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ABSTRACT 

 
Soon on completion of National Integrated Power Project the next challenge is that of 

power evacuation and distribution. There are fears that the existing structure has high 

losses proportionate to megawatt output. The objectives of this research are achievement of 
loss minimization and improve voltage regulation through appropriate selection and 

location of FACTS controllers using genetic algorithms and principle.  The different types 

of FACTS devices and their different locations have different effects towards realization of 
the objective function. The qualitative and quantitative treatment of FACTS devices and 

their sitting are determined simultaneously. This combinatorial analysis problem is solved 
using genetic algorithm. The proposed method is tested on the NIGERIAN SHIRORO 

COMPLEX (SC) as a case study.  

 
SIGNIFICANCE: Research results presented 

herein introduces new method of transmission line 

efficiency improvement and reliability.  It achieved 

significant loss reduction with simultaneous 

selection and location of FACTS devices. 

KEYWORDS:  Genetic Algorithms, Objective 

function, Fitness scaling, FACTS, 

Matpower. 
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1.  INTRODUCTION 

 

The Nigerian Shiroro Complex shown in Figure 1 

(Katende and Haruna, 2007) is a radial network 

characterized by high power losses and poor 

voltage regulation that are attributed to long 

distance between the power generating stations and 

most of the load centers. Deregulation of the 

Nigerian Power Industry will change traditional 

concepts and practices in Power system as it has 

done elsewhere.  Flexible alternating current 

transmission system (FACTS) devices such as 

thyristor controlled series compensator (TCSC), 

thyristor controlled phase angle regulator (TCPR), 

unified power flow controller (UPFC) and static 

var compensator (SVC), although are not 

employed in Nigerian power systems, have 

potential to mitigate most of the power quality 

related problems of the industry. 

These devices control the power flow in the 

network, reduce the flow in heavily loaded lines 

thereby resulting in an increased loadability, low 

system losses, improved stability of network and 

reduced cost of production (Stott, 1994; Young and 

Allan, 1999; Erique, 2004; Baskaran and 

Palanisamy, 2005).  The FACTS device location in 

a power system network is a typical optimisation 

problem of great technical and economic 

importance.  It consists of determining FACTS 

device location and operational control in order to 

reduce the power loss. 

In this paper, a non-traditional optimization 

technique, genetic algorithm (GA), is used to 

optimise the various process parameters involved 

in the introduction of FACTS devices. The various 

parameters taken into consideration include 

location, types, and the rated value of the devices. 

The simulation was performed on a modified 

version of Matpower 3.0 using the Nigerian 

Shiroro Complex (SC) as a case study with various 

types of FACTS controllers.  The optimisation 

results clearly indicate that introduction of FACTS 

devices in a right location increase the loadability 

of the system, reduce losses and improved voltage 

regulation at the receiving end. 
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Figure 1:  One-line diagram of Shiroro Complex 

 

2. MATERIALS AND METHODS 
 

2.1 Genetic Algorithms 

Genetic Algorithms (GAs) are a family of 

computational optimisation models that rely on the 

concepts of evolutionary processes. They are based 

on the mechanics of natural selection and natural 

genetics, closely resembling models of 

deoxyribonucleic acid (DNA) selection observed in 

nature.  The flow chart of Figure 2 shows the key 

steps in the implementation of a simple genetic 

algorithm.  

 

 

 

 

 

 

     

 

 

  

 

                

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 2:  Key steps in genetic algorithm implementation 
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John Holland in Holland founded genetic 

algorithms in the early 1970s (Zalzala and 

Fleming, 1997). Many other researchers have 

conducted research in genetic algorithms and their 

applications since thenAreas of application include 

power transmission and distribution systems 

planning, reactive power planning, economic load 

dispatch and other demanding applications in 

electronics, communications and civil engineering. 

There are many variants of genetic algorithms but 

the underlying principle is the same. The genetic 

algorithm framework can be customised to a 

particular problem environment in order to 

improve its efficiency. 

