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ABSTRACT 
 
 

Reactive power compensation has been widely used to increase the steady state 
transmittable power by controlling the voltage profile along the transmission lines in 
power systems. A number of reactive compensation devices such as shunt capacitor, 
static Var compensator (SVC) and static synchronous compensator (STATCOM) have 
long been applied by electric power utilities for this purpose. However, the benefits of 
reactive power compensation depend greatly on the placement and size of the 
compensators. For the purpose of finding optimal placement and sizing of Var 
compensators, two novel optimization techniques, namely, the improved harmony 
search (IHS) algorithm and the global harmony search algorithm (GHS) are applied 
for generating new solution vectors so as to enhance the accuracy and convergence of 
the conventional harmony search (HS) algorithm. In this research, the IHS and GHS 
algorithms are used together with the backward/forward sweep  power flow method 
and radial harmonic power flow for determining the optimal placement and sizing of 
capacitors in radial distribution networks for minimizing the power loss and total cost 
by considering mutual coupling, load unbalancing and harmonics. The IHS and GHS 
algorithms are also employed to determine the optimal location and size of Var 
compensators such as shunt capacitor, SVC and STATCOM in transmission networks 
to enhance voltage stability and improve voltage profile by minimizing power loss and 
total cost. A comparative study has been done to evaluate the effectiveness of the 
different Var compensators. To implement the developed IHS and GHS algorithms, 
the backward/forward sweep  power flow and radial harmonic power flow methods in 
an open source environment, a Matlab based software tool named as Optimal 
Placement of Shunt Var Compensators has been developed. To validate the accuracy 
of the IHS and GHS algorithms, the three-phase 10 bus and 34 bus radial distribution 
systems were used for optimal capacitor placement and the 57 bus and 118 bus 
transmission systems were used for optimal placement of various Var compensators. 
The optimal capacitor placement results show that the IHS and GHS algorithms 
increase the net saving up to 27% and give greater reduction in power loss and total 
costs compared to genetic algorithm (GA), particle swarm optimization (PSO) and the 
conventional HS algorithm. The results of optimal placement and sizing of different 
Var compensators in transmission systems show that the IHS and GHS algorithms 
give lower power loss, better voltage profile and improved voltage stability compared 
to GA, PSO and conventional HS algorithm. The comparative study results show that 
although SVC and STATCOM are expensive compared to shunt capacitor, the effect 
of installing STATCOM is better than SVC and the effect of installing SVC is better 
than shunt capacitor in achieving power loss reduction, voltage profile improvement 
and voltage stability margin enhancement. 
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ABSTRAK 
 
 

Pemampasan kuasa reaktif telah digunakan secara meluas untuk meningkatkan 
penghantaran kuasa keadaan mantap dengan mengawal profil voltan di sepanjang 
talian penghantaran dalam sistem kuasa. Beberapa peranti pemampasan reaktif seperti 
kapasitor pirau, pemampas statik Var (PSV) dan pemampas segerak statik (PSS) telah 
lama digunakan oleh utiliti kuasa elektrik untuk tujuan tersebut. Walau bagaimanapun, 
manfaat pemampasan kuasa reaktif sangat bergantung kepada lokasi dan saiz 
pemampas. Bagi menentukan kedudukan dan saiz pemampas Var yang optimum, satu 
algoritma carian harmoni lebih baik (CHLB) dan algoritma carian harmoni global 
(CHG) telah dicadangkan untuk menghasilkan vektor penyelesaian baru bagi 
memperbaiki ketepatan dan penumpuan berbanding algoritma carian harmoni (CH) 
konvensional. Dalam kajian ini, algoritma CHLB dan CHG telah digunakan bersama 
dengan kaedah aliran kuasa sapuan ke hadapan/ke belakang dan aliran kuasa 
harmonik untuk menentukan kedudukan optimum dan saiz kapasitor dalam rangkaian 
agihan jejari bagi tujuan meminimakan kehilangan kuasa dan jumlah kos serta 
mengambil kira faktor saling gandingan, ketak-seimbangan beban dan harmonik. 
Algoritma CHLB dan CHG turut digunakan untuk menentukan lokasi dan saiz 
optimum bagi pemampas Var seperti kapasitor pirau, PSV dan PSS dalam rangkaian 
penghantaran untuk tujuan meningkatkan kestabilan, memperbaiki profil voltan, 
meminima kehilangan kuasa dan keseluruhan kos. Satu kajian perbandingan telah 
dilakukan untuk menilai keberkesanan pelbagai pemampas Var. Bagi melaksanakan 
algoritma CHLB dan CHG berserta dengan aliran kuasa sapuan ke hadapan /ke 
belakang dan jejarian harmonik,  sejenis perisian sumber terbuka berasaskan Matlab 
yang dinamakan sebagai Penempatan Optimum Pemampas Pirau Var (OPSVC) telah 
dibangunkan. Untuk mengesahkan ketepatan algoritma CHLB dan CHG, sistem 
agihan jejari tiga-fasa 10 bas dan 34 bas telah digunakan untuk menentukan lokasi 
optimum kapasitor dan sistem penghantaran 57 bas dan 118 bas telah digunakan untuk 
menentukan  lokasi optimum pelbagai pemampas Var. Keputusan penempatan 
optimum kapasitor menunjukkan bahawa algoritma CHLB dan CHG meningkat 
penjimatan sehingga 27% dan memberikan pengurangan kehilangan kuasa dan jumlah 
kos yang lebih besar berbanding dengan algoritma genetik (AG), pengoptimuman 
kuruman zarah (PKZ) dan algoritma CH konvensional. Keputusan penentuan lokasi 
dan saiz yang optimum bagi pelbagai pemampas Var menunjukkan bahawa algoritma 
CHLB dan CHG memberi kehilangan kuasa yang lebih rendah, profil dan kestabilan 
voltan yang lebih baik berbanding dengan AG, PKZ dan algoritma CH. Keputusan 
kajian perbandingan menunjukkan bahawa walaupun kos pemasangan PSV dan PSS 
adalah mahal berbanding dengan kapasitor pirau, kesan PSS adalah lebih baik 
daripada PSV dan kesan PSV pula adalah lebih baik daripada kapasitor pirau untuk 
mencapai pengurangan kehilangan kuasa, pembaikan profil voltan dan peningkatan 
jidar kestabilan voltan. 
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[BCBV] :  Branch current to bus voltage matrix 

[DLF]  :  Voltage deviation to bus current injection matrix 

Ploss :  Total power loss 

KP :   Equivalent annual cost of power loss  

Ki
c:   Annual capacitor installation cost 

h :   Harmonic order 

h0 :   Lower limit of the harmonic order 

H :   Upper limit of the harmonic order 

[I(h)] :   Vector of system harmonic currents at the hth harmonic order 

[Aij
(h)]  :  The coefficient vector of harmonic currents for the branch 

between bus i and j at the hth harmonic order  
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xx 
 

[Ahij
(h)]  :  The coefficient vector of the harmonic currents contributed by  

nonlinear loads and linear impedance for the branch between 
bus i and j at the hth harmonic order 

 

[Asij
(h)]  :  The coefficient vector of harmonic currents absorbed by shunt 

capacitors for the branch between bus i and j at the hth 
harmonic order 

 

Zij
(h) :           The branch impedance at the hth harmonic order 

[HA(h)] :   The relationship matrix between bus voltage vector and system 
harmonic current vector 

 

[HAs(h)] :  Composed of the row vectors with respect to the buses of 
shunt capacitors 

 

Isi
(h)

 :   The harmonic current of the shunt capacitor at bus i  

ZSi
(h ):   The harmonic impedance of the shunt capacitor at bus i 

Lv :   Voltage deviation index 

λCritical :  Smallest eigenvalue 

Costshunt :  Total Var compensator cost 

 baseLoss :  The total active power loss in the network of the base system 

 baseV  :  The total voltage deviation of the base system  

λCritical(base) :  The smallest eigenvalue of the base case 

CostMax :  The maximum cost  
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CHAPTER I 

 

 

INTRODUCTION 

 

 

1.1 RESEARCH BACKGROUND 

 

Var compensation is defined as the management of reactive power to improve the 

performance of ac power systems. The concept of Var compensation embraces a wide 

and diverse field of both utility and customer problems, especially related with power 

quality issues, since most of power quality problems can be attenuated or solved with 

an adequate control of reactive power (Miller 1982; Dixon et al. 2006). In general, the 

problem of reactive power compensation is viewed from two aspects: load 

compensation and voltage support. In load compensation the objectives are to increase 

the value of the system power factor, to balance the real power drawn from the ac 

supply, compensate voltage regulation and to eliminate current harmonic components 

produced by large and fluctuating nonlinear industrial loads (Wanner et al. 1983; 

Bonnard 1985). Voltage support is generally required to reduce voltage fluctuation at 

a given terminal of a transmission line.  

 

Reactive power compensation can be applied by means of either series or 

shunt compensation. Series compensation modifies the transmission or distribution 

system parameters, while shunt compensation changes the equivalent impedance of 

the load (Taylor 1999). In both cases, the reactive power that flows through the system 

can be effectively controlled, thus improving the performance of the overall ac power 

system. Shunt compensation is used to influence the natural electrical characteristics 

of transmission lines to increase the steady-state transmittable power and control the 

voltage profile along the line (Saranjeet 2009). Providing adequate reactive power 

support at the appropriate location not only leads to a reduction in the power loss and 

improvement in the voltage profile, but also solves voltage instability problems. 
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Reactive power compensation in transmission systems improves the stability of ac 

system by increasing the maximum active power that can be transmitted. It also helps 

to maintain a substantially flat voltage profile at all levels of power transmission, 

improves HVDC (High Voltage Direct Current) conversion terminal performance, 

increases transmission efficiency, controls steady-state and temporary overvoltages 

(Grudinin & Roytelman 1997), and can avoid disastrous blackouts (Grudinin & 

Roytelman 1997; Taylor 1999). 

 

Many reactive compensation devices are used by modern electric power 

utilities in which each device has its own characteristics and limitations (Sode-Yome 

& Mithulananthan 2004). Traditionally, shunt capacitors are installed in power 

networks to compensate for reactive power. However, nowadays shunt capacitors are 

used for many purposes, such as power loss reduction, voltage profile improvement, 

and increasing the maximum transmitted power in cables and transformers. Among 

the reactive compensation devices, flexible AC transmission system (FACTS) devices 

play an important role in controlling the flow of reactive power to the power network, 

thereby affecting the system voltage fluctuations and stability (Azadani et al. 2008). 

The static Var compensator (SVC) is the most widely used shunt FACTS device in 

power networks due to its low cost and good performance in system enhancement. It 

is a shunt-connected static Var generator or absorber with an adjustable output, which 

allows the exchange of the capacitive or inductive current so as to provide voltage 

support. When installed at a proper location, the SVC can also reduce power losses. 

The static synchronous compensator (STATCOM) is also a shunt compensator and 

one of the important members of the FACTS family that are increasingly being used 

in long transmission lines in modern power systems. STATCOMs can have various 

applications in the operation and control of a power system, such as in power flow 

scheduling, reducing the number of unsymmetrical components that damp the power 

oscillations, and enhancing transient stability (Dixon et al. 2006). The shunt capacitor, 

SVC, and STATCOM are widely used to increase the static voltage stability margin 

and power transfer capability. However, SVC and STATCOM perform better than 

shunt capacitor in terms of reducing power loss and improving the voltage profile 

(Sode-Yome & Mithulananthan 2004).  
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Many techniques have been applied for solving the optimal capacitor 

placement problem in radial distribution systems. These techniques may be  classified 

into the following categories: analytical, numerical programming, heuristic and 

 artificial intelligence based techniques (Ng et al. 2000). Among these techniques, the 

 heuristic optimization techniques have been widely applied in solving the optimal 

capacitor  placement problem. The immune based optimization technique is used for 

selecting proper locations and ratings of capacitor banks in Huang (2000). Das (2000) 

applied genetic algorithm to determine the optimum capacitor locations and sizes of 

fixed and switched capacitors at various load levels. Fuzzy logic (Masoum et al. 2004) 

and particle swarm optimization (PSO) (Prakash & Sydulu 2007) have been applied to 

solve the capacitor placement problem by optimally locating and sizing the capacitors 

in radial distribution systems. In the above cases, the optimal capacitor placement 

problem is formulated as a nonlinear integer optimization problem by considering 

both capacitor location and size as discrete variables. 

 

Several heuristic optimization techniques for determining optimal location and 

size of shunt FACTS devices have been reported in the literature, such as the genetic 

algorithm (GA), simulated annealing (SA), artificial immune system (AIS), and 

particle swarm optimization (PSO) techniques (Minguez et al. 2007). A solution 

algorithm based on SA is used to determine the location, types, and sizes of Var 

sources, as well as their settings at different loading conditions (Hsiao et al. 1993). 

The purchase, installation, and total costs of energy loss over the life of Var sources 

are minimized by considering the operational constraints (Hsiao et al. 1993). AIS 

technique has been applied to minimize the total loss and improve the voltage in a 

power system by determining the correct SVC placement (Ishak et al. 2004). GA is 

used to determine the best location of only one SVC in a power system, in which the 

objective function is to reduce the power loss, voltage deviation, and cost (Pisica et al. 

2009). PSO has been used for optimal sizing and location of a STATCOM in a power 

system by considering voltage deviation constraints (Del Valle et al. 2006a). The 

application of PSO and continuation power flow (CPF) for the optimal allocation of 

multiple STATCOMs is presented in Azadani et al. (2008). The goal of the 

optimization is to improve the voltage profile, minimize the total power loss, and 

maximize the system loadability. The performance of an enhanced PSO technique is 
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compared with classical optimization approaches in Del Valle et al. (2009) for 

determining optimal allocation of STATCOM devices. The PSO technique is also 

applied to obtain the optimal locations of SVCs in the IEEE 30 bus system 

(Sundareswaran et al. 2010). A relatively new technique using sensitivity analysis and 

a genetic algorithm has been developed to optimally locate STATCOMs in a 

distribution network (Samimi & Golkar 2011). In this optimal problem formulation, 

the objective function takes into account voltage stability, reduction of active power 

losses, and reduction of system reactive power. 

 

1.2 PROBLEM STATEMENT 

 

The benefits of reactive power compensation greatly depend on the placement and 

size of the added compensators. The installation of Var compensators at many buses is 

impossible and unnecessary because of economical consideration. Thus, it is 

important to determine the optimal location for installing Var compensators in power 

systems. Identifying the best location for Var compensators involves the calculation of 

steady-state optimal power flow for a power system. However, the optimal power 

flow problem becomes highly complex for large sized power systems due to the 

nonlinearity of the load flow equations, and an extensive computation has to be 

undertaken in order to solve it.  

 

Many methods for optimally locating and sizing capacitors in a distribution 

system, consider the system to be balanced with no noise (Zhezhelenko et al. 2007). In 

real life, distribution systems are unbalanced due to mutual coupling between phase 

conductors and loading at different phases (Ghose & Goswam 2003; Ejal & Elhawary 

2010). In addition, due to the widespread use of harmonic-producing equipment in 

distribution systems, harmonics are propagated throughout the systems. Therefore, it 

is important to solve the optimal capacitor placement problem by taking into account 

system unbalance and harmonics. Installation of shunt capacitors without considering 

the presence of harmonic sources in the system may lead to increased harmonic 

distortion levels due to resonance between capacitors and the various inductive 

elements in the system (Ejal & Elhawary 2010). 
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There are some drawbacks in the use of previous heuristic optimization 

techniques for determining optimal location and size of shunt Var compensators in 

power system. For instance, the disadvantages of GA are such  as divergence and local 

optima problems and the PSO has difficulty in finding the optimal design parameters. 

In addition, the accuracy of both techniques depends on the initial conditions and the 

parameter values selected. Therefore, there is a need to explore on the use of more 

effective optimization techniques for solving the problem in determining optimal 

location and sizing of shunt Var compensation devices.  

 

1.3 OBJECTIVES OF RESEARCH AND SCOPE OF WORKS 

 

This research focuses on the development of effective heuristic optimization 

techniques for finding optimal placement and sizing of Var compensators in power 

systems. The objectives of the research are described as follows: 

 

i. To develop an effective heuristic optimization technique in terms of speed and 

accuracy for determining optimal location and sizing of shunt capacitors in a 

radial distribution system by considering mutual coupling, load unbalancing 

and harmonics.   

ii. To develop an effective heuristic optimization technique for determining 

optimal location and sizing of shunt Var compensators in transmission systems 

by maximizing power loss reduction and voltage stability margin.   

iii. To determine and validate the most effective reactive compensating device 

among shunt capacitor, SVC and STATCOM for power loss reduction, voltage 

improvement and voltage stability enhancement.  

