reduction as well as the voltage profile at 

load buses. Another salient advantage is the reduction of the 

FACTS sizing, the number of switching processes and control 

action in addition to increasing the life time of equipment. In 

addition, using generation bus voltages as control variable is 

more effective in solving ORPD problem. It was proven that 

the proposed procedure is able to release transmission power 

flow and reactive power at generation buses. Also, it is able to 

increase the transfer capability of transmission lines and 

improve the system performance. 
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