 

2.2   Analysis of FACTS Controllers 

Several methods have emerged for qualitative 

treatment of FACTS. However, in the present 

paper the method presented by Baskeran and 

Palarisamy (2005) is used in modeling. In an 

interconnected power system network, power flow 

obeys Kirchhoff’s laws. The resistance of the 

transmission line is small compared to the 

reactance. Also the transverse conductance is close 

to zero. The active power transmitted by a line 

between the buses i and j may be approximated as 

in equation (1) (Warwick and Argwal, 1997; 

Zalzala and Fleming, 1997; Langdon and Poli, 

2002; Goldberg, 2005): 

   

   ij

ij

ji

ij sin
X

VV
P              ... (1) 

 

Where: Vi and Vj are voltages at buses i and j; 

respectively Xij: reactance of the line; ij : angle 

between the Vi and Vj. 

 

Under the normal operating condition for a high 

voltage line the voltage Vi = Vj and δij is small.  

The active power flow coupled with δij and 

reactive power flow is linked with difference 

between the Vi-Vj.   The control of Xij acts on both 

active and reactive power flows. The different 

types of FACTS devices are chosen and located 

optimally in order to control the power flows in the 

power system network.  The reactance of the line 

can be changed by a TCSC. TCPR varies the phase 

angle between the two terminal voltages and SVC 

can be used to control the reactive power. UPFC is 

the most powerful and versatile device, which can 

control line reactance, terminal voltage, and the 

phase angle between the buses.  In this study, four 

different typical FACTS devices have been 

selected: TCSC, TCPR, SVC and UPFC.  Their 

block diagrams are shown in Figure 3. 

 

 

 

 

     

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3:  Block diagram of the considered FACTS devices: (a) TCSC,    (b) TCPR  (c) UPFC    (d) SVC.  

 

 

Zij = Zline + Xtcsc …  (2) 

 

The above-mentioned FACTS devices can be 

applied to control the power flow by changing the 

parameters of power systems, so that the power 

flow can be optimized (Stott, 1994; Baskaran and 

Palanisamy, 2005). 

 

2.3 General Objective Function 

Three categories of objective functions in optimal 

power flow are considered: Power supplement 

from the grid (generation cost); Real power losses 

objective function; and FACTS device location 

objective function 
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2.3.1. Economic Objective (Active Optimal 

Power Flow): Generation cost is the objective 

function of active power flow optimization. 

Minimization of the grid power demand generation 

cost is formulated as follows: 

 

iGiiGii
NGi

Gii
NGi

fuel PPPCF  


2)(      … (3) 

 

Where: )( Gii PC  - is the operating cost of 

producing GiP units of real power at the generating 

plant at bus i; iii and  ,  - are the cost 

coefficients of generator i;  NG - is the total 

number of generators.   

 

The constraints considered are power flow 

equations, specified needs for power flow controls, 

reactive power flow equations of UPFC branch, 

active power flow limits on all branches and limits 

on all control variables.  The variables are defined 

as follows: 

 Type 1 control variable – active optimal 

power flow dependent TTc andU  ,,  

 Type 2 control variable – reactive 

optimal power flow dependent qI  

 Type 3 control variable – active and 

reactive optimal power flow dependent 

),( TTq andUI     

As defined, the control variables include the type 1 

and type 3 of control variables. During this 

optimization, the reactive power control variables 

type 2 is kept constant. 

 

2.3.2 Transmission Losses Objective (Reactive 
Power Flow): System transmission power loss is 

the objective function of reactive power flow 

optimization.  Minimization of the transmission 

active power losses is formulated as follows: 

 

UPFClossSTATCOMlossTCSClosslossiloss
NBi

PPPPP ,,,, 


    … (4) 

 

The objective function is to minimize the total 

active power transmission losses. The constraints 

considered are the power flow equations, reactive 

branch power flow limits and limits on all control 

variables. During this optimization, the active 

power control variables are kept constant. 

 

 ijjijiij

NB

i
loss VVVVGP cos222

1




         …  (5) 

 

)cos2(,, 22

, ijjijiijTCSCijTCSCijTCSCloss UUUUGPPP                       … (6) 

 

)]cos(UUa2UUa[(GP,PP ijjiiji
2
j

2
iij

2
ijSTATCOMjiSTATCOMijSTATCOM,loss 

 ]cos)(cos[2

)cos2( 22

,,,

TjijTiijT

jijijijiUPFCjiUPFCijUPFCloss

UUgU

UUUUgPPP









                       … (8) 

Active power OPF is considered since it produces 

higher impact than reactive power OPF from the 

cost point of view. 