The initial work carried out in this research focuses on the development of a 

relatively new meta-heuristic optimization technique known as harmony search (HS) 

algorithm (Geem et al.  2001) which is based on inspiration by musicians in 

improvising their instrument pitches to find better  harmony. It has several advantages 

in which it does not require initial value settings for the decision variables and it can 

handle both discrete and continuous variables. An improved harmony search (IHS) 

algorithm (Mahdavi et al. 2007) is also developed to enhance the performance and 
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accuracy of the HS algorithm. To solve complex optimization problems in power 

systems, a novel global harmony search (GHS) algorithm (Zou et al. 2010 a,b) which 

is a modified version of the HS algorithm is applied and developed in this research.  

 

The IHS and GHS algorithms are first applied for determining optimal location 

and sizing of shunt capacitors in radial distribution systems. These optimization 

techniques are used together with the backward/forward sweep  power flow method 

and harmonic power flow for determining optimal placement and sizing of capacitors 

in radial distribution systems.  The IHS and GHS algorithms are also applied for 

determining optimal location and sizing of shunt reactive power compensators such as 

SVC and STATCOM in a transmission system. Here, the optimization problem is 

decomposed into two sub-problems, in which the first sub-problem deals with 

determining suitable locations for  placement of shunt Var compensation devices 

using the modal analysis method and the second sub-problem is solved for 

determining optimal placement of the devices using the IHS and GHS algorithms. 

 

The next part of the research work presents a comparative study on the 

effectiveness of installing reactive power compensators, such as shunt capacitor, SVC 

and STATCOM in transmission systems. Single shunt capacitor, SVC and 

STATCOM is installed separately at the critical bus. The effects of installing the 

different reactive power compensators are then investigated in terms of power loss 

reduction, voltage profile improvement, and voltage stability margin improvement.  A 

MATLAB-based power system software tool is then developed by incorporating  

optimization features, named as OPSVC for optimal placement and sizing of shunt 

Var compensators in both distribution and transmission systems. 

   

The scopes of works in this research are as follows: 

 

i. For optimal capacitor placement in electrical distribution systems, the problem 

is limited to determine the best size and location of fixed shunt capacitors in a 

radial distribution system by minimizing the costs incurred due to power loss 

and capacitor installation. 
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ii. The performance of the IHS and GHS algorithms for determining optimal 

location and sizing of shunt capacitors in radial distribution systems are 

validated on three-phase 10-bus and 34-bus distribution systems by 

considering mutual coupling, load unbalancing and harmonics. 
 

iii. For determining optimal location and sizing of shunt reactive power 

compensators such as SVC and STATCOM in a transmission system , a multi-

criterion objective function is defined for the purpose of enhancing voltage 

stability, improving voltage profile and minimizing power loss and total cost.  
 

iv. The IHS and GHS algorithms are tested on the 57-bus and 118-bus test 

systems so as to evaluate their effectiveness in minimizing power loss and 

enhancing voltage stability. 
 

v. A comparison is also made among the optimization techniques; GHS 

algorithm, IHS algorithm, GA, PSO and conventional HS algorithm, in solving 

the optimal placement and sizing problem of shunt Var compensators.  
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CHAPTER II 

 

 

LITERATURE REVIEW 

 

 

2.1  REACTIVE COMPENSATION DEVICES IN POWER SYSTEMS 

 

Many reactive compensation devices are used by electric power utilities and each 

device has its own characteristics and limitations. Shunt capacitors in power systems 

are generally used to supply reactive power for the purpose of loss minimization and 

voltage profile improvement. This method of reactive compensation, although it is 

economical and reasonably reliable, does not adequately address the needs presented 

by modern power systems (Quillen 2009). Recently, new technologies have emerged 

which may provide opportunities to address the shortcomings of shunt capacitor based 

reactive power compensation. The new capabilities offered by the advances in 

computer-based controls and the increased power handling capabilities of 

semiconductors make new technologies for reactive power compensation feasible 

(Quillen 2009). Among these new technologies, power electronics based equipment or 

Flexible AC Transmission Systems (FACTS) provide proven technical solutions to 

voltage stability problems. Especially, due to the increasing need for power quality 

and voltage stability improvement, shunt dynamic Var compensators such as Static 

Var Compensators (SVC) and Static Synchronous Compensators (STATCOM) have 

become feasible alternatives to a fixed reactive source, and therefore have received 

intensive interests. However, these new technologies do not come without their 

drawbacks. These technologies are very expensive and also complicated in 

comparison to shunt capacitors (Sode-Yome & Mithulananthan 2004). Further 

development is needed to reduce the perceived complexity and lower the costs of 

these systems.  
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 2.1.1 Shunt Capacitor  

 

Shunt capacitor banks are normally installed in transmission or distribution networks 

for the purpose of improving lagging power factor and bringing it close to unity. 

Therefore, they are usually located at the load buses to provide local reactive power 

and on distribution feeders for feeder voltage control purposes (Taylor 1998; Salloum 

2011). Shunt capacitor banks have the following advantages: low implementation and 

maintenance cost, flexibility in installation and operation and require simple control 

schemes (Cutsem et al. 1994; Taylor 1998; Salloum 2011). 

 

However, shunt capacitor banks have the following limitations and 

disadvantages (Cutsem et al. 1994; Taylor 1998 ; Salloum 2011): 

i. Output reactive power produced by a capacitor is directly proportional to the 

voltage squared. Consequently, the reactive power output is reduced at low 

voltages when it is likely to be needed most, such as after a large disturbance. 

 

ii. Mechanical switching by a capacitor is slow compared to power system 

transients. As a result, shunt capacitor banks are not capable of improving 

transient voltage instability. 

 
iii. Due to energizing of shunt capacitor banks during period of voltage decay 

following a large disturbance, some parts of a power system may encounter 

very high over-voltages.   

 

Three phase shunt capacitors are represented by their equivalent current 

injections (Chen et al. 1991; Ejal 2008). Figure 2.1 shows a three phase shunt 

capacitor with its equivalent current injection circuit.  
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(a) 

Three phase shunt capacitor    (b) Equivalent current injections 

Figure 2.1 Three phase shunt capacitor model 

 

Normally, shunt capacitors are specified by their reactive power injections in 

terms of kVar ratings as well as the rated terminal voltage. The equivalent current 

injections of a shunt capacitor can be determined once both the reactive power output 

and the terminal voltage are calculated (Ejal 2008). 

*)( abc

abc
abc

V

jQ
I




                                                           (2.1)

 
 

where Iabc is the equivalent current injection of installed shunt capacitor. 

 

2.1.2 Static Var Compensator 

 

Static Var Compensator (SVC) is a shunt-connected static Var generator/load whose 

output can be adjusted to exchange capacitive or inductive current to maintain or 

control a specific power system variable (Thukaram & Lomi 2000; Mithulananthan et 

al. 2003). It can continuously provide the reactive power required to control dynamic 

voltage oscillations under various system conditions and thereby improve power 

transmission and distribution stability. Installing SVC at one or more suitable points in 

the network can increase transfer capability and reduce losses while maintaining a 

smooth voltage profile under different network conditions. In addition, SVC can 

mitigate active power oscillations through voltage amplitude modulation. The first 
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commercial SVC was installed in 1972 for an electric arc furnace operation. Later in 

1979, it was installed at the transmission network. Since then it is widely used and has 

been considered as the most accepted FACTS device (Zhang et al. 2006a).  In 

principle, SVC consists of Thyristor Switched Capacitor (TSC), Thyristor Switched 

Reactor (TSR) and Thyristor Controlled Reactor (TCR) as shown in Figure 2.2. The 

coordinated control of a combination of these devices varies the reactive power 

produced by the SVC (Zhang et al. 2006a). 

 

 

Figure 2.2  SVC building blocks (Source: Zhang et al. 2006a) 

 

In its simplest form, SVC consists of a TCR in parallel with a bank of 

capacitors. From operational perspective, it behaves like a shunt-connected variable 

reactance, which either generates or absorbs reactive power to regulate the voltage 

magnitude at the point of connection to the AC network. It is used extensively to 

provide fast reactive power and voltage regulation support. The thyristor’s firing angle 

control enables SVC to provide an almost instantaneous response speed. As an 

important component for voltage control, it is usually installed at the receiving node of 

transmission lines. Figure 2.3 shows an SVC that has been considered as a shunt 

branch with a compensated reactive power, QSVC, set by available inductive and 

capacitive susceptances (Etemadzadeh et al. 2010). From the figure, the current drawn 

and the reactive power injected by the SVC can be expressed as, 

                VjBI SVCSVC                                                           (2.2) 
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2VjBQ SVCSVC                                                       (2.3) 

 

where Bsvc, Isvc, and Qsvc  are the susceptance, injected current, and injected reactive 

power of the SVC, respectively. 

 

 

Figure 2.3   SVC connected to a transmission line 

 

SVC size is expressed as the amount of reactive power supplied to a bus whose 

voltage is 1 p.u. SVC either operates in a capacitive state (generating reactive power 

and injecting it into the network) or in an inductive state (where the SVC absorbs 

reactive power from the network) (Pisica et al. 2009). 

 

2.1.3 Static Compensator 

 

In 1999, the first SVC with a voltage source converter went into operation and the 

device is better known as static compensator (STATCOM) (Zhang et al. 2006a). 

STATCOM is a voltage-source, converter-based device that converts a DC input 

voltage into an AC output voltage to compensate for the active and reactive needs of 

the system. It is usually used to control the transmission system voltage through shunt 

compensation of the reactive power. It has better characteristic than SVC due to the 

fact that when the system voltage drops, the STATCOM maximum reactive power 

output is not affected by the voltage magnitude. Therefore, STATCOM exhibits 

constant current characteristics even when the voltage is low (Quillen 2009).  
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Typically, a STATCOM consists of a coupling transformer, an inverter, and a 

DC capacitor. For an ideal steady-state analysis, the active power exchange between 

the AC system and the STATCOM is assumed negligible, and only reactive power is 

exchanged between them (Acha et al. 2004 ; Shaygan et al. 2011). The schematic 

representation of STATCOM and its equivalent circuit are shown in Figure 2.4 (a) and 

(b), respectively. 

 

 

Figure 2.4 STATCOM representation (a) VSC connected to the AC network via a 
transformer (b) Shunt solid-state voltage source  
Source: Acha et al. 2004 

 

In Figure 2.4(a), the shunt-connected transformer is assumed to be ideal. 

STATCOM is implemented so that the active power flow between the AC source and 

the Voltage Source Converter(VSC) is controlled by a phase angle, and the reactive 

power flow is determined mainly by the magnitude of the voltage source (Vk) and the 

VSC output fundamental voltage (VvR). VSC generates reactive power when VvR > Vk 

and consumes reactive power when VvR < Vk. During normal operation, a small 

amount of active power flows into the VSC to compensate for the power losses inside 

the VSC, and δ is kept slightly larger than zero for lagging power factor (Acha et al. 

2004). The STATCOM equivalent circuit shown in Figure 2.4(b) is used to derive the 

mathematical model of the controller for inclusion in the power flow algorithm. The 

power flow equations for bus i of the power system with no FACTS controllers are 

given by, 

 



n

m
miimmiimmiiiii BGVVGVP

1

2 )]sin()cos([                (2.4) 

 



n

m
miimmiimmiiiii BGVVBVQ

1

2 )]sin()cos([             (2.5) 
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With the addition of a STATCOM connected at bus k, the system power flow 

equations remain the same as the equations of a system without a STATCOM for all 

buses given by (2.4) and (2.5) except for bus k. The power flow equations for the 

STATCOM in a two-bus system shown in Fig. 2.4 (b) are derived by first considering 

the voltage source and the complex power which are given by, 

)sin(cos vRvRvRvR jVE                                                               (2.6) 

)( ***
kvRvRvRvRvRvR VVYVIVS                                                    (2.7) 

 

By substituting (2.6) into (2.7), the active and reactive power equations at the 

converter terminal and bus k are obtained as follows (Shaygan et al. 2011): 

 

)]sin()cos([2
kvRvRkvRvRvRkvRvRvR BGVVGVP             (2.8) 

 

)]sin()cos([2
kvRvRkvRvRvRkvRvRvR GBVVBVQ                      (2.9) 

 

)]sin()cos([2
vRkvRvRkvRvRkvRkk BGVVGVP              (2.10) 

 

)]sin()cos([2
vRkvRvRkvRvRkvRkk GBVVBVQ              (2.11) 

 

These equations for two-bus power system are obtained.Thus, for an n-bus 

power system, the active and reactive power equations at bus k (i.e. the bus where the 

STATCOM is connected) are given as follows: 

 

  )]sin()cos([2
KvRvRKvRvRvRKvRvRK BGVVGVP   

                



n

m
mKimmKKmmKKKK BGVVGV

1

2 )]sin()cos([               (2.12) 

 

 )]sin()cos([2
vRKvRvRKvRvRKvRKK GBVVBVQ   

                  

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m
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2 )]sin()cos([           (2.13) 
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Using these power equations, the linearised STATCOM model is derived as shown in 

(2.14), where the voltage magnitude VvR and phase angle δvR are considered as state 

variables (Zhang et al. 2006a): 

 




































































































































vR

vR

vR

K

K

K

vR
vR

vR

vR

vR
K

K

vR

K

vR

vR
vR

vR

vR

vR
K

K

vR

K

vR

vR
vR

K

vR

K
K

K

K

K

K

vR
vR

K

vR

K
K

K

K

K

K

vR

vR

K

K

V

V

V

V

V
V

QQ
V

V

QQ

V
V

PP
V

V

PP

V
V

QQ
V

V

QQ

V
V

PP
V

V

PP

Q

P

Q

P













          
(2.14) 

 

The Jacobian elements in Equation (2.14) are given in explicit form in Appendix A. 

 

 

2.1.4 Comparison of Shunt Capacitor, SVC and STATCOM 

 

Shunt capacitor, SVC and STATCOM increase the static voltage stability margin and 

power transfer capability, with the SVC and STATCOM providing better loss 

reduction and voltage profile improvement than the shunt capacitor. The increase in 

losses with a shunt capacitor under lightly loaded conditions is due to poor voltage 

profile (Sode-Yome & Mithulananthan 2004). To solve the voltage control problem at 

the shunt capacitor bus, a remote voltage control scheme is usually implemented. In 

general, SVC and STATCOM behave better than a shunt capacitor; however, these 

controllers are expensive compared to the shunt capacitor (Sode-Yome & 

Mithulananthan 2004). A complete cost–benefit analysis has to be carried out to 

justify the economic viability of the SVC and STATCOM. Shunt capacitors are 

relatively inexpensive to install and maintain, and installing them in load areas 

increases voltage stability.  However, during low-voltage conditions, Var support 

drops due to the fact that reactive power delivered by a shunt capacitor is proportional 

to the square of the terminal voltage (Kundur 1994; Coevering et al. 1996; Sode-

Yome & Mithulananthan 2004).  
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Despite the relatively high initial costs, SVC has been widely used in power 

systems because of its fast and precise voltage regulation capabilities which help 

improve system voltage instability following a large disturbance. As mentioned 

before, a major disadvantage of SVC is that at its maximum output it behaves as a 

regular shunt capacitor and the reactive power produced is directly proportional to the 

square of the voltage. To overcome this problem, STATCOM which is similar to a 

synchronous condenser is used. STATCOM has an internal voltage source which 

provides constant output current even at very low voltages. Therefore, the output 

reactive power of the STATCOM is linearly proportional to the bus voltage. Table 2.1 

describes a comparison between SVC and STATCOM.   

 

 

Table 2.1 Comparison between SVC and STATCOM 

SVC STATCOM 

Acts as a variable susceptance Acts as a voltage source behind a reactance 

 
Sensitive to harmonic resonance in 

transmission systems  

 
Insensitive to harmonic resonance in transmission 

systems  
 

Higher generation of harmonics 
 

Lower generation of harmonics 
 

Somewhat slower response during 
transients 

 
Fast response (within ms) and better performance 

during transients 
 

Has difficulty operating with a very 
weak ac system 

 
Can maintain a stable voltage even with a very 

weak ac system 
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2.2 REVIEW OF HEURISTIC OPTIMIZATION TECHNIQUES FOR 
OPTIMAL PLACEMENT AND SIZING OF CAPACITORS IN 
DISTRIBUTION SYSTEMS 

 

The problem of locating and sizing shunt capacitors in distribution systems has been a 

challenge for power system planners and researchers. The unbalanced operating 

conditions and the presence of harmonic sources in distribution systems further 

complicate the capacitor placement and sizing problem (Ejal 2008). Many techniques 

have been developed for solving the capacitor placement problem, namely, analytical 

techniques, numerical programming, heuristic or artificial intelligence (AI) based 

techniques (Ng et al. 2000). Among these techniques, heuristic optimization 

techniques have been widely applied to solve the optimal capacitor placement 

problem. AI is a powerful knowledge-based approach that can address the nonlinearity 

of practical systems (Eslami et al. 2011). Developing solutions using AI based 

approach offers two major advantages: i) the development time is much shorter than 

when using more traditional approaches and ii) the systems are very robust, i.e., 

relatively insensitive to noisy and/or missing data (Eslami et al. 2011).  This section 

presents the heuristic optimization techniques that are used in solving the optimal 

capacitor placement and sizing problems. 