 
2.3.4   Device Location Objective Function: This 

is a combination of all the three optimization.  The 

aim is to utilize the FACTS device for optimal 

amount of power in the network without 

overloading and with an acceptable voltage level. 

The optimal location of FACTS device is aimed at 

increasing as much as possible; the capacity of the 

network (i.e. loadability and improved voltage 

profile). The FACTS devices have been considered 

for an economic saving function, which was 

obtained by energy loss reduction, it requires 

calculation of total real power losses of day and 

light load levels. 

Precisely optimal utilization of power in the SC 

reduces losses leading to less power demand in real 

time from the grid as a cost saving. Objective 

function is therefore Min F (u)  

 

PL (V,,S) =  



1

* *
i

inlossLt CTEP  …  (29) 

 

Subject to F(b, v) = 0;  F1(s)<M1;  F2(v)<M2 

 

Where: u - set of parameters that indicate the 

location, cost of devices and rated values; F (b,v): 

conventional power flow equations; and ∆T – time 

        … (7) 
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duration; Eloss - is energy loss cost; Cin - is 

investment cost of FACTS device; F1(s)<M1, and 

F2(v)<M2 are inequality constraints for FACTS 

devices, and conventional power flows. 

 

The FACTS devices are used to change the power 

system parameters. These parameters yield 

different results on the objective function. Also, 

various FACTS device locations, rated value and 

types have different influences on the objective 

function. The above-mentioned parameters are 

very difficult to optimize simultaneously by 

conventional optimization methods. This 

combinatorial problem is solved with genetic 

algorithm.  

 

2.3.5 Equality Constraints: The general injected 

power source is also of the form 
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                … (10) 

 

It is relatively small for realistic systems and 

therefore the source of Sis and Sjs can be treated as 

constant generation or load in each load-flow 

iteration. Moreover, the sensitivities of the injected 

power with respect to the magnitude and angles of 

voltage at the nodes i and j are smaller than the 

corresponding elements in the ordinary Jacobian 

matrix of power flow equation. It can be concluded 

that in power mismatch equations, the TCSC and 

UPFC injected powers can be treated as loads or 

generators within each iteration. Therefore, the 

Power flow equations, used as equality constraints, 

are as follows: 

 

1Bijijijijjjiij
2
iDiFACTS,isGi Ni0)sinBcosG(VVGVPPP    …  (11) 

 

PQijijijijjjiij
2
iDiFACTS,isGi Ni0)sinGcosB(VVBVQQQ    ...  (12) 

 

Where: Ni = set of numbers of buses adjacent to 

bus i, including bus i; NB-I = set of numbers of total 

buses, excluding slack bus; NPQ = set of PQ-bus 

numbers. 

 

Using this method, FACTSisFACTSis QandP ,,  is 

computed after each iteration but it is not necessary 

to derive the Jacobian matrix at each iteration. 

Thus, the symmetry property of bus admittance 

matrix, YBUS, is maintained. 

2.3.6 Inequality Constraint: The angle and 

magnitude of the voltage and the injected current, 

Iq of UPFC, the angle and tap setting of 

STATCOM and the reactance of TCSC are the 

control parameters of the FACTS devices 
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2.4 Encoding 
The main objective of optimization is to find the 

best locations for the given number of FACTS 

devices within the defined constraints. The 

configuration of FACTS devices is obtained in 

terms of three parameters: the location of the 

devices, their types and their rated values (Zalzala, 

1997). Each individual is represented by nfacts 

number of strings, i.e. number of FACTS devices 

to be used in the optimization problem. The first 

values of each string indicate the location 

information.  Only one device per transmission 

line, the second value of the string represents the 

type of device: 1 for TCSC, 2 for STATCOM, 3 

for SVC, 4 for UPFC and zero for no device is 

connected.  The string assignment for GA runs is 

summarised in Table 1. The last value stands for 

rated value of the device. According to the model 

of the FACTS devices, the rated value (RV) of 

each FACTS device is converted into real 

compensation as follows: 

TCSC: The TCSC has a working range between -

0.8Xij and 0.2Xij, where Xij is the reactance of the 

transmission line, where the TCSC is installed. 

 

Xtcsc = 0.45RV – 0.25.                  … (16) 

 

STATCOM: The working range of the STATCOM 

is between the – 5 degrees to +5 degrees. 

 

statcom = RV x 5(degree)                               … (17) 
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SVC: The working range of the SVC is between – 

100Mvar and 100Mvar.  The SVC has been 

considered as a reactive power source with the 

above limit. 

 

Vsvc = RV x 100 (Mvar)                               … (18) 

 

UPFC: The working range of the UPFC is between 

– 180 degrees to +180 degrees. 

 

upfc = RV x 180(degree)                       … (19) 

 

 

Table 1: String Assignment for Initial Population 

 

Device Type Assigned Code Binary String 

No device 0 0000 

TCSC 1 0001 

STATCOM 2 0010 

SVC 3 0011 

UPFC 4 0100 

 

2.5 Investment Cost 

The cost functions of different FACTS devices are 

developed based on the Siemens AG Database      

(Baskaran T and Plannisany Y, 2005).  The cost 

function of SVC, TCSC and UPFC are related to 

operating ranges but, in case of STATCOM it 

depends on the operating voltage and current of the 

circuits;  where it is located, the cost function is 

expressed as Cin = Tlimit +installation cost, where 

Tlimit is thermal limit of the line.  

The cost function for SVC, TCSC and UPFC are 

Cinsvc = 0.0003S2 – 0.3051S + 127.38 (N/Kvar); 

Cintcsc = 0.0015S2 – 0.7130S+153.75 (N/Kvar); and 

Cinupfc = 0.0003S2 – 0.2691S + 188.22 (N/Kvar)  

respectively. 

 

Where: S - is the operating rating of the FACTS 

device in Mvar and Cinsvc, Cintcsc, are in N/kvar. 

 

2.6 Initial Population 

The initial population is generated from the 

following parameters (Stott, 1994; Young and 

Alan, 1999): NFACTS  is the number of FACTS 

devices to be located, the possible location of the 

devices i.e. Nlocation’ types of the devices i.e. 

Ntypes’ and Nind is the number of individuals of 

the population.  The first, set of NFACTS numbers 

of strings are produced.  For each string, the first 

value is randomly chosen from the possible 

locations, Nlocation.  The second value, which 

represents the types of FACTS devices, is obtained 

by randomly drawing numbers among the selected 

devices.  The third value of each string, which 

contains the rated values of the FACTS devices, is 

randomly selected between -1 and +1.  To obtain 

the entire initial population, the above operations 

are repeated Nind times. 

Four bits representation is used in coding the four 

different FACTS controllers (Table 1), while five 

bits is used in binary coding of the nine buses of 

the complex as presented in Table 2. 

 

Table 2: Binary coding of Substation Buses 

 

Substation Name Substation Number Bus Binary Code 

Jebba Grid 1 00001 

Jebba GS 2 00010 

Kainji 3 00011 

Shiroro 4 00100 

Kaduna 5 00101 

Kano 6 00110 

Jos 7 00111 

Gombe 8 01000 

Birnin Kebbi 9 01001 

 

 

 

 

Katende, J. and Haruna, M.S. (2011) 

 
70 

 



JOURNAL OF ENGINEERING AND TECHNOLOGY (JET) VOL.6 NO.1&2, pp.65-75 

 

 

 

The objective function is computed for every 

individual of the population. In our case, the 

objective function is defined in order to quantify 

the impact of the FACTS devices on the state of 

the power system network.  The inverse of the 

objective function is used to compute the fitness 

value of each individual in the population. 

 

      
functionObjective

Fitness
1



… (20) 

 

2.8 Reproduction 
The biased roulette wheel selection (Stott, 1994; 

Young and Allan, 1999; Erique, 2008) is used in 

this study for reproduction, according to their 

fitness values; the individual is selected to move to 

a new generation. 