 

2.2.1 Fuzzy Logic  

 

Masoum et al. (2004a) applied fuzzy logic for solving the discrete optimization 

problem of fixed shunt capacitor placement and sizing under harmonic conditions. 

Power and energy losses due to installed capacitors and the cost of fixed capacitors are 

used as the objective function. Kannan (2008) and Saranya (2011) developed fuzzy 

expert system to determine suitable candidate nodes for determining the optimal 

capacitor sizes in distribution systems. Bhattacharya et al. (2009) formulated new 

fuzzy membership functions to identify probable capacitor locations in radial 

distribution systems. A new algorithm for selecting capacitor nodes was presented, 

and simulated annealing technique was employed for final sizing of the capacitors. 

However , fuzzy logic has some diadvantages such as : It is hard to develop a model 

from a fuzzy system and it requires more fine tuning and simulation before 

operational. 
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2.2.2 Evolutionary Computation  

 

Different types of evolutionary computation based optimization techniques have been 

used to search for optimal or near optimal solutions for optimal capacitor placement in 

radial distribution networks (Khajehzadeh et al. 2011). These evolutionary 

computation techniques include Tabu search (TS), simulated annealing (SA), ant 

colony optimization (ACO), harmony search (HS), genetic algorithm (GA), and 

particle swarm optimization (PSO). TS is based on the hill-climbing method which 

evaluates the final solution by repeating the process of creating solution candidates in 

the neighborhood around the initial solution and selecting the best solution among the 

candidates (Eslami et al. 2011). The hill-climbing method stops if the solution is not 

improved and therefore it can be easily trapped in a local minimum (Mori et al. 2005). 

Optimal capacitor placement has been solved with a hybrid method that utilizes TS 

and other heuristic techniques such as genetic algorithm and simulated annealing. 

(Gallego et al. 2001). Mori et al. (2005) applied a variable neighborhood TS technique 

for capacitor placement in distribution systems. An optimization technique that 

exploits the resemblance between a minimization process and crystallization in a 

physical system is simulated annealing (SA). Ghose et al. (2003) applied SA for 

solving optimal capacitor placement problem considering unbalance and the presence 

of harmonics in a distribution system. A modified SA technique has been developed 

for optimal placement and sizing of fixed capacitor banks in a distribution network 

(Elmitwally 2011). SA is very slow, especially if the cost function is expensive to 

compute.   

 

Another optimization technique that is inspired by the behavior of ants in 

nature such that the ants can find the shortest path from their home to food is the ant 

colony algorithm (Eslami et al. 2011).  Annaluru et al. (2004) applied the ant colony 

algorithm to solve the capacitor placement and sizing problem, in which the Newton-

Raphson power flow method was used to calculate the cost function. Chang (2008) 

solved the optimal capacitor placement problem, the optimal feeder reconfiguration 

problem, and a combination of the two using the ant colony algorithm. In the 

implementation of the ant colony optimization for the problem, capacitors should be 

in discrete values and not in continuous  values which are usually more accurate. A 
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disadvantage of the ant colony algorithm is that it has low speed because all paths 

must be  reviewed by the ants.   

 

The optimal capacitor placement and sizing is also solved by using  genetic 

algorithm (GA) which searches for an optimal solution using the principle of 

evolution based on a certain string which is judged and propagated to form the next 

generation (Goldberg 1989). A GA-based method that incorporates nonlinear load 

models for the problem of finding optimal shunt capacitors in distribution systems has 

been reported by Abou-Ghazala (2003). The optimization problem was formulated 

such that the optimal solution did not result in severe resonant conditions at harmonic 

frequencies. Another GA-based method was developed for solving the discrete 

optimization problem of fixed shunt capacitor placement and sizing in the presence of 

voltage and current harmonics (Masoum et al. 2004b). The problem of simultaneous 

placement and sizing of both capacitor banks and voltage regulators in unbalanced 

distribution system in the presence of linear and nonlinear loads, using GA is 

discussed in Carpinelli et al. (2006). The problem is formulated as a mixed integer 

program that accounts for imbalance and incorporates network losses and costs of 

capacitor, voltage regulator and harmonic distortion. Reddy et al. (2007) applied GA 

and a power loss index to determine suitable candidate nodes in distribution systems 

for capacitor installation. The power loss index is used to determine the suitability of 

capacitor placement at each node. The buses with the highest suitability are identified 

for capacitor placement. Carpinelli et al. (2009) applied GA for the optimal sizing and 

setting of capacitors in unbalanced multi-converter distribution systems. Swarnkar et 

al. (2010) presented an efficient method for determining the optimal number, location, 

and sizing of fixed and switched shunt capacitors in radial distribution systems using 

GA. However, GA which is one of the early heuristic optimization techniques used for 

solving the optimal capacitor placement problem, has some drawbacks too, such as 

 divergence and local optima problems. 

  

Particle swarm optimization (PSO) which involves simulating social behavior 

among individuals or particles has been used for solving the capacitor placement 

problem in radial distribution systems (Yu et al. 2004). The target problem is 

reformulated by a comprehensive objective function and a set of equality and 
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inequality constraints with consideration of the harmonic effects, different load levels, 

and practical aspects of fixed or switched capacitor banks. Prakash & Shydulu (2007) 

presented a PSO-based parallel search technique to estimate the required level of 

shunt capacitive compensation to improve the voltage profile of the system and reduce 

active power loss. AlHajri et al. (2007) applied PSO technique for solving the fixed 

capacitor placement and sizing problem by formulating two sub-problems considering 

discrete variables and some practical constraints. The binary PSO has been used in 

solving the discrete optimization problem for optimal capacitor placement in the 

presence of nonlinear loads in Khalil et al. (2007). In this optimization problem, the 

objective function maximizes the net savings from peak power and energy reduction 

while taking capacitor cost into account. Zhezhelenko et al. (2009) extended the work 

reported in Khalil et al. (2007) by including the effect of mutual coupling, load 

unbalancing, and harmonics on the capacitor placement problem in distribution 

systems. Oo (2008) made a comparative study on the use of PSO and the two variants 

of evolutionary PSO techniques for solving optimal capacitor placement in radial 

distribution system. The optimal capacitor placement considering voltage stability 

enhancement has been reported in Kim et al. (2009). Ejal & Elhawary (2010) 

combined a discrete version of PSO with a radial distribution power flow (RDPF) 

algorithm to form a hybrid PSO algorithm. PSO is employed to find the global 

optimal solution, while the RDPF algorithm was used to calculate the objective 

function and to verify the bus voltage limits. Afaghzadeh et al. (2011) applied binary 

PSO for solving the optimal capacitor placement problem in a radial distribution 

network by considering harmonic distortion of voltage sources in the problem 

formulation. From the literature, it is noted that although PSO techniques are widely 

used for solving the optimal capacitor placement problem, it still has disadvantages, 

such as difficulty in finding the optimal design parameters and selecting the 

appropriate initial conditions and parameters for an accurate solution. The PSO is the 

most widely used optimization technique due to its advantages which include simple 

implementation, small computational load, and fast convergence. PSO is efficient for 

solving many problems which are difficult to find accurate mathematical models. 

However, the PSO technique is prone to relapse into local minima and premature 

convergence when solving complex optimization problems (Khajehzadeh et al. 2011). 
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2.2.3 Hybrid Artificial Intelligent Techniques 

 

To create a hybrid intelligent system, two or more AI techniques are applied. 

During the last decade, hybrid intelligent systems have been applied in engineering 

applications. A combinatorial optimization problem with a non-differentiable 

objective function has been formulated and solved using simulating annealing, GA, 

TS and hybrid GA-fuzzy logic algorithms (Al-Mohammed & Elamin 2003). Hsiao et 

al. (2004) applied combined fuzzy-GA method for solving the capacitor placement 

problem in distribution systems. Here, three distinct objectives were considered; 

minimize the total cost of energy loss and capacitors, increase the margin loading of 

feeders and improve the voltage profile. A GA-based fuzzy multi-objective approach 

for optimal capacitor placement while improving voltage profile and maximizing net 

savings in a radial distribution system has been presented (Das 2008). This study 

attempted to maximize net savings and minimize node voltage deviations. A GA-

fuzzy logic algorithm has been proposed for solving the discrete optimization problem 

of fixed shunt capacitor placement and sizing in the presence of voltage and current 

harmonics (Ladjavardi et al. 2008). Fuzzy logic and PSO have been applied to 

determine optimal locations and sizes of shunt capacitors for reactive power 

compensation of radial distribution systems, respectively (Reddy et al. 2008). A fuzzy 

decision function with bacterial foraging algorithm creates a powerful optimization 

tool for solving capacitor allocation problem considering both loss minimization and 

voltage improvement (Tabatabaei et al. 2011). Mohkami et al. (2011) determined the 

optimal placement of capacitors using bacterial foraging with PSO by considering a 

multi-objective function. The bacterial foraging-PSO rechnique was also applied to 

solve the optimal placement of capacitor banks to reduce cost of energy losses and 

improve voltage profile (Hooshmand et al. 2011).  . Due to the limitations of GA and 

PSO, recently many hybrid techniques or multi-stage methodologies have been 

developed to find  optimal location and size of shunt capacitors.  In most of these 

hybrid techniques, a fuzzy  approach is used to find the optimal capacitor locations, 

while other  optimization techniques such as  PSO, GA and bacteria foraging algorithm 

are used to find  the optimal capacitor sizes (Passino 2002).  
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2.2.4 Other Optimization Techniques 

 

An artificial neural network (ANN)-based method for optimally switching the 

switchable capacitors installed in a power distribution system has been developed by 

Das et al. (2001). This method is much faster than the conventional optimization 

techniques, even for a realistic number of capacitors in the system. Passino (2002) 

applied bacteria foraging algorithm for solving the optimal capacitor placement 

problem . Huang et al. (2008) developed a two-stage immune algorithm which embeds 

compromised programming to solve the multi-objective capacitor placement problem. 

The concept of the non-inferior set is applied to obtain a set of optimal compromise 

solutions from which the decision maker can choose one. Haghdar & Shayanfar 

(2010) presented the use of a generalized pattern search method for calculating the 

placement and sizing of capacitor and DG in distribution networks. The method is 

considered more precise and leads to faster results than GA-based methods. Capacitor 

placement and sizing was performed by using loss sensitivity factors and plant growth 

simulation algorithm in Rao et al. (2011). The plant growth simulation algorithm is 

used to estimate the required level of shunt capacitive compensation to improve 

voltage profile of the system. 

 

 
2.3  HEURISTIC OPTIMIZATION TECHNIQUES FOR OPTIMAL 

PLACEMENT AND SIZING OF SVC AND STATCOM  
 

Static Var Compensator (SVC) and Static Synchronous Compensator (STATCOM) 

are two components of Flexible AC Transmission System (FACTS) devices, that play 

an important role in voltage and angle stability control in power networks. Due to 

economic considerations, identifying best location for installing SVC and STATCOM 

has become important. The techniques used to optimize the allocation of these devices 

in power systems can be  classified as using loss sensitivity analysis, modal analysis 

and continuation power flow, optimal power flow and heuristic optimization 

technique (Zhang et al. 2006b).  Among these optimization techniques, the  heuristic 

optimization techniques have been widely applied in solving the optimal SVC and 

STATCOM  placement problem.  
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2.3.1 Evolution Strategy  

 

The main search procedure in the evolution strategy (ES) is the mutation operator that 

generates random samples around search points selected from a population of 

different search points (Santiago & Maldonado 2006). ES was developed to obtain the 

best points for operating SVC, STATCOM, and UPFC with the objective of reducing 

system losses  and  taking into account voltage drop constraints and operation limits of 

the devices (Dominguez-Navarro et al. 2007). ES was also used to find the optimal 

placement of FACTS devices such as SVC, TCSC and UPFC in power systems 

(Rezaee-Jordehi & Joorabian 2011). The goal of the optimization is to maximize 

system loadability.  

 

2.3.2 Genetic Algorithms 

  

Talebi et al. (2005) applied GA for determining optimal SVC placement for the  

purpose of load balancing during a specific period of time. A GA based optimization 

procedure has been implemented to find the best placement, type, and size of selected 

FACTS devices for the reduction of total financial losses in the network due to voltage 

sags (Zhang & Milanovic 2007). A GA based allocation algorithm for optimal 

placement of FACTS devices considering cost function of these devices and system 

losses was presented in Baghaee et al. (2008). A messy GA-based optimization 

scheme for voltage stability enhancement of power systems under critical operation 

conditions was presented in Huang & Negnevistky (2008). An application of GA has 

been presented for finding the best location of an SVC within a power network with 

the objective of reducing power losses and reducing voltage deviations and costs 

(Pisica et al. 2009). An optimization technique termed as the queen bee assisted GA 

has been explored to obtain optimal placement of FACTS devices for voltage profile 

enhancement (Sundareswaran et al.  2009). The non-dominated sorting GA was used 

for continuous, discrete and multiple placement of five reactive power compensator 

devices in the IEEE 57-bus test system (Belazzoug  & Boudour 2010). GA was also 

used for solving both the inter-area congestion and oscillation issues in a high voltage 

transmission system by installing FACTS devices (Berizzi et al.  2011). An approach 

based on sensitivity analysis and GA was developed to optimally locate STATCOMs 
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in distribution networks (Samimi & Golkar 2011).  However ,GA which is considered 

as one of the first global optimization technique used for solving optimal placement of 

FACTS devices, has some drawbacks such as divergence and local optima problems 

(Khajehzadeh et al. 2011). 

 

2.3.3 Simulated Annealing  

 

A method based on simulated annealing (SA) and Lagrange multiplier techniques for 

optimal placement of SVCs was presented in (Chang & Huang, 1997). Gitizadeh & 

Kalantar (2008) presented the use of SA and sequential quadratic programming (SQP) 

for  optimally locating TCSC and SVC in transmission systems. The problem is 

formulated according to the SQP problem in the first stage to accurately evaluate the 

static security margin in the presence of TCSC and SVC, and in the next stage a SA 

based optimization method is used to find the optimal solution. However SA is is very 

slow, especially for computing multi-criterion objective functions. 

 

2.3.4 Particle Swarm Optimization 

  

Del Valle et al. (2006) demonstrated the application of PSO for determining optimal 

sizing and location of STATCOM in a power system, considering voltage deviation 

constraints at each bus. Hernandez et al. (2006) demonstrated the feasibility of 

applying PSO for optimal allocation of STATCOM in a 45-bus section of the 

Brazilian power system. A modified PSO approach has been developed for 

determining global or near global optimum solution for optimal location of TCSC and 

SVC (Pirayesh et al. 2007). Saravanan et al. (2007) applied PSO for determining 

optimal placement of single and multi-type FACTS devices by minimizing the 

installation cost of FACTS devices and improving system loadability. Azadani et al. 

(2008) presented an approach for optimal placement and sizing of STATCOM in 

power systems using PSO and CPF in order to improve voltage profile, minimize 

system total losses, and maximize system loadability. Panda & Padhy (2008) also 

applied PSO to determine the optimal location and controller parameters of 

STATCOM but for transient stability improvement following a severe disturbance. 

Del Valle et al. (2009) applied enhanced PSO algorithm for determining optimal 
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sizing and location of STATCOM in a power system considering voltage deviation 

constraints and economic criteria. Non-dominated sorting PSO has been used to solve 

a multi-objective optimization problem for optimizing the location and size of SVC 

and TCSC in order to maximize static voltage stability margin, reduce power losses, 

and minimize load voltage deviations (Benabid & Boudour 2007; Benabid et al. 

2009a; Benabid et al. 2009b). Laifa & Boudour (2009) applied multi-objective PSO to 

solve a mixed continuous-discrete multi-objective optimization problem in order to 

find optimal location of SVC. The applicability and effectiveness of using heuristic 

optimization techniques such as GA, PSO, and evolutionary PSO for determining 

optimal placement of SVC devices was investigated in Eghbal et al. (2009).  

 

Many other works have been carried using PSO in determining optimal 

location of SVC  for different objectives such as for  transmission loss reduction 

(Jumaat et al. 2011),   minimizing voltage deviation and active power loss reduction 

(Tibin et al. 2011), minimizing total power loss and maximizing total transfer 

capability (Rao & Kumar 2011). A methodology has been presented for attaining 

maximum instantaneous wind penetration by optimal placement and setting of FACTS 

controllers (Sreedharan et al. 2011). To find  optimal location and sizing of 

STATCOM in a power system for voltage profile improvement, variations of  PSO 

algorithms have been developed,  namely,  classical PSO, PSO time varying inertia 

weight, PSO random inertia weight, and PSO time varying acceleration coefficients 

(Varshney et al. 2011). Comparing the performance of these PSO algorithms, the PSO 

time varying acceleration coefficients was found to be superior in terms of 

computational speed and quality of solution. PSO is efficient for solving many 

problems which are difficult to find accurate mathematical models. However, the PSO 

algorithm is prone to relapsing into local minima and premature convergence when 

solving complex optimization problems (Ejal 2008). 

 

2.3.5 Harmony Search Algorithm 

 

The harmony search (HS) algorithm which is an optimization technique that is 

inspired by musicians improvising their instrument pitches to find better  harmony 

(Geem et al. 2001) has been applied to determine the optimal location of FACTS 
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devices in a power system to improve power system security (Kazemi et al. 2009). 

Three types of FACTS devices, namely UPFC, TCSC, and SVC were considered. HS 

algorithm was also applied for optimal placement of multi-type FACTS devices such 

as SVC, thyristor controlled phase angle regulator and UPFC (Parizad et al. 2009).   

 

2.3.6 Hybrid Artificial Intelligence Techniques 

 

A combination of the micro-GA and FL has been used to optimize the various 

parameters of FACTS devices such as SVC, TCSC, UPFC and thyristor controlled 

phase angle regulator (Baskaran & Palanisamy 2006). Mohamadi and Jazaeri (2007) 

developed the hybrid PSO-GA algorithm to overcome the drawbacks of implementing 

PSO and GA individually. A combination of modified SA and PSO has been 

developed  to determine optimal placement of FACTS devices with the objective of 

minimizing total losses in a power system (Majumdar et al.  2009). Khandani et al. 

(2011) presented  a hybrid GA -sequential quadratic programming for optimal 

placement of SVC with the objective of maximizing total transfer capability of power 

transactions between source and sink areas in a power system. As for the  hybrid 

techniques or multi-stage methods for finding optimal location and sizing of SVC and 

STATCOM,  numerical analyses are usually used to find suitable location for SVC or 

STATCOM, while the heuristic optimization techniques such as PSO and GA are used 

to find the optimal size of SVC and STATCOM. 

 

2.3.7 Other Optimization Techniques 

 

AIS technique was used to determine optimal location of SVC in order to minimize 

loss in the system (Ishhak et al. 2004). An optimization algorithm based on the low 

discrepancy sequences (LDS) has been employed to solve optimal placement of 

FACTS devices in a power network by minimizing the costs of both active and 

reactive power generation (Alabduljabbar & Milanovi 2006). The LDS is a uniform 

scattering of points in a space bounded originally between 0 and 1. An artificial 

intelligence technique was implemented to determine optimal location of a 

STATCOM by Karimi et al. (2006). A group search optimizer with multiple producers 

has been used for reactive power dispatch incorporating FACTS devices in which a 
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non-linear constrained multi-objective optimization problem is formulated (Wu et al. 

2008). The group search optimizer is inspired by group-living which is a phenomenon 

of the animal kingdom. A multi-start Benders decomposition technique is applied to 

determine optimal placement of SVC by maximizing the loading margin of a 

transmission network (Minguez et al. 2007). The technique was proven to be efficient 

in identifying optimal or near-optimal solutions and robust with regards to 

computational speed.  

 

2.4  CHAPTER SUMMARY 

 

This chapter presents the models, characteristics, advantages and disadvantages of the 

currently available and most commonly used shunt-compensation devices such as 

shunt capacitor, SVC and STATCOM. A comprehensive analysis of the heuristic 

optimization techniques that solve the optimal shunt Var compensator placement 

problem is also presented. Various heuristic optimization techniques that have been 

used to address the optimal placement and sizing of shunt capacitors in distribution 

systems and FACTS devices in transmission system are reviewed and discussed with 

respect to their advantages and limitations.  
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CHAPTER III 

 

 

HEURISTIC OPTIMIZATION TECHNIQUES 
 

 

3.1 INTRODUCTION 

 

Many engineering problems in various fields have been formulated as optimization 

problems and solved using various optimization techniques. The conventional 

mathematical optimization techniques, such as linear programming (LP), non-linear 

programming (NLP), and dynamic programming (DP), have been frequently used for 

solving optimization problems (Geem et al. 2001). All the three programming 

techniques can guarantee global optima in simple and ideal models. However, in real 

world problems, there are some drawbacks in the conventional optimization 

techniques. The disadvantage of LP is that considerable losses occur when a linear 

ideal model from a non-linear real world problem is developed (Shyr 2008 ; Guo et al. 

2010). As for the limitation of DP, an increase in the number of variables would 

exponentially increase the number of evaluations of the recursive functions and tax the 

core-memory which results in curse of dimensionality. The disadvantages of NLP are 

that if the functions used in computation are not differentiable, the solving algorithm 

may not find an optimum solution and careful attention is also required in selecting 

the initial values in order to guarantee convergence to the global optimum and not into 

local optima (Geem et al. 2001). Therefore, to overcome the above deficiencies of 

mathematical optimization techniques, heuristic optimization techniques based on 

simulation have been introduced. These techniques allow a near optimum solution to 

be found within a reasonable computation time and with reasonable use of memory 

without any loss of subtle nonlinear characteristics of the model and without any 

requirement of complex derivatives or careful choice of initial values (Glover 1989). 
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In the past few decades several heuristic optimization techniques which are 

based nature inspired analogy have been developed. These techniques are mostly 

population based metaheuristics also called global optimization algorithms because of 

their applicability to solve a wide range of problems. Some popular heuristic 

optimization techniques include evolution strategies (ES) (Rechenberg 1965), 

evolutionary programming (EP) (Fogel et al. 1966), genetic algorithm (GA) (Holland 

1975a, b), genetic programming (GP) (Smith 1980), simulated annealing (SA) 

(Kirkpatrick et al. 1983), artificial immune system (AIS) (Farmer et al. 1986),Tabu 

search (TS) (Glover 1989; Glover 1990), ant colony optimization (ACO) (Dorigo & 

Maniezzo1992), particle swarm optimization (PSO) (Kennedy & Eberhart 1995), 

Harmony Search (HS) algorithm (Geem et al. 2001), bee colony optimization (BCO) 

(Nakrani & Tovey 2004) and gravitational search algorithm (GSA) (Rashedi et al. 

2009). Among these optimization techniques, GA and PSO are the most widely used 

techniques for solving complex and intricate optimization problems in various fields. 

 

3.2 GENETIC ALGORITHM 

 

Genetic algorithm is an adaptive heuristic search algorithm premised on the 

evolutionary ideas of natural selection and genetic. The basic concept of GA is 

designed to simulate processes in natural system necessary for evolution, specifically 

those that follow the principles first laid down by Charles Darwin of survival of the 

fittest (Holland 1975a, b). As such it represents an intelligent exploitation of a random 

search within a defined search space to solve a problem.  In GA, a population of 

strings called as chromosomes, which encode candidate solutions (called as 

individuals) to an optimization problem, evolves toward better solutions. 

Traditionally, solutions are represented in binary as strings of 0s and 1s, but other 

encodings are also possible. The evolution usually starts from a population of 

randomly generated individuals and happens in generations. In each generation, the 

fitness of every individual in the population is evaluated, multiple individuals are 

stochastically selected from the current population (based on their fitness), and 

modified (recombined and possibly randomly mutated) to form a new population. The 

new population is then used in the next iteration of the algorithm. Commonly, the 

algorithm terminates when either a maximum number of generations has been 
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produced, or a satisfactory fitness level has been reached for the population. If the 

algorithm has terminated due to a maximum number of generations, a satisfactory 

solution may or may not have been reached.  

 

The procedure for implementing GA is described as follows (Shyr 2008): 

Step 1: Initialization. The algorithm starts with a set of solutions (represented 

by chromosomes) called population. A set of chromosomes is randomly 

generated. 

Step 2: Evaluation. For every chromosome, its fitness value is calculated and 

analyzed individually. Comparing with the existing best fitness value, if 

one chromosome can generate better fitness, renew the values of the 

defined vector and variable with this chromosome and its fitness value; 

otherwise, keep their values unchanged. 

Step 3: Selection. Population selection within the algorithm utilizes the 

principle of survival of the fittest, which is based on the Darwinian's 

concept of natural selection (Holland, 1975a,b). A random number 

generator is employed to generate random numbers whose values are 

between 0 and 1. 

Step 4: Crossover. The crossover operation is one of the most important 

operation in GA. The basic idea is to combine some genes from 

different chromosomes. A GA recombines of bit strings by copying 

segments from chromosomes pairs. 

Step 5: Mutation. Some useful genes are not generated during the initial step 

and therefore to overcome this difficulty, mutation is considered. The 

basic mutation operator randomly generates a number as the crossover 

position and then changes the value of this gene randomly. 

Step 6: Stopping criteria. Steps 2-5 are repeated until a predefined number of 

generations has been reached. The optimal solution can be generated 

after termination. 

 

Some rapid GA-based methods for the optimal sizing and setting of capacitors 

in unbalanced multi-converter distribution systems have been used and compared to 

obtain a good solution with tolerable computational efforts (Carpinelli et al. 2009). 
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One technique is based on micro-GA while the other two techniques are based on the 

inherent structure theory of networks and the sensitivity analysis, which are used to 

determine a set of feasible candidate nodes to which the GA is applied. The three 

techniques have been compared with a simple GA method using the IEEE 34-node 

unbalanced test system. The problem of simultaneous placement and sizing of both 

voltage regulators and capacitor banks in unbalanced distribution system in the 

presence of linear and nonlinear loads, using GA  is discussed in Carpinelli et al. 

(2006). The problem is formulated as a mixed integer program that accounts for 

imbalance and incorporates network losses, cost of the capacitors/voltage regulators, 

and  cost of harmonic distortions. GA is also applied to determine the best location of 

only one SVC in a power system in which the objective function is defined for 

reducing power loss, voltage deviation and cost (Pisica et al. 2009). A GA was 

employed to seek the optimal solution for sizing and placing STATCOMs across the 

IEEE 14-bus network, while a correcting power ratio was defined for adapting the 

optimized values with those obtained by the average model (Tavakoli et al 2005). 

 

The advantages and disadvantages of GA are described as follows (Shyr 2008 ; 

Khajehzadeh et al. 2011). 

 

The advantages of GA: 

i. It can solve every optimisation problem which can be described with the 

chromosome encoding. 

ii. It solves problems with multiple solutions. 

iii. Since GA execution technique is not dependent on the error surface, it can be 

used for solving multi-dimensional, non-differential, non-continuous, and even 

non-parametrical problems. 

iv. GA is a technique which is easy to understand and it practically does not 

demand the knowledge of mathematics. 

v. GA is easily transferred to existing simulations and models. 

The disadvantages of GA: 

i. Certain optimisation problems cannot be solved by GA probably due to poorly 

known fitness functions which generate bad chromosome blocks.  
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ii. There is no absolute assurance that a GA will find a global optimum.  

iii. GA cannot assure constant optimisation response times. In addition, the 

difference between the shortest and the longest optimisation response times is 

much larger than with conventional gradient methods. This disadvantage limits 

the use of GA  in real time applications. 

iv. GA application in real time control is limited because of random solutions and 

convergence. This  means that while the entire population is improving, there 

is no assurance that an individual within this population will converge to its  

specified value. Therefore, it is unreasonable to use GA  for on-line control in 

real systems without testing it first on a simulation model. 

 

3.3 PARTICLE SWARM OPTIMIZATION 

 

Particle swarm optimization (PSO) is a metaheuristic optimization technique which is 

based on population inspired by bird flocking and fish schooling (Kennedy & Eberhart 

1995). Initially, PSO is used for solving continuous nonlinear optimization problems 

but now it has been extended to solve constrained nonlinear optimization problems 

with both discrete and continuous variables (Hu et al. 2004; Ejal 2008).The 

fundamental idea behind the PSO algorithm is that a population called a swarm is 

randomly generated. The swarm consists of individuals called particles. Each particle 

in the swarm represents a potential solution of the problem considered. Each particle 

moves through a dimensional search space at a random velocity. Each particle updates 

its velocity and position according to the following equations: 

)()( 2211
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where, 

     
w

      :  inertia weight 

   21, cc
  :  acceleration constants 
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   21, rr
   :  two random numbers in the range of [0,1] 

k
ipbest

:   best position ever visited by a particle i at the kth iteration 

 
kgbest

:   global best position in the entire swarm. 

 

The basic concept of PSO is illustrated in Figure 3.1. Each particle modifies its 

velocity and position according to its own past flying experience and that of the rest of 

the swarm. If particle i, is randomly placed in two dimensional search space at the 

point (xi
k ), this particle flies through the problem search space with a random velocity 

(vi
k). The particle remembers the best position achieved so far and stores it as (pbesti

k). 

Then, each particle shares information with its neighboring particles. In other words, 

each particle compares its best position with those attained by other particles. Finally, 

each particle stores the best position achieved in the entire swarm as gbestk (Hu et al. 

2004 ; Ejal 2008). 

 
Figure 3.1 Basic concept of PSO 

 

The implementation of the PSO algorithm can be described by the following 

steps (Eberhart & Shi 2001 ; Ejal 2008): 

Step 1: Randomly initialize a swarm of particles in a D-dimensional search 

space. 

Step 2: Evaluate the fitness of the entire swarm. 

Step 3: Record the best position of each particle, pbest and the global best   

position, gbest. 

Step 4: Update the velocity vector and position vector of each particle. 

Step 5: Repeat steps (2-4) until a stopping criterion is satisfied. 
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A discrete PSO  algorithm is applied to optimally locate and size a fixed single-

phase capacitor in a balanced radial  distribution system (Al-Hajri et al. 2007). For this 

case, the problem is considered as a nonlinear integer optimization  problem with both 

capacitor location and size having discrete values and  the Newton-Raphson power 

flow method is used to calculate the cost function. A PSO based algorithm was used to 

obtain the minimum voltage deviation and active power loss by optimally locating the 

SVC device. This approach showed a step-by-step application of the PSO algorithm to 

solve the problem of optimal placement in a medium size power network. The 

algorithm was easy to implement and was able to find the optimal solution with regard 

to the global best position and size of the SVC. The PSO technique has been used to 

solve a multi-objective optimization problem of minimizing total power loss and 

maximizing the total transfer capability simultaneously through optimal placement 

and rating of the SVC (Rao et al. 2011). Hernandez et al. (2006) demonstrated the 

feasibility of the application of the PSO technique to the optimal allocation of a 

STATCOM in a 45-bus section of the Brazilian power system. The technique was able 

to find the best location for the STATCOM in order to optimize the system voltage 

profile with a low degree of uncertainty. 

 

From the literature, it is noted that PSO has advantages and disadvantages 

which are described as follows (Bai 2010; Rini et al. 2011).  

 

 

The advantages of PSO: 

 

i. PSO is based on intelligence which can be applied for both scientific research 

and engineering use.  

ii. PSO have no overlapping and mutation calculation and the search can be 

carried out based on the speed of a particle. In the development of several 

generations, only the most optimist particle can transmit information onto the 

other particles, and the speed of the researching is very fast.  

iii. The calculation in PSO is very simple compared with other optimization 

techniques and its optimization ability is stronger.    
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iv. PSO adopts real number code, and it is decided directly by a solution. The 

number of the dimension is equal to the constant of a solution (Bai 2010 ; Rini 

et al. 2011).   

 

The disadvantages of PSO: 

 

i. PSO easily suffers from partial optimism, which reduces the accuracy and 

speed of finding the velocity and position vectors.  

ii. PSO has difficulty in finding optimal design parameters and its accuracy 

depends on the initial conditions and the parameter values selected. 

iii. PSO application cannot work out on problems such as scattering and non-

coordinate system with  moving rules of  particles in the energy field (Bai 

2010; Rini et al. 2011).  

 

3.4 HARMONY SEARCH ALGORITHM 

 

 Recently, a meta-heuristic optimization algorithm inspired by playing music has been 

developed and it is called as harmony search (HS) algorithm (Geem et al. 2001). It is 

based on meta-heuristic which combine rules and randomness to imitate natural 

phenomena. HS algorithm is inspired by the operation of orchestra music to find the 

best harmony between components which are involved in the operation process, for 

obtaining optimal solution. As musical instruments can be played with some discrete 

musical notes based on player experience or based on random processes in 

improvisation, optimization design variables can be considered as discrete values 

based on computational intelligence and random processes (Lee & Geem 2005). 

Music players improve their experience based on aesthetics standards while design 

variables in computer memory can be improved based on objective function. The 

performance of music seeks a best state or excellent harmony determined by aesthetic 

 estimation, as the optimization process seeks a best state determined by objective 

function  evaluations. The combination of pitches in the ensemble provides aesthetic 

estimation. Evaluation  of the objective function is performed by comparing the values 
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produced by decision variables,  which corresponds to harmony which can be 

improved via repetition. In this analogy, the  objective function values can be 

improved iteration by iteration.  As the optimization process looks for finding a global 

solution that is determined by the objective function, musical performances follow to 

find pleasing harmony which is determined by the aesthetic standard (Geem et al. 

2001).    

 

Figure 3.2 shows a comparison of information between musical improvisation 

and engineering optimization. In music improvisation, each musician plays within 

possible pitches to make a harmony vector. If all the pitches create good harmony, the 

musician saved them in memory and increases good or better harmony for next time. 

Similarly, in the field of engineering optimization, at first each decision variable value 

is selected within the possible range and formed a solution vector. If all decision 

variable values lead to a good solution, each variable that has been experienced is 

saved in memory, and it increases the possibility of good or better solutions for next 

time. The advantages of  HS algorithm are that it can consider discontinuous functions 

as well as continuous functions because it does not require differential gradients; it 

does not require initial value setting for the variables; it is free from divergence and 

may escape local optima (Lee & Geem 2005).  

 

 

Figure 3.2 Comparison between music improvisation and engineering optimization  
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In the HS algorithm, it looks for a vector or a path of X which can reduce the 

computational function cost or shorten the path. The computational procedures of the 

HS algorithm are described as follows (Geem et al. 2001; Lee & Geem 2005): 

Step 1: Initialization of the optimization problem. 

Step 2: Initialization of the harmony memory (HM). 

Step 3: Improvisation of a new harmony from the HM set. 

Step 4: Updating the HM. 

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

 

3.4.1 Initialization of the Optimization Problem  

 

Consider an optimization problem which is described as, 

Minimize F(x) subject to xiXi , i=1,2,3,…..N. 

where, F(x) : objective function 

     x : set of each design variable (xi) 

   Xi  : set of the possible range of values for each design variable  

         (xLi < Xi < xUi) . 

   N :  number of design variables 

Here, other parameters in the HS algorithm have to be also specified. The paraemters 

are such as the harmony memory size (HMS) or the number of solution vectors in the 

harmony memory; harmony memory considering rate (HMCR); pitch adjusting rate 

(PAR); number of decision variables (N); number of improvisations (NI) and the 

stopping criterion (Geem et al. 2001; Lee & Geem 2005). 

 

3.4.2 Initialization of the Harmony Memory 

 

The HM matrix is filled with as many randomly generated solution vectors as HMS 

and it is sorted by the values of the objective function, f (x ) (Geem et al. 2001; Lee & 

Geem 2005). The HM matrix is given by, 
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3.4.3 Improvisation a New Harmony from the HM set 

 

A new harmony vector, x′ = (x1′, x2′ ,...,xn′ ) , is generated based on three rules, 

namely, random selection, memory consideration and pitch adjustment (Lee & Geem 

2005).  

 

These rules are described as follows:  

i) Random Selection: When HS determines the value xi′ for the new harmony, x′ = 

(x1′, x2′ ,...xn′ ), it randomly picks any value from the total value range with a 

probability of (1-HMCR). Random selection is also used for the previous 

memory initialization. 

ii) Memory Consideration: When HS determines the value xi′, it randomly picks any 

value xi
j from the HM with a probability of HMCR since j= {1, 2,…, HMS}. 

 

 
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ii

HMS
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i                    (3.4) 

 

iii) Pitch Adjustment: Every component of the new harmony vector x′ = (x1′, x2′ ,...xn′ 

), is examined to determine whether it should be pitch-adjusted. 

After the value xi′ is randomly picked from HM in the above memory consideration 

process, it can be further adjusted into neighboring values by adding a certain amount 
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to the value, with probability of PAR. This operation uses the PAR parameter, which 

is the rate of pitch adjustment given as follows: 

               












)1(
'

PARprobablitywithNo

PARprobablitywithYes
x i                                         (3.5) 

 

The value of (1-PAR) sets the rate of doing nothing. If the pitch adjustment decision 

for xi′ is yes, xi′ is replaced by, 

 

                                            bwxx ii  ''                        (3.6) 

where bw is the arbitrary distance bandwidth for a continuous design variable.  

In this step, pitch adjustment or random selection is applied to each variable of the 

new harmony vector in turns.  

 

3.4.4 Updating HM 

 

If the new harmony vector  x′ = (x1′, x2′ ,...xn′ ) is better than the worst harmony in the 

HM, from the viewpoint of the objective function value, the new harmony is entered 

in the HM and the existing worst harmony is omitted from the HM (Kazemi et al. 

2009). 

 

3.4.5 Checking Stopping Criterion 

 

If the stopping criterion which is based on the maximum number of improvisations is 

satisfied, computation is terminated. Otherwise, Steps 3 and 4 are repeated. 

 

The conventional HS algorithm is described in terms of a flow chart as shown 

in Figure 3.3. 
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Figure 3.3 The procedures of the conventional HS algorithm 

 

3.4.6 Advantages of Harmony Search Algorithm 

 

The HS algorithm has the following merits (Geem et al. 2001; Lee & Geem 2005): 

i. HS does not require differential gradients, thus it can consider discontinuous 

functions as well as continuous functions. 

ii. HS can handle discrete variables as well as continuous variables. 

iii. HS does not require initial value setting for the variables. 

iv. HS is free from divergence. 

v. HS may escape local optima. 

vi. HS may overcome the drawback of GA building block theory which works well 

only if the relationship among variables in a chromosome is carefully 

considered. If neighbor variables in a chromosome have weaker relationship 

than remote variables, the building block theory may not work well because of 
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crossover operation. However, HS explicitly considers the relationship using 

ensemble operation. 

vii. HS has a novel stochastic derivative applied to discrete variables, which uses 

musician's experiences as a searching direction. 

viii. Certain HS variants do not require algorithm parameters such as HMCR and 

PAR, thus novice users can easily use the algorithm. 

 

3.5  IMPROVED HARMONY SEARCH ALGORITHM  

 

The IHS algorithm was developed by Mahdavi et al. (2007) and has been successfully 

applied to various benchmarking tests and standard engineering optimisation problems 

(Gil-Lopez et al. 2012). Numerical results have proven that the IHS algorithm can 

give better solutions than the conventional HS algorithm and other heuristic 

optimization techniques (Del-Ser et al. 2012).  The conventional HS algorithm uses  

fixed values for both PAR and bw. These  values  are set in the initialisation step and 

cannot be changed during new generations. The main drawback of the conventional 

HS algorithm is the large number of iterations the algorithm needs to find an optimal 

solution.  Small PAR values combined with large bw values can lead to poor 

performance of the algorithm, and a large number of iterations is needed to find an 

optimum solution. Small bw values in the final generations improve the fine-tuning of 

solution vectors. Therefore, using large PAR values and small bw values usually leads 

to an improvement in achieving the best solution in the final generation in which the 

algorithm converges to an optimal solution vector (Mahdavi et al. 2007). The key 

difference between the IHS and conventional HS algorithms is in the way the PAR and 

bw values are adjusted. To improve the performance of the HS algorithm and 

eliminate the drawbacks associated with using fixed values of PAR and bw, the IHS 

algorithm uses variable PAR and bw values in the improvisation step. The PAR value 

changes dynamically with the generation number as shown in Figure 3.4 and is 

expressed as (Mahdavi et al. 2007): 

 

gn
NI

PARPAR
PARgnPAR 




)(
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                           (3.7) 
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where PAR is the pitch adjustment rate for each generation, PARmin is the minimum 

pitch adjustment rate, PARmax is the maximum pitch adjustment rate, NI is the number 

of solution vector generations and gn is the generation number.  

 

The bandwidth at each generation parameter, bw changes dynamically with the 

generation number as shown in Figure 3.4 and is given by,  

 

             bw(gn)= bwmax exp(c . gn)                                                        (3.8) 

 

 
                             NI

bw

bw
Ln

c

)(
min

max

                        (3.9) 

 

where  bwmin and  bwmax are the minimum and maximum bandwidth, respectively. 

 

 

 

Figure 3.4 Variation of a) PAR and b) bw with generation number 

 

 

The IHS algorithm is described in terms of a flow chart as shown in Figure 3.5. 
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Figure 3.5 The procedures of the IHS algorithm 

 

3.6  GLOBAL HARMONY SEARCH ALGORITHM 

 

Inspired by the swarm intelligence of particle swarm, a novel global harmony search 

algorithm (GHS) is proposed by Zou et al. (2010 a,b) to solve optimization problems. 

The GHS algorithm includes two important operations; position updating and genetic 

mutation with a small probability. The new approach modifies the improvisation step 

of the HS such that the new harmony can mimic the global best harmony in the HM. 

The GHS and the HS algorithms are different in three aspects described as as follows 

(Zou et al. 2010a): 

i.  The HMCR and PAR are excluded from the GHS algorithm and genetic 

mutation probability (pm) is included in the GHS algorithm. 

ii. The GHS algorithm modifies the improvisation step of the HS algorithm and 

this modification is represented by the following pseudo code. 
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Here, “best” and “worst” are the indexes of the global best harmony and the worst 

harmony in HM, respectively. r1i, r2i and r3i are all the uniformly generated random 

numbers in [0,1]. r1i is used for position updating, r2i determines whether the GHS 

should carry out genetic mutation, and r3i is used for genetic mutation. Figure 3.6 

illustrates the principle of position updating (Zou et al. 2010a). 

 

 

Figure 3.6 The schematic diagram of position updating (Zou et al. 2010a) 

 

stepi= |xbest
i− xworst

i| is defined as adaptive step of the ith decision variable. The 

region between P and R is defined as trust region for the ith decision variable. The trust 

region is actually a region near the global best harmony. In the early stage of 

optimization, all solution vectors are sporadic in solution space, so most trust regions 

are wide, which is beneficial to the global search of the GHS; while in the late stage of 

optimization, all non-best solution vectors are inclined to move to the global best 

solution vector, so most solution vectors are close to each other. Here, most trust 

regions are narrow, which is beneficial to the local search of the GHS algorithm. A 

UN
IVE
RSI
TI K
EBA
NG
SAA
N M
ALA
YSI
A



45 
 

reasonable design for adaptive step can guarantee that the proposed algorithm has 

strong global search ability in the early stage of optimization, and has strong local 

search ability in the late stage of optimization. Dynamically adjusted stepi keeps a 

balance between the global search and the local search (Zou et al. 2010a,b). As for 

genetic mutation operation with a small probability, it is carried out for the worst 

harmony of HM after updating position, so as to enhance the capacity of escaping 

from the local optimum for the proposed algorithm. 

 

iii. The GHS algorithm replaces the worst harmony xworst in HM with the new 

harmony x’ even if x’ is worse than xworst. 

 

For clarity, the GHS algorithm is described in terms of a flow chart as shown 

in Figure 3.7. In modified improvisation steps , adaptive step and trust region are 

defined for the GHS, and according to these two factors, a novel position updating 

equation is designed to make the worst harmony of harmony memory move to the 

global best harmony in each iteration.Using position updating equation can accelerate 

the convergence rate of the GHS, however, it also accelerates the premature 

convergence of the GHS and make it get into the local optimum. To overcome these 

disadvantages, genetic mutation with a small probability is introduced in the GHS 

algorithm (Zou et al. 2010a,b) . 
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Figure 3.7 The procedures of the GHS algorithm 
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3.7  CHAPTER SUMMARY 

 

In this chapter, the background theories of existing optimization techniques such as 

GA, PSO and HS algorithm are described.  GA has some  drawbacks such  as 

divergence and local optima problems and PSO has difficulty in finding the optimal 

design parameters. The accuracy of GA and PSO depends on the initial conditions and 

the parameter values selected. The HS algorithm has several advantages over GA and 

PSO in which it does not require initial value settings for the decision variables, and 

that it is free from divergence.  The two modified HS algorithm, namely, IHS and 

novel GHS algorithms are also described. IHS algorithm employs a method for 

generating new solution vectors so as to enhance accuracy and convergence of the 

conventional HS algorithm. The GHS algorithm which is inspired by swarm 

intelligence of the PSO technique, modifies the improvisation step of the HS 

algorithm, such that new harmony can mimic the global best harmony in the HM. In 

addition, the GHS algorithm notably consumes less average time than the IHS 

algorithm (Zou et al. 2010a,b). 
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CHAPTER IV 

 

 

OPTIMAL PLACEMENT AND SIZING OF CAPACITORS IN RADIAL 
DISTRIBUTION SYSTEMS 

 

 

4.1 INTRODUCTION 

 

Shunt capacitors in distribution networks are used to provide reactive power 

compensation in distribution networks to reduce power losses and to maintain a 

voltage profile within acceptable limits. However, the installation of shunt capacitors 

in distribution networks requires consideration of their appropriate location and size. 

Capacitor placement is important to maximize loss reduction by properly installing 

shunt capacitors while minimizing shunt capacitor costs (Ng et al. 2000). The problem 

of locating and sizing shunt capacitors in distribution systems has been a challenge for 

power system planners and researchers. Many published papers and reports were 

found in the literature that addressed this issue.  Different formulations have been 

utilized to solve this difficult combinatorial problem (Ejal 2008). The unbalanced 

operating conditions and the presence of harmonic sources in distribution systems 

further complicate the capacitor placement and sizing problem. These issues have 

been neglected in many of the studies conducted on the capacitor optimization 

problem.  Installing shunt capacitors without considering the presence of harmonic 

sources in the system may lead to increased harmonic distortion levels due to 

resonance between the capacitors and the various inductive elements in the system 

(Ejal & El-Hawary 2010). Therefore, in this study, harmonics and unbalance have 

been considered in solving the optimal capacitor placement and sizing problem. 
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4.2 OPTIMAL CAPACITOR PLACEMENT AND SIZING 

FORMULATION 

 

One of the goals in radial distribution systems is to determine the optimal location and 

size of shunt capacitors by maximizing loss reduction and minimizing total cost 

incurred due to power loss and capacitor installation. To solve the optimal capacitor 

placement and sizing problem, the following objective function, F, is considered (Ng 

et al. 2000).  

   

F = Minimize {Yearly Power Loss Cost + Yearly Capacitor Cost}                         (4.1) 

 

Subject to: 

             Cost of Yearly Power Loss = KP Ploss                                                         (4.2) 

             

               Cost of Yearly Capacitor Cost =


n

i

c
i

c
i QK

1

                                              (4.3) 

 

The total real power loss in (4.1) is given by 
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lossloss PPP                                         (4.4) 

 

in which,
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                                                                        (4.5)
 

 

where Ploss
(Fund.) and Ploss

(harmonics) are the total power losses of the fundamental and 

harmonic components, respectively. n is the number of candidate locations for 

capacitor placement, KP is the equivalent annual cost per unit of power loss ($/(kW-

year)), Ki
c is the annual capacitor installation cost, and  i = 1, 2,...,n are the indices of 

the buses selected for compensation. h0 and H are the lower and upper limits of the 

harmonic order, respectively. 
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In addition to the objective function, the constraints of the optimization model 

must be defined. In real applications, limits are placed on the choice of control 

variables (Ejal & El-Hawary 2010). The constraints are associated with the bus 

voltages, the total harmonic distortion levels, and the shunt capacitors to be installed. 

These constraints are described as follows:  

 

i.  Bus Voltage Limits: The bus voltage magnitudes must be kept within 

acceptable operating limits throughout the optimization process (IEEE Std 18-

1992): 

 

                    maxmin VVV i                                                     (4.6) 

 

where Vmin is the lower bound of bus voltage limits, Vmax is the upper bound of 

bus voltage limits, and Vi is the rms value of the bus voltage. 

 

ii.  Total Harmonic Distortion Limits: The total harmonic distortion at each bus 

must be maintained less than or equal to the maximum allowable harmonic 

distortion level (IEEE Std 519-1992): 

 

              (%)(%) maxTHDTHDi                                                           (4.7) 

 

where THDmax is the maximum allowable harmonic distortion level at each bus. 

 

The total harmonic distortion at each bus is given by,  

 

                





H

hh

h
i

i

i V
V

THD
0

2

1

100
(%)                                   (4.8) 

 

where Vi  is the rms value of the bus voltage, h0 and H are the lower and upper 

limits of the harmonic order, respectively. 
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iii.  Number and Sizes of Shunt Capacitors:  Commercially available capacitors 

come in discrete sizes in which the shunt capacitors are multiple integers of the 

smallest capacitor size available: 

              ncLLQQci ,...,2,10  ,                                             (4.9) 

where Q0 is the smallest capacitor size available. 

 

4.3 BACKWARD / FORWARD SWEEP POWER FLOW 

         

To solve the optimal capacitor placement and sizing problem for three-phase radial 

distribution networks, a simpler power flow method known as the backward/forward 

sweep power flow is used for computing the power loss (Teng 2000). In this power 

flow method, the relationship between bus current injections, [I]  and branch currents, 

[B] as shown in a simple radial distribution network of  Figure 4.1 is represented by 

the matrix [BIBC] which is given by,  

 

                                 [B]= [BIBC] [I]                                                   (4.10) 

     

 

 

Figure 4.1 Simple radial distribution network 

 

  The backward current sweep can be used to build the coefficient vectors. For 

example, if a bus current flows through the branch, then the corresponding position in 

the coefficient vector will be 1. Therefore, the coefficient vector will consist of only 0 

and 1. The relationship between the branch currents, [B] and bus voltages, [∆V] is 
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represented by the matrix [BCBV]. The matrices [BIBC] and [BCBV] are then 

multiplied to obtain the relationship between the voltage deviation, [∆V] and the bus 

current injections, [I], which is represented by the matrix  [DLF],  

 

          [∆V]= [BCBV] [B] =[BCBV] [BIBC] [I] = [DLF] [I]                     (4.11)      

   

The backward/forward sweep power flow method (Teng 2000) at the kth iteration 

considers the following equations:              

                             *)(
k

i

iik
i

V

jQP
I


                                   (4.12) 

 

                      kk IDLFV  1                               (4.13) 

   where k is the iteration count. 

 

After the power flow is converged, the total power loss of the fundamental 

component is calculated. The total power loss is given by,  

 





nb

i
ii

nb

i
i

Fund
loss RBPlossP

1

2

1

.)(
                                                          (4.14) 

iB is the magnitude of the ith branch current and Ri is the resistance of branch i. 

 

The backward/forward sweep power flow algorithm is described in terms of a 

flowchart as shown in Figure 4.2.  
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Figure 4.2  Flowchart of the backward/forward sweep power flow for radial 
distribution systems  

 

This method can be best described by the following steps: 

1) Set the iteration index k = 1 . 

2) Initialize the bus voltage vector. 

3) Form the [DLF] matrix 

4) Calculate the bus current injections 

5) Compute the voltage drop vector 

6) Update the bus voltage vector 

7) Repeat steps (4-6) until a predetermined tolerance is reached 

8) Calculate the total real power loss 

 

The codes written in Matlab for the backward/forward sweep power flow method are 

given in Appendix F.  
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4.4 HARMONIC POWER FLOW 

          

It is necessary to perform harmonic power flow calculations at different harmonic 

orders so that harmonic losses, harmonic voltages and bus voltage THD can be 

calculated. A simple harmonic power flow that uses backward and forward sweep 

method to calculate harmonic branch currents and harmonic nodal voltages has been 

developed in Teng & Chang (2007). This method has definite advantages over other 

harmonic power flow methods in which the computational time required to compute 

branch currents and nodal voltages at harmonic frequencies are much smaller than the 

traditional harmonic power flow method (Ejal 2008). The full three phase 

representations of system components are included and the method is suitable for 

performing harmonics studies in large size distribution systems (Ejal 2008).  

 

To describe the different stages of the harmonic power flow algorithm 

development, a distorted n-bus radial distribution system is considered as shown in 

Figure 4.3 (Ejal 2008). 

 

 

 

Figure 4.3 A single line diagram of a distorted n-bus radial distribution system 

 

In Figure 4.3, bus 1 represents the main substation or the supply source and is 

modeled as a slack bus. The (2-n) load buses consist of linear and nonlinear loads. The 

system harmonic currents can be divided into two categories, namely, harmonic 

currents contributed by nonlinear loads and linear impedance and harmonic currents 
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absorbed by shunt capacitors (Teng & Chang 2007). The system harmonic currents 

can be expressed in vector form as: 

 






















)(

)(

)(

.

.

.

h

h

h

Is

Ih

I

    (4.15)
 

where [I(h)] is the vector of system harmonic currents at the hth harmonic order. [Ih(h)] 

and [Is(h)] are the vectors of harmonic currents contributed by nonlinear loads and 

linear impedance, and harmonic currents absorbed by shunt capacitors at the hth  

harmonic order, respectively. For a distribution system with harmonic sources and 

shunt capacitors, the [Ih(h)] is a m×1 vector; the [Is(h)] is a n×1 vector; and the [I(h)] is a 

(m+n)×1 vector (Teng & Chang 2007). 

 

Next, a coefficient vector is defined to record whether the system harmonic 

currents flow through the branch. The coefficient vector for the branch between bus i 

and j is given by 

 









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




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)(
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.

.

h
ij

h
ij

h
ij

As

Ah

A

      (4.16)
 

 

where [Aij
(h)]  is the coefficient vector of harmonic currents for the branch between bus 

i and j at the hth harmonic order. [Ahij
(h)]  and [Asij

(h)]  are the coefficient vectors of the 

harmonic currents contributed by nonlinear loads and linear impedance, and harmonic 

currents absorbed by shunt capacitors for the branch between bus i and j at the hth 

harmonic order, respectively.  

 

The backward current sweep can be used to build the coefficient vectors. For 

example, if bus harmonic current flows through a branch, then the corresponding 

position in the coefficient vector will be 1. Therefore, the coefficient vector will 
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consist of 0 and 1 only (Teng & Chang 2007). The branch current resulting from 

system harmonic currents can be easily calculated using, 

 

   )()()( hTh
ij

h
ij IAB 

         (4.17)
 

 

The branch voltage drop resulting from system harmonic vector is expressed as 

   )()()()( hTh
ij

h
ij

h
ij IAZV 

         (4.18)
 

 

where Zij
(h) is the branch impedance at the hth harmonic order.  

 

After calculating the voltage drop, the forward voltage sweep is utilized to obtain the 

harmonic bus voltages with respect to harmonic bus current injections as follows (Ejal 

2008) : 

    )()()( . hhh IHAV 
          (4.19) 

 

where [HA(h)] is the relationship matrix between bus voltage vector [V(h)]and system 

harmonic current vector, [I(h)]. The bus voltages of shunt capacitors can be written as  

 

    )()()( . hhh IHAsVs 
               (4.20)

 

 

where [HAs(h)]  is composed of the row vectors with respect to the buses of shunt 

capacitors.  The elements of (n-1) columns in the vector [HAs(h)]   are associated with 

the harmonic currents of the nonlinear and linear loads, while the last element in 

[HAs(h)]   is related to the harmonic current of the shunt capacitor at bus i. Therefore, 

[HAs(h)]   can be written in the form of: 

   )()()( : h
Ss

h
Sh

h HAHAHAs 
       (4.21)

 

The voltage at the shunt capacitor is;  

UN
IVE
RSI
TI K
EBA
NG
SAA
N M
ALA
YSI
A



57 
 

)()()( h
i

h
i

h
i ZsIsVs 

           (4.22)
 

where Isi
(h)

 is the harmonic current of the shunt capacitor at bus i and ZSi
(h )is the 

harmonic impedance of the shunt capacitor at bus i.  

 

Substituting (4.21) and (4.22) into (4.20), the following equation is obtained. 

 

     )()()( . hhh IHAsVs
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    (4.23)
 

 

Equation (4.23) can also be expressed as, 

 

     )()()()( .. hh
Sh

hh IhHAIsHLF 
      (4.24) 

 

If n shunt capacitors are installed in a radial distribution system, [HLF(h)] will be a 

square matrix of (n × n) dimension. Instead of solving linear equations of a full 

distribution system, the proposed harmonic power flow method method only needs to 

solve the linear equations with n dimension thus making the method efficient.  

The bus voltage at the kth iteration and the hth harmonic order can be expressed as: 
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     khhkh VVV ),(0),(1),( 

   (4.25)
 

 

The harmonic power flow method is described in terms of a flowchart as shown in 

Figure 4.4.  

 

 

Figure 4.4  Flowchart of the harmonic power flow algorithm 

 

The steps involved in the harmonic power flow algorithm are described as follows 

(Teng & Chang 2007; Ejal 2008): 

 

i. Set the harmonic order to the smallest value of interest (h=h0). 

ii. Build the coefficient vector of system harmonic current flows through each 

branch. 

iii. Form the relationship matrix [HA(h)] between the harmonic bus voltages 

and system harmonic currents. 
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iv. For n shunt capacitors, build the [HLF(h)] matrix for all harmonic 

frequencies of interest. 

v. Calculate the harmonic currents of shunt capacitors. 

vi. Compute the harmonic bus voltage vector at the kth
 iteration. 

vii. Repeat steps (iv) and (v) until a stopping criterion for convergence is met. 

The stopping criterion is given by (  kh
i

kh
i VV ),(1),( ). 

viii. Repeat steps (i) to (vii) until all the harmonic orders are considered. 

ix. Calculate the rms values of the harmonic bus voltages. 

x. Measure the voltage THD (%) at each bus. 

     

 

The total real power loss formula for the hth harmonic order is given by, 

 


 
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nb

i
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hh

h
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h
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i

h
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h
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)(2)(

1

)()(

0       (4.26) 

 

where h is the harmonic order,h0 and H are the lower and upper limits of the harmonic 

order, respectively. )(h
iB is the magnitude of the ith branch current for the hth 

harmonic order and )(h
iR  is the ith branch resistance for the hth harmonic order.  

 

The total power loss of harmonic components is given by,  

               

    





H

hh

h
loss

harmonics
loss PP

0

)()(
     (4.27) 

The codes written in Matlab for the harmonic power flow method are given in 

Appendix G.  
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4.5 OPTIMAL CAPACITOR PLACEMENT AND SIZING METHOD 
WITHOUT CONSIDERING MUTUAL COUPLING, LOAD 
UNBALANCE AND HARMONICS 

 

The proposed method for optimal capacitor placement and sizing at the buses is 

solved by using the IHS and GHS algorithms in which the optimal capacitor set 

{Qc
1,…. ,Q

c
i,…., Q

c
N} leads to  maximum power loss reduction and cost saving. Here, 

the backward/forward sweep power flow is applied for computing the power loss. 

 

4.5.1 Application of IHS Algorithm for Optimal Capacitor Placement  

 

The IHS algorithm is used together with the backward/forward sweep  power flow for 

determining the optimal placement and sizing of capacitors in radial distribution 

networks. The procedures for implementing the proposed optimal capacitor placement 

method are described as follows: 

 

i. Input system parameters such as line and load data. 

ii. Build the BIBC and BCBV matrices and compute the DLF matrix.  

iii. Randomly add the capacitors for reactive power compensation at the 

load buses. Calculate the total power loss and total cost, respectively. 

Each capacitor set is considered as the harmony vectors. Initialize the 

arrays of harmony memory (HM) randomly as in (3.3).  The number of 

columns in the HM is equal to number of buses in the test system. In 

this case, the optimal parameters of the test system, xLi and xUi  are 

assumed to have minimum and maximum kVar values of capacitors, 

respectively. The harmony memory size (HMS) generally varies from 1 

to 100 (Geem et al. 2001). In this study, the HMS is assumed 10 so as 

to solve the problem with smaller radius of convergence. Thus, HM 

matrix for optimal capacitor placement is given as,  
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  (4.28) 

 

where 
)(kc

iQ is the added reactive power value at ith bus in kth row of the 

harmony memory. The size of HM matrix is 10 × N (number of load 

buses). 

iv. Improvise a new harmony using the three rules of random selection, 

memory consideration and pitch adjustment. In order to find the 

optimal parameters of IHS, the best parameters which produce lowest 

fitness function value with suitable convergence are selected. 

Therefore, the optimal parameters which lead to the best trade-off 

between accuracy and speed of optimization are selected as: HMCR = 

90% , PARmax= 0.99, PARmin= 0.4, bwmax=1 , bwmin=0.0001 and NI = 

5000.  

v. Run the backward/forward sweep power flow to calculate the bus 

current injections and bus voltages using (4.12) and (4.13), 

respectively.  

vi. Calculate power loss and total cost. 

vii. Check if the capacitor set (new harmony) gives less total cost than the 

worst harmony in the HM. If yes, the worst harmony is replaced with 

the new harmony in the HM.  Otherwise, generate new PAR and new 

bw using (3.7) and (3.8), respectively and then return to step (iv). In 

this step, the capacitor set which consider the new harmony is 

[Qc
1

New
,…. ,Qc

i
New

,…., Qc
N

new].The main objective function of the 

problem is minimization of total cost which includes power loss cost 

and investment cost. Any reduction in total power loss or total 

capacitor cost leads to less objective function value. 
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viii. Determine the optimal capacitor set (best harmony) which gives 

maximum power loss reduction and maximum cost saving.  

 

The best solution to be found by the proposed harmony search algorithm is a (1×N) 

matrix where some of the values are 0 in the arrays.  A value of 0 in the matrix means 

that there is no need to install capacitor at that bus. For example, consider the best 

solution shown below: 

 

 000000  c
k

c
j

c
i QQQSolutionBest         (4.29) 

The solution indicates that the best capacitor placement are at buses i , j, k with 

reactive power values of Qi
c ,Qj

c and Qk
c
 , respectively. 

 

Figure 4.5 describes the procedures involved in solving the optimal capacitor 

placement problem using the IHS algorithm. 
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Figure 4.5 The IHS algorithm for solving the capacitor placement and sizing problem 
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4.5.2 Application of GHS Algorithm for Optimal Capacitor Placement and  

Sizing 

 

The GHS algorithm is used together with the backward/forward sweep  power flow for 

determining the optimal placement and sizing of capacitors in radial distribution 

networks. The procedures for implementing the proposed optimal capacitor placement 

method are described as follows: 

 

i. Input system parameters such as line and load data. 

ii. Build the BIBC and BCBV matrices and compute the DLF matrix.  

iii. Randomly add the capacitors for reactive power compensation at the buses. 

Each capacitor set is considered a harmony vector. The HM arrays are 

randomly initialized using (3.3). The number of columns in the HM is 

equal to the number of buses in the test system. The optimal parameters of 

the test system, xLi and xUi, are assumed to have minimum and maximum 

values of capacitors in kVar, respectively. The HMS value is assumed to 

be 10. 

iv. A new harmony is improvised through position updating and genetic 

mutation. In this step, the genetic mutation probability is assumed as 

pm=0.2. 

v. Run the backward/forward sweep power flow to calculate the bus current 

injections and bus voltages using (4.12) and (4.13).  

vi. Calculate power loss and total cost. 

vii. The worst harmony in HM is replaced with the new harmony. 

viii. Determine whether the stopping criterion, maximum generation ≥5000, is 

satisfied. If not, return to step (iv). 

ix. Determine the optimal capacitor set (best harmony) which gives maximum 

power loss reduction and maximum cost saving. 

 

Figure 4.6 shows a schematic diagram of the procedures involved in solving the 

optimal capacitor placement and sizing problem using the GHS algorithm. 

UN
IVE
RSI
TI K
EBA
NG
SAA
N M
ALA
YSI
A



65 
 

 

 

Figure 4.6  The GHS algorithm for solving the capacitor placement problem 
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4.6 OPTIMAL CAPACITOR PLACEMENT AND SIZING METHOD 
CONSIDERING MUTUAL COUPLING, LOAD UNBALANCE AND 
HARMONICS 

 

Real life distribution networks are unbalanced both in respect of mutual coupling 

between phase conductors and loading on different phases (Ghose & Goswami 2004). 

Moreover, a considerable amount of harmonic distortion exists in distribution system. 

In this Section, the IHS and GHS algorithms are applied as two optimization 

techniques to solve the  optimal location and sizing of the three phase capacitors at the 

load buses. The objective function of the optimization problem takes into account the 

total cost due to the reduction of power loss and capacitor installation costs.  

  

4.6.1 Application of IHS Algorithm for Optimal Capacitor Placement in Three 
Phase Radial Distribution Systems 

 

The IHS algorithm is used together with the backward/forward sweep  power flow 

method and radial harmonic power flow for determining the optimal placement and 

sizing of capacitors in three phase radial distribution networks for minimizing the 

power loss and total cost by considering mutual coupling, load unbalance and 

harmonics. Inclusion of system unbalance increases the dimension of the problem as 

the three phases have to be considered instead of single phase balanced representation 

(Ghose & Goswami 2004). Consideration of harmonics, introduces more constraints 

in the problem, thus making the capacitor placement problem more complex 

compared with the balanced sinusoidal case (Ejal & Elahawary 2010). The procedures 

for implementing the proposed optimal capacitor placement method are described as 

follows: 

 

i. Input system parameters such as network and harmonics data. 

ii. Model the distribution system considering the effect of network unbalance 

and mutual coupling between phases.  

iii. Build the BIBC and BCBV matrices and compute the DLF matrix for a 

three phase system.  

iv. Randomly add the capacitors for reactive power compensation at the 

phases of buses. Calculate the total power loss and total cost, respectively. 

Each capacitor set is considered as the harmony vectors. Initialize the 
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arrays of HM as in (3.3), randomly.  The optimal parameters of the test 

system are assumed such that the xLi and xUi which are the minimum and 

maximum kVar values, respectively. The HMS is assumed 10. 

v. Improvise a new harmony using the three rules of random selection, 

memory consideration and pitch adjustment. Here, the optimal parameter 

values are selected as: HMCR = 90% , PARmax= 0.99, PARmin= 0.4, 

bwmax=1 , bwmin=0.0001 and NI = 5000. These optimal parameters lead to 

the best trade-off between accuracy and speed of optimization. 

vi. Run the backward/forward sweep power flow to calculate bus current 

injections and bus voltages using (4.12) and (4.13).  

vii. Calculate the fundamental power loss using the backward/forward sweep 

power flow method.  

viii. Calculate harmonic power loss, injection currents and THD by using 

harmonic power flow for all harmonic orders. 

ix. Check if maxTHDTHDi  , if yes continue, otherwise, go to step (iv). 

x. Calculate power loss and total cost. 

xi. Check if the capacitor set (new harmony) gives less total cost than the 

worst harmony in the HM. If yes, the worst harmony is replaced with the 

new harmony in the HM.  Otherwise, generate new PAR and new bw 

using (3.7) and (3.8), respectively and then return to step (v). 

xii. Determine the optimal capacitor set (best harmony) which gives 

maximum power loss reduction and maximum cost saving. The optimal 

capacitor set includes the optimal value of three phase capacitors at each 

bus. 

 

Figure 4.7 describes the procedures involved in solving the optimal capacitor 

placement problem using the IHS algorithm and the backward/forward sweep power 

flow method in terms of a flowchart. 
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Read Line and Loads Data

Build BIBC, BCBV and Obtain DLF

Add Capacitor on Buses and Initialize the Harmony Memory

Improvise a New Harmony Based on Random Selection , 
Memory Consideration and Pitch Adjustment

Calculate the Fundamental Power Loss 

Update the HM

Determine the Optimal Capacitor Set 

Calculate the Total Cost and Cost Saving

K≥Kmax?

End

Start

K=1

K=K+1

Yes

No

Calculate the Harmonic Power Loss , Injection 
Currents and THD by Using Harmonic Power Flow 

for All Harmonic Orders

THD≤THDMax?

Yes

No

Is the New Harmony Better 
Than the Worst Harmony in the HM?

Yes

No

Generate 
New PAR

and New bw

Model the System Considering the Effect of Network Unbalances and Mutual Coupling 
Between Phases

 

Figure 4.7   The IHS algorithm for solving the capacitor placement problem 
considering mutual coupling, load unbalance and harmonics 
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4.6.2 Application of GHS Algorithm for Optimal Capacitor Placement in Three 
Phase Radial Distribution Systems 

 

The GHS algorithm is used together with the backward/forward sweep  power flow 

method and radial harmonic power flow for determining the optimal placement and 

sizing of capacitors in radial distribution networks for minimizing the power loss and 

total cost by considering mutual coupling, load unbalance and harmonics. The 

procedures for implementing the proposed optimal capacitor placement method are 

described as follows: 

i. Input system parameters such as network and harmonics data. 

ii. Model the distribution system considering the effect of network unbalance and 

mutual coupling between the phases.  

iii. Build the BIBC and BCBV matrices and compute the DLF matrix for a 

threephase system.  

iv. Randomly add the capacitors for reactive power compensation at the buses. 

Each capacitor set is considered a harmony vector. The HM arrays are 

randomly initialized using (3.3). The optimal parameters of the test system, xLi 

and xUi, are assumed to have minimum and maximum values of capacitor 

sizes in kVar, respectively. The HMS value is assumed to be 10. 

v. A new harmony is improvised through position updating and genetic mutation. 

In this step, the genetic mutation probability is assumed as pm=0.2. 

vi. Run the backward/forward sweep power flow to calculate the bus current 

injections and bus voltages using (4.12) and (4.13).  

vii. Calculate the fundamental power loss using the backward/forward sweep 

power flow method.  

viii. Calculate harmonic power loss, injection currents and THD by using harmonic 

power flow for all harmonic orders. 

ix. Check if maxTHDTHDi  , if yes continue, otherwise, go to step (iv). 

x. Calculate power loss and total cost. 

xi. The worst harmony in HM is replaced with the new harmony. 

xii. Check whether the stopping criterion, maximum generation ≥5000 is satisfied 

is assessed. If not, return to step (v). 

UN
IVE
RSI
TI K
EBA
NG
SAA
N M
ALA
YSI
A



70 
 

xiii. Determine the optimal capacitor set (best harmony) which gives maximum 

power loss reduction and maximum cost saving. The optimal capacitor set 

includes the optimal values of the three phase capacitors at each bus. 

 

Figure 4.8 describes the procedures involved in solving the optimal capacitor 

placement problem using the GHS algorithm and the backward/forward sweep power 

flow method in terms of a flowchart. 
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Read Line and Loads Data

Build BIBC, BCBV and Obtain DLF

Add Capacitor on Buses and Initialize the Harmony Memory

Improvise a new harmony using the position updating and genetic mutation

Calculate the Fundamental Power Loss 

Replace the Worst Harmony in HM with the New Harmony

Determine the Optimal Capacitor Set 

Calculate the Total Cost and Cost Saving

K≥Kmax?

End

Start

K=1

K=K+1

Yes

No

Calculate the Harmonic Power Loss , Injection 
Currents and THD by Using Harmonic Power Flow 

for All Harmonic Orders

THD≤THDMax?

Yes

No

Model the System Considering the Effect of Network Unbalances and 
Mutual Coupling Between Phases

 

Figure 4.8  The GHS algorithm for solving the capacitor placement problem by       
considering mutual coupling, load unbalancing and harmonics 
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4.7  CHAPTER SUMMARY 

 

In this chapter, the application of IHS and GHS algorithms as two novel 

optimization techniques for determining the optimal location and size of shunt 

capacitors in radial distribution networks has been presented. These IHS and GHS 

algorithms are considered as modified HS algorithms that employ new techniques 

for generating new solution vectors that enhances accuracy and convergence of the 

conventional HS algorithm. Mutual coupling, load unbalance and harmonics are 

also taken into account in solving the optimal capacitor placement and sizing 

problem. The backward/forward sweep  power flow method and radial harmonic 

power flow method are also applied in solving the optimal capacitor placement and 

sizing problem in both single phase and three phase radial distribution systems.   
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CHAPTER V 

 

 

OPTIMAL PLACEMENT AND SIZING OF VAR COMPENSATORS IN 
TRANSMISSION SYSTEMS 

 

 

5.1 MODAL ANALYSIS FOR DETERMINING VAR COMPENSATOR 
PLACEMENT  

 

Modal or eigenvalue analysis of the Jacobian (J) matrix of system load flow equation, 

near the point of voltage collapse, has been widely used to identify buses vulnerable to 

voltage collapse and locations for injecting reactive power into the system (Shayegan 

et al. 2011). The participation of each load in the critical mode determines the 

importance of the load in voltage collapse. The degree of participation is determined 

from an inspection of the entries of the left eigenvector of the critical mode. Right 

eigenvector components indicate the degree to which given variables are involved in a 

given mode. The use of both left and right eigenvector information leads to the notion 

of participation factors that indicate which generators should be motivated to inject 

more active or reactive power into the system (Zhang et al. 2006b). Here, modal 

analysis is used for determining optimal placement of VAR compensators which are 

normally installed in power transmission systems for voltage stability improvement. 

 

In the modal analysis method, the Jacobian matrix of the operating point of a 

power system is calculated (Kundur 1994). For this purpose, the power flow equation 

linearized around the operating point is considered and given as follows: 

 

                   





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






VJJ

JJ

Q

P

QVQ

PVP 



                                  (5.1) 

where ∆P is the incremental change in the bus active power, ∆Q is the incremental 

change in the bus reactive power, ∆θ is the incremental change in the bus voltage 

angle, and ∆V is the incremental change in the bus voltage magnitude. Jpθ, JPV, JQθ, 
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and JQV are the Jacobian matrix elements representing the sensitivity of the power 

flow to bus voltage changes.  

 

System voltage stability is affected by both P and Q, however, at each 

operating point, P can be kept constant and voltage stability can be evaluated by 

considering the incremental relationship between Q and V.  If the active power P is 

kept constant in (5.1), then 0P  and (5.1) becomes, 

                          VJQ R                       (5.2) 

where JR is the reduced Jacobian matrix system given by 

                   
][ 1

PVPQQVR JJJJJ                                                        (5.3) 

 

The power network modes can be defined by the eigenvalues and eigenvectors of JR  

which can be written as 

                         
 RJ                   (5.4) 

where   is the right eigenvector matrix of JR,   is the left eigenvector matrix of JR, 

and   is the diagonal eigenvalue matrix of JR. 

 

The inverse of JR    is then given by,  

                        
 11  RJ                                                                 (5.5) 

Substituting (5.5) into (5.2) yields 

             
QV   )( 1                    (5.6) 

or  

              

QV
i i

ii   
 )

(                                      (5.7) 

where i  is the ith eigenvalue, i  is the ith column right eigenvector of JR, and i is the 

ith row left eigenvector of JR. i , i , and i  define the ith mode of the system. The ith 

modal reactive power variation is given by, 

                    iimiQ                                                         (5.8) 

where ki is a normalization factor such that 
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 

J
iji 122                                    (5.9) 

and ij is the jth element of i . 

 

The ith modal voltage variation can therefore be written as 

              
mi

i
mi QV  

1                                                

(5.10) 

  

From (5.10), the stability of mode i with respect to reactive power changes is 

defined by the modal eigenvalue, i . Large values of i  suggest small changes in the 

modal voltage for reactive power changes. As the system is stressed, the value of i  

becomes smaller, and the modal voltage becomes weaker. If the magnitude of i  is 

equal to zero, the corresponding modal voltage collapses because it undergoes an 

infinite change for a finite reactive power change. A system is therefore defined as 

voltage stable if all the eigenvalues of JR are positive. The bifurcation or voltage 

stability limit is reached when at least one eigenvalue reaches zero, i.e., when one or 

more modal voltages collapse. If any of the eigenvalues are negative, the system is 

unstable. The magnitude of the eigenvalues provides a relative measure of the 

proximity of the system to voltage instability (Kundur 1994; Sharma & Ganness 

2007). 

 

The left and right eigenvectors corresponding to the critical modes in the 

system can provide information concerning the mechanism of voltage instability by 

identifying the elements involved in these modes. The bus participation factor that 

measures the participation of the kth bus in the ith mode can be defined as 

     ikkikiP                  (5.11) 

Bus participation factors corresponding to critical modes can predict areas or 

nodes in the power system susceptible to voltage instability. Buses with large 

participation factors in the critical mode are the most critical system buses. Thus, by 

using the modal analysis method, the critical buses can be determined and these buses 

are considered as suitable location for Var compensators installation. 
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5.2 PROBLEM FORMULATION FOR OPTIMAL SIZING OF VAR 
COMPENSATORS 

 

A multi-objective function consisting of shunt Var compensator cost is considered in 

searching for an optimal solution. This multi-objective function which not only 

maximizes voltage stability margin but also minimizes voltage deviation, active-

power loss and cost which are described as follows: 

 

Active power loss : The total active-power loss in a power system is given by (Pisica 
et al. 2009) :  





n

l
llloss IRP

1

2  
 


n

l
ijiijij

n

jij
iji YVVVV

1 ,1

22 cos)]cos(2[                   (5.12) 

where n is the number of lines, Rl is the resistance of line l, Il is the current through 

line l, Vi and θi are the voltage magnitude and angle at node i, respectively, and Yij and 

ij are the magnitude and angle of the line admittance, respectively. 

 

Voltage deviation :  The voltage improvement index of a power system is defined as 

the deviation from unity voltage magnitude at a bus. Thus, for a given system, the 

voltage improvement index is given by (Pisica et al. 2009):  
 

                          

2

1


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


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


 


n

i iref

iiref
v V

VV
L

                                              (5.13) 

where n is the number of buses, Viref  is the reference voltage at bus i, and Vi is the 

actual voltage at bus i. 

 

Voltage stability margin : From the voltage stability viewpoint, critical modes with 

the lowest eigenvalues are considered very important. The minimum eigenvalue 

should be increased to maximize the voltage stability margin (Sharma & Ganness 

2007). 

 

Total injected reactive power: The total injected reactive power of Var compensator is 

given by (Azadani et al. 2008): 
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                            



ns

j
jST QQ

1
                                                                            (5.14) 

where ns is the number of Var compensators, and Qj is the injected reactive power of 

the Var compensators.  

 

Investment cost: Shunt Var compensators are expensive devices and therefore the 

investment cost for installing such controllers must be considered to justify the 

economic viability of the devices.  The total cost also depends on the size of fixed and 

controlled portion of the shunt controllers. The FACTS equipment cost represent only 

half of the total FACTS project cost. Other costs like civil works, installation, 

commissioning, insurance,engineering and project management constitute the other 

half of the FACTS project cost. 

 

5.2.1 Operational Constraints 

 

The objective of using shunt Var compensator is to control system variables such as 

the real and reactive line power flows and bus voltages, and therefore the following 

constraints are considered: 

 

Power flow balance equations: The balance of active and reactive powers must be 

satisfied at each bus. Power balance with respect to a bus can be formulated as (Pisica 

et al. 2009) : 

        
)]]sin(')cos('[[

1
jiij

b

j
jiijjiLiGi BGVVPP   


                      (5.15) 

        )]]sin(')sin('[[
1

jiij

b

j
jiijjiLiGi GGVVQQ   


                             (5.16) 

where PGi and QGi are the generated active and reactive powers and PLi and QLi are the 

load active and reactive powers at node i. The conductance G’ik and the susceptance 

B’ik represent the real and imaginary components of element Y’ij of the [Y’bb] matrix, 

which are obtained by modifying the initial nodal admittance matrix. 
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Power flow limit: The apparent power that is transmitted through a branch l must not 

exceed its limiting value, Sl max, which represents the thermal limit of a line or 

transformer in steady-state operation:  

                          maxll SS 
                                                                                  (5.17) 

Bus voltage limits: For several reasons, such as stability and power quality, the bus 

voltages must be maintained within limits around its nominal value which is given by  

                       maxmin iinomi VVV 
                                                                      (5.18) 

In practice, the accepted deviation can reach up to 10% of the nominal voltage value 

(IEEE Std 18-1992). 

 

5.2.2  Fitness Function 

 

The fitness function for solving the optimal sizing of  Var compensator problem is 

calculated using the objective functions described in Section 5.2. The constraints of 

this problem do not explicitly contain the variables. Therefore, the effect of the 

constraints must be included in the fitness function value. The constraints are 

separately checked, and the violations are handled using a penalty function approach. 

Incorporating all of the constraints in the same mathematical function is impossible 

because the three objectives are different. Thus, an overall fitness function, in which 

each objective function is normalized with respect to the base system without a Var 

compensator, is considered. This fitness function is given by, 
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Subject to: 

14321                (5.20)

 1,,,0 4321    
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where Ploss, Lv, λCritical, and Costshunt are the total active power loss, voltage deviation 

index, smallest eigenvalue, and total Var compensator cost, respectively. ω1, ω2, ω3, 

and ω4 are the coefficients of the corresponding objective functions,  baseLoss  is 

the total active power loss in the network of the base system,  baseV  is the total 

voltage deviation of the base system , λCritical(base) is the smallest eigenvalue of the base 

case, and CostMax is the maximum cost.  

 

The bali element in (5.19) is a factor equal to 0 if the power balance constraint 

at bus i is not violated; otherwise, bali  is equal to 1. The sum of these violations 

represents the total number of buses in the network that do not follow constraints 

(5.15) and (5.16). This sum is multiplied by a penalty factor that increases the fitness 

function to an unacceptable value, which results in an unfeasible solution that must be 

discarded. The second and third sums in the fitness function represent the total number 

of violations of constraints (5.17) and (5.18), respectively, and are also multiplied by 

penalty factors. The last three sums in this fitness function are the measures of 

unfeasibility for each candidate solution. The penalty factors used in this study are χ1, 

χ2, and χ3, and each is set to a value equals to 100 (Pisica et al. 2009). 

 

5.3 OPTIMAL PLACEMENT AND SIZING OF SVC USING IHS AND GHS                    
ALGORITHMS  

 

The problem of optimal SVC placement and sizing in transmission systems is 

decomposed into two sub-problems. First, using the modal analysis method to 

determine the critical system buses (i.e., buses with large participation factors) and 

these buses are considered as suitable location for SVC installation. The optimal 

placement of SVC at the suitable buses is found by using the IHS and GHS algorithms 

in which the optimal SVC set {Qsvc
1,…. ,Q

svc
i,…., Q

svc
N} leads to a maximum power loss 

reduction, minimum voltage deviation, maximum eigenvalue in critical mode and 

maximum cost saving. The formulation for the total SVC cost in US$/kVar is given 

by (Hsiao et al. 1993): 

                  



n

k
kkSVC QQC

1

2 38.1273051.00003.0
                      (5.21) 

where Qk is the reactive power capacity of kth installed SVC, in MVar. 
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5.3.1  Application of IHS Algorithm for Optimal Placement and Sizing of SVCs  

 

The procedures for implementing the IHS algorithm for determining optimal 

placement and sizing of SVC are described as follows: 

i. Input system parameters such as bus, branch and generator data. 

ii. Calculate the Jacobian matrix and eigenvalues of the system at base case. 

iii. Calculate eigenvectors and bus participation factors for the smallest 

eigenvalue. 

iv. Determine buses with large participation factors and consider them as 

possible  locations for SVC installation. 

v. Randomly place SVC for reactive power compensation at the allowed 

buses. Calculate total power loss, voltage deviation and total cost, 

respectively. Each SVC set is considered as the harmony vectors. Initialize 

the arrays of HM randomly using (3.3).  The number of columns in the HM 

is equal to number of buses in the test system. In this case, the optimal 

parameters of the test system, xLi and xUi are assumed to have minimum 

and maximum of SVC size in MVar, respectively. The HMS is assumed 

10. 

vi. Improvise a new harmony using the three rules of random selection, 

memory consideration and pitch adjustment. In this step, the optimal 

parameters are selected as: HMCR = 90% , PARmax= 0.99, PARmin= 0.4, 

bwmax=1 , bwmin=0.0001 and NI = 5000. These optimal parameters lead to 

the best trade-off between accuracy and speed of optimization. 

vii. Run power flow to calculate the bus voltages.  

viii. Calculate power loss, voltage deviation, eigenvalues and total cost. 

ix. Check if the SVC set (new harmony) gives lower fitness function value 

than the worst harmony in the HM. If yes, the worst harmony is replaced 

with the new harmony in the HM.  Otherwise, generate new PAR and new 

bw using (3.7) and (3.8), respectively and then go to step (vi). 

x. Determine the optimal SVC set (best harmony) which gives maximum 

power loss reduction, minimum voltage deviation, maximum voltage 

stability enhancement and maximum cost saving.  
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Figure 5.1 describes the procedures involved in solving the optimal SVC placement 

problem using the IHS algorithm. 

 

Figure 5.1 The IHS algorithm for solving the SVC placement problem 
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5.3.2  Application of GHS Algorithm for Optimal Placement and Sizing of SVCs  

 

The procedures for implementing the GHS algorithm for the optimal placement and 

sizing of SVCs are described as follows: 

i. Input the system parameters such as bus, branch, and generator data. 

ii. Form the Jacobian matrix and calculate the eigenvalues for the base case.  

iii. Calculate eigenvectors and bus participation factors for the smallest 

eigenvalue. 

iv. Determine buses with large participation factors and possible buses for SVC 

installation. 

v. Inject randomly QSVC  at the buses with SVC. Calculate the total power loss, 

voltage deviation, smallest eigenvalue and total cost. Each SVC set is 

considered a harmony vector. The HM arrays are randomly initialized using 

(3.3). The number of columns in the HM is equal to the number of buses in the 

test system. The optimal parameters of the test system, xLi and xUi, are 

assumed to have minimum and maximum values of SVC size in MVar, 

respectively. The HMS value is assumed to be 10. 

vi. Improvise a new harmony through position updating and genetic mutation. In 

this step, the genetic mutation probability is assumed as pm=0.2. 

vii. Run the power flow program to calculate power loss, voltage deviation and 

 the eigenvalues. 

viii. Calculate the total cost using (5.21). 

ix. Calculate the objective function using (5.19). 

x. Replace the worst harmony in HM with the new harmony. 

xi. Evaluate whether the stopping criterion (maximum generation ≥5000) is 

satisfied. If not, return to step (vi) and repeat the procedure. 

xii. The optimal SVC set (i.e., the best harmony) that provides the maximum 

power loss reduction, minimum voltage deviation, maximum voltage 

satiability enhancement, and minimum total cost is determined.  

 

Figure 5.2 shows a schematic diagram of the procedures used in solving the optimal 

SVC placement and sizing problem using modal analysis and the GHS algorithm. 
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Read Buses , Branches and Generators Data

Calculate the Jacubian Matrix and Eigenvalues for Base Case

Add SVCs at Suitable Buses and Initialize the HM

Find the Most Critical Buses with Large Participation Factors Using 
Modal Analysis Method

Improvise a new harmony using the position updating and genetic mutation

Calculate the Power Flow 

Replace the Worst Harmony in HM with the New Harmony

Determine the SVC Set 

Calculate the Objective Function

K≥KMax

End

Start

K=1

K=K+1

Yes

No

 

 

Figure 5.2  Procedures used in solving the optimal SVC placement and sizing problem 
using modal analysis and the GHS algorithm 
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5.4 OPTIMAL STATCOM PLACEMENT AND SIZING METHOD  

 

STATCOM is an expensive device and therefore optimum placement and sizing of 

only one STATCOM in a transmission system is considered. For calculating the cost 

of STATCOM there is no specific equation like the SVC (Azadani et al. 2008). 

Hence, the fourth objective function component in Eq.(5.19) has been defined to 

having the minimum possible STATCOM sizes regarding to the control of 

STATCOM, instead of considering the total STATCOM cost (Azadani et al. 2008). 

Since only one STATCOM has been considered, it is reasonable that: 

  
STATCOMOneFor

ST

ST
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ST

Q

Q
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Cost
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         (5.22) 

where QST is the STATCOM size and QSTmax is the maximum possible STATCOM 

size. 

Thus, the fitness function in Eq.(5.19) has been redefined by considering STATCOM 

size. The new fitness function is given by 
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       (5.23) 

 

In the optimum STATCOM placement and sizing method, modal analysis 

method is first used to determine the critical system buses which are buses with large 

participation factors. These buses are considered as possible locations for STATCOM 

installation. Next, the optimal placement and sizing of only one STATCOM among 

the candidate buses is found by using the IHS and also the GHS algorithms in which 

the optimal STATCOM set {0,0,…., QST
i ,….,0,0} leads to maximum power loss 

reduction, minimum voltage deviation and maximum eigenvalue in critical mode 

while considering the STATCOM size. 
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5.4.1 Application of IHS Algorithm for Optimal Placement and Sizing of 
STATCOM 

 

The procedures for implementing the IHS algorithm in determining optimal placement 

and sizing of STATCOM are shown in Figure 5.3 and described as follows: 

i. Input system parameters such as bus, branch and generator data. 

ii. Calculate the Jacobian matrix and eigenvalues for the base case. 

iii. Calculate eigenvectors and bus participation factors for the smallest 

eigenvalue. 

iv. Find buses with large participation factors and consider them as possible 

locations for STATCOM installation. 

v. Randomly add one STATCOM for reactive power compensation at the bus 

among the candidate buses. Calculate the total power loss, voltage deviation 

and eigenvalues. Each STATCOM set is considered as a harmony vector. 

Initialise the arrays of the HM randomly using (3.3). The number of 

columns in the HM is equal to number of buses in the test system. The 

optimal parameters of the test system, xLi and xUi, are assumed to have 

minimum and maximum values of STATCOM size in MVar, respectively. 

The HMS is assumed to be 10. 

vi. Improvise a new harmony using the three rules of random selection, 

memory consideration and pitch adjustment. In this step, the optimal 

parameters are assumed as follows: HMCR = 90%, PARmax= 0.99, PARmin= 

0.4, bwmax=1, bwmin=0.0001 and NI = 5000. 

vii. Run the power flow program to calculate the bus voltages.  

viii. Calculate power loss, voltage deviation and eigenvalues. 

ix. Check if the STATCOM set (i.e., the new harmony) has a lower fitness 

function value than the worst harmony in the HM. If yes, the worst harmony 

is replaced with the new harmony in the HM. Otherwise, generate a new 

PAR and bw using (3.7) and (3.8), respectively, and return to step (vi). 

x. Determine the optimum STATCOM placement and sizing that provides 

maximum power loss reduction, maximum voltage stability enhancement 

and minimum voltage deviation.  
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Figure 5.3  Procedures used in solving the optimal STATCOM placement and sizing 
problem using modal analysis and the IHS algorithm 
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5.4.2 Application of GHS Algorithm for Optimal Placement and Sizing of 
STATCOM 

 

The procedures for implementing the GHS algorithm in the optimal placement and 

sizing of STATCOM are described follows: 

i. Input the system parameters such as bus, branch, and generator data. 

ii. Form the Jacobian matrix and calculate the eigenvalues for the base case. 

iii. Calculate the eigenvectors and determine bus participation factors for the 

smallest eigenvalue.  

iv. Determine buses with large participation factors and consider these buses as 

possible locations for STATCOM installation. 

v. Randomly add one STATCOM for reactive power compensation at the bus 

among suitable buses. Each STATCOM set is considered a harmony vector. 

The HM arrays are randomly initialized using (3.3). The number of columns 

in the HM is equal to the number of buses in the test system. The optimal 

parameters of the test system, xLi and xUi, are assumed to have minimum 

and maximum values of STATCOM in MVar, respectively. The HMS value 

is assumed to be 10. 

vi. Improvise a new harmony through position updating and genetic mutation. 

In this step, the genetic mutation probability is assumed as pm=0.2. 

vii. Run the power flow program to calculate power loss, voltage deviation, and the 

eigenvalues. 

viii. Calculate the objective function using (5.22). 

ix. Replace the worst harmony in HM with the new harmony. 

x. Evaluate whether the stopping criterion (maximum generation ≥5000) is 

satisfied. If not, return to step (vi) and repeat the procedure.  

xi. Determine the optimal Var compensator set (i.e., the best harmony) that 

provides maximum power loss reduction, minimum voltage deviation, 

maximum voltage satiability enhancement and minimum STATCOM size.   

Figure 5.4 shows a schematic diagram of the procedures used in solving the optimal 

STATCOM placement and sizing problem using modal analysis and the GHS 

algorithm. 
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Figure 5.4  Procedures used in solving the optimal STATCOM placement and sizing 

problem using modal analysis and the GHS algorithm 
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5.5 SOFTWARE TOOL FOR OPTIMAL PLACEMENT AND SIZING OF 
SHUNT VAR COMPENSATORS IN POWER SYSTEMS 

 

Due to the limitations of the available power system analysis software tools and lack 

of heuristic optimization features in these tools, there is a strong motivation for 

developing a suitable software tool for optimal placement and sizing of shunt Var 

compensators in distribution and transmission systems incorporating heuristic 

optimization techniques.  For this purpose, a new power system analysis tool called as 

Optimal Placement of Shunt Var Compensators (OPSVC) has been developed. To 

date, there is no such power system simulation package developed with features of 

heuristic optimization algorithms.  

 

The capabilities of the OPSVC are that it can conduct several analyses, such as 

backward/forward sweep  power flow, radial harmonic power flow, optimal placement 

and sizing of capacitors, SVCs and STATCOMs using different optimization 

techniques and plotting voltage profile of the studied system before and after installing 

Var compensators. In this section, the software development of the OPSVC software 

is discussed by describing the programming language used and the main structure of 

the software.  

 

5.5.1   Programming Language 

 

The MATLAB programming language is selected to implement the algorithms and 

routines in the OPSVC software. The MATLAB software which is short for MATrix 

LABoratory is a powerful and widely used tool for simulation. MATLAB includes 

tools that allow a program to interactively construct a graphical user interface (GUI) 

for the program. With this capability, a programmer can design sophisticated data 

analysis programs that can be operated by relatively inexperienced users (Altintas 

2011). 

 

In this work, MATLAB is chosen as the programming tool primarily because 

it offers several advantages such as graphics facilities, interactive mode of work, 

simple programming and its wide availability on computing platforms. These factors 
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make Matlab an excellent language for teaching and a powerful tool for solving 

research and practical problems. MATLAB implements GUI through the graphical 

user interface development environment (GUIDE) which allows a user to create figure 

windows containing graphical objects (Altintas 2011). A GUI is a user interface 

program built with graphical objects such as buttons, text fields, sliders and menus. 

GUI ensures the communication process between a user and the MATLAB 

computational engine (Altintas 2011). 

 

5.5.2    Software Structure 

 

All program modules in the OPSVC software have been developed in the MATLAB 

environment. The step-by-step procedures and calculations involved in the OPSVC 

are shown in Figure 5.5 and described as follows: 

 

i) Select the power system configuration which is either radial distribution 

system or transmission system. 

 

ii) Select the test system and the intended analysis. For analysis on a radial 

distribution system, the analyses include backward/forward sweep power 

flow, optimal placement and sizing of capacitors without harmonics 

consideration and optimal placement and sizing of capacitors with 

harmonics consideration. For analysis on a transmission system, the 

analyses include power flow, optimal placement and sizing of SVC and 

optimal placement and sizing of STATCOM. 

 

iii) If the options of optimal placement and sizing of Var compensators are 

selected, the next steps are to: 

a) Choose the intended optimization technique which may be GA, 

PSO, HS, IHS and GHS algorithm. 

b) Execute the optimum placement and sizing program. 

 

iv) Display the obtained results and plot the voltage profiles 
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All the above-mentioned calculations are developed in MATLAB line codes 

and then integrated with the MATLAB GUI so as to produce a user-friendly interface. 

The main modules of the OPSVC software are described in Appendix H. 

 

 

 

Figure 5.5 Procedure in the OPSVC 

 

5.6   CHAPTER SUMMARY 

 

This chapter presents the application of two heuristic optimization techniques,  

namely,  IHS and GHS algorithms for determining optimal location and size of shunt 

reactive power compensators such as SVC and STATCOM in a power system. The 
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problem is decomposed into two sub-problems in which the first sub-problem deals 

with the use of modal analysis method for determining possible locations of SVC or 

STATCOM. The second sub-problem solves the optimal placement and sizing of SVC 

or STATCOM by considering a multi-criterion objective function for enhancing 

voltage stability, improving voltage profile and minimizing power loss and total cost. 

More over , A MATLAB-based power system software tool incorporated with 

optimization features, named as OPSVC has been developed for analyzing the optimal 

placement and sizing of shunt Var compensators in both distribution and transmission 

systems. 
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CHAPTER VI 

 

 

RESULTS AND DISCUSSION 

 

 

6.1 RESULTS OF OPTIMAL CAPACITOR PLACEMENT AND SIZING 
IN RADIAL DISTRIBUTION SYSTEMS 

 

The proposed IHS and GHS algorithms have been tested on the 10 bus and 34 bus test 

systems (Baghzouz & Ertem 1990; Chis et al. 1997; Rao et al. 2011) to evaluate its 

effectiveness in determining optimal placement of capacitors so as to reduce power 

loss and total cost. An effective and simple power flow method based on the 

backward/forward sweep power flow is employed for performing power flow 

simulations. The performance of the proposed algorithms are also validated on the 

three-phase 10 bus and 34 bus distribution systems by considering mutual coupling, 

load unbalance and harmonics.  The results of the IHS and GHS algorithms are then 

compared with the GA, PSO and conventional HS algorithm.  

 

Practical capacitor sizes with the corresponding costs as obtained from Ghose 

& Goswam (2003) were considered in this study. The relationship between the sizes 

and yearly costs of the capacitors is as shown in Figure 6.1. Here, the capacitor values 

are assumed continuous. In this study, the voltage limits are assumed as Vmin=0.9 p.u. 

and Vmax=1.1 p.u. and the equivalent annual cost of power loss (KP) is selected to be 

168 $/(kW-year) (IEEE Std 18-1992). 
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Figure 6.1 Yearly costs of fixed capacitors 

 

 

6.1.1 Optimal Capacitor Placement Results for the 10 Bus Test System 

 

The performance of the proposed IHS and GHS algorithms in solving the capacitor 

placement problem is validated on the 10 bus test systems shown in Figure 6.2. The 

load  and  line data for the 10 bus system are as shown in Table 6.1. 

 

 
Figure 6.2  The 10 bus test system  

 

The rated line voltage and the total reactive load of the system are 23kV and 4186 

kVar, respectively. For reactive power compensation, the maximum capacitor size 

should not exceed the total reactive load of 4186 kVar (Ghose & Goswam 2003). 
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Table 6.1  Load and line data of the 10 bus test system 

Line No. 
Length 

(Mile) 

From, 

bus i 

To , 

bus i+1 

Ri,i+1 

(Ω) 

Xi,i+1 

(Ω) 

PL 

(kW) 

QL 

(kVar)

1 0.63 1 2 0.1233 0.4127 1840 460 

2 0.88 2 3 0.014 0.605 980 340 

3 1.7 3 4 0.7463 1.205 1790 446 

4 0.84 4 5 0.6984 0.6084 1598 1840 

5 2.3 5 6 1.9831 1.7276 1610 600 

6 1.05 6 7 0.9053 0.7886 780 110 

7 1.5 7 8 2.0552 1.164 1150 60 

8 3.5 8 9 4.7953 2.716 980 130 

9 3.9 9 10 5.3434 3.0264 1640 200 

 

 

Table 6.2 shows the capacitor placement results in terms of capacitor sizes, 

capacitor locations, power loss, total costs and net saving of the IHS  and  GHS 

algorithms compared with the GA, PSO and the conventional HS algorithm. The main 

objective function of the problem is minimization of total cost which includes power 

loss cost and capacitor cost. Any reduction in total power loss or total capacitor costs 

leads to less objective function value. From the results in Table 6.2 , it can be seen that 

the total capacitor size and also the total capactior cost identified by the IHS and GHS 

algorithms are greater than GA and the conventional HS algorithm. However, the 

power loss and total cost is greatly reduced by the IHS algorithm as compared to GA, 

PSO and conventional HS algorithm. Comparing the results of the IHS and GHS 

algorithms, the power loss and total cost using the GHS algorithm is lower than the 

IHS algorithm. In general, the cost saving using the IHS and GHS algorithms are 

greater than the other optimization techniques.  
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Table 6.2  Comparison of capacitor placement results of the 10 bus system 

 

Capacitor 
Location  
Bus No. 

  

Before 
Capacito

r 
Placemen

t 

Capacitor