2.9 Crossover 

Crossover is a technique that is used to rearrange 

the information between the two different 

individuals and produce new one.  In this study a 

two-point crossover is employed and the 

probability (Pc) of the crossover is 0.75. 

2.10 Mutation 

The probability of mutation is less than 0.05. 

Mutation is used for random alteration of bits 

position. The above process is summarized already 

in the flowchart of Figure 1. The location of the 

FACTS devices was randomly selected initially at 

Kaduna, Kano and Gombe where reactors are 

available in the complex while adjusting device 

parameters of the modules. 

 

 

3.  RESULTS AND DISCUSSIONS 
 

Power flow data for the Shiroro Complex (Katende 

and Haruna, 2007) is used. Simulation was carried 

out using Matlab program. Generators are 

modelled as PV-nodes, loads are modelled as PQ-

nodes, the lines are modeled using the classical π 

scheme. 

3.1   Comparison of Voltage Magnitude Results 

Table 3 presents results of the busbar voltage 

profile obtained from ERACS power flow, Newton 

Raphson power flow and the GA optimal power 

flow method with FACTS.  The UPFC upgraded 

network has shown better voltage compensation as 

indicated by power flow result and is therefore 

used here for comparison.  After five iterations, 

convergence and optimal result was obtained with 

SVC located in Kaduna, TCSC in Kano,  

STATCOM  in  Gombe  while  UPFC  was  sited  

in  Jos. GA output for selection and location is 

given in Table 4.   

 

Table 3: Comparison of Voltage magnitude at Normal Demand Normal Generation 

 

BURBAR ID BASE CASE 

POWER FLOW 

NEWTON RAPHSON POWER 

FLOW WITH FACTS (UPFC) 

GA POWER 

FLOW  WITH 

FACTS 

S/N BB ID pV(pu) V(kV) pV(pu) V(kV) pV(pu) V(kV) 

1 33-1 1.00 330 1.06 349.8 1.00 330 

2 33-2 1.0784 332.39 1.00 330 1.016 335.15 

3 33-3 1.121 334.35 1.00 330 1.022 337.28 

4 33-4 1.095 333.15 1.00 330 1.028 339.35 

5 33-5 1.220 337.28 1.01 333.3 1.034 343.15 

6 33-6 0.939 310.16 1.01 333.3 1.013 334.25 

7 32-7 0.879 116.14 - - 1.008 133.10 

8 32-8 1.016 134.13 - - 1.043 137.70 

9 32-9 0.988 130.51 - - 1.027 135.55 

10 33-10 0.912 301.18 0.91 300.3 1.008 133.16 

11 32-7PQ 0.879 116.14 - - 1.012 133.52 

12 32-7PQ 0.880 117.10 - - 1.012 133.52 

13 32-10PQ 0.912 301.18 - - 1.006 132.75 

14 32-10PQ 0.912 301.18 - - 1.006 132.75 

  

Reduced losses as shown in Table 5 higher 

terminal voltages in all cases at Maiduguri, even at 

Katsina and Hadejia were obtained with no 

FACTS controllers at these distant stations; when 

the 132kV lines were considered.  Simultaneous 

location of all the devices also lead to increase in 

terminal voltages at Shiroro and Jebba buses due to 
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increase in reactive power generated by the 

FACTS controllers. 

Figures 3 and 4 show graphical results of 330kV 

and 132kV voltage profile obtained with GA 

method at maximum demand and normal 

generation. The significance of these is the 

increase of terminal voltage above nominal but 

within limit even at the far ends.  Thus ability of 

GA method to maintain the voltage level within 

limit without over voltage is also shown. Economic 

saving cost of losses for maximum and minimum 

load demands for each of the FACTS controllers is 

presented in Table 6. 

Convergence characteristics of the FACTS 

devices, for optimal energy cost, optimal reactive 

power generation, optimal voltage profile and 

stability are presented graphically in figures 6 to 7 

respectively. 

 

       Table 4: GA Solutions for Controller Selection and Location at Final Iteration 

 

BINARY OUTPUT INTERPRETATION 

 SELECTION LOCATION 

 DEVICE CODE DEVICE NAME BUS CODE NAME 

001100101 0011 SVC 00101 Kaduna 5 

0000011 0000 No Device 00011 Kainji 3 

001001000 0010 STATCOM 01000 Gombe 8 

000000001 0000 No Device 00001 Jebba Grid 1 

000000100 0000 No Device 00100 Shiroro 4 

000100110 0001 TCSC 00110 Kano 6 

000001001 0000 No Device 01001 Birnin Kebbi 

9 

010000111 0100 UPFC 00111 Jos 7 

000000001 0000 No Device 00001 Jebba Grid 1 

                         

Table 5: Comparison of Power Losses 

 

BURBAR ID BASE CASE 

POWER FLOW 

NEWTON RAPHSON POWER 

FLOW WITH FACTS (UPFC) 

GA POWER  FLOW 

WITH FACTS 

S/N BB – ID PL  

(MW) 

QL 

(MVAR) 

PL 

(MW) 

QL 

(MVAR) 

PL 

(MW) 

QL 

(MVAR) 

1 33-1 0.31 571 0.46 244 0.03 160 

2 33-2 16.4 1.21 13.5 244 6.11 10.95 

3 33-3 37.1 204 22.1 106 10.6 10.1 

4 33-4 6.5 20 2.5 15 1.11 10.00 

5 33-5 22.3 30 12.6 02 6.5 0 

6 33-6 18.2 40 13.0 35 6.60 0 

7 32-7 1.65 0.181 0.011 - 0.001 0.13 

8 32-8 0.9 0 0.03 - 0.00 0 

9 32-9 0.133 0.06 0.01 - 0.002 0.06 

10 33-10 11.95 0.15 0.01 10 0.010 0.34 

11 32-7PQ 0.55 0.045 0.01 - 0.002 0.12 

12 32-7PQ 1.01 0 - - 0.020 0.33 

13 32-10PQ 1.95 0.172 0.011 - 0.012 0.31 

14 32-10PQ 1.95 0 - - 0.11 0.73 

 

An important observation here is the fact that 

unlike the power flow FACTS manual selection, an 

additional installation point is added at Jos.  Also, 

the GA method has shown that not more than one 

unit of particular controller is required to be 

installed in the complex at a time, due to their 
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varied function and performances. The four 

devices used are required to be employed 

simultaneously but optimally selected and located 

as shown. 

 

 

       Table 6: Economic Saving Cost 

 

Device Economic Saving/day 

(Maximum Demand) 

Economic Saving/day 

(Maximum Demand) 

1.   TCSC N933 N814 

2.   SVC N929 N804 

3.   TCPR N994 N877 

4.   UPFC, VT=0.03 N998 N873 

 

 

 

    

 
  

Figure 4:  Voltage Profile for Maximum demand and normal generation using GA 

with FACTS at 330kV 

 

 

 

 
 

Figure 5: Voltage Profile for Maximum demand and normal generation 

using GA with FACTS at 132kV 
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Figure 6: Economic Power Generation Mode 

 

 

 
 

Figure 7: GA optimal reactive power generated with FACTS 

 

 

 

 
 

 

Figure 8: GA Maintenance of optimal voltage stability with FACTS 
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4.    CONCLUSION 

 
 

In this paper FACTS devices (TCSC, TCPR, SVC 

and UPFC) have been modeled and selected for 

optimal power flow analysis using GA.  Their 

types and rated values are simultaneously 

optimized. Manual and optimal selections with GA 

were demonstrated. Improvement in deliverable 

power stability and flexibility has been 

demonstrated. The rise in terminal voltages at all 

the far end stations shows capability of the network 

to accommodate more loads with FACTS location 

resulting in excellent voltage regulation. 

The overall system real power loss reduction, 

significantly improves the system performance. 

The simulation result demonstrates the efficiency 

of the method and algorithms, which also 

simultaneously optimise the location, type and 

rated value of the device. This algorithm is suitable 

to search several possible solutions simultaneously. 

It has shown better results in terms of convergence, 

consistency in different runs and lower losses 

compared to Newton Raphson and conventional 

power flow methods.   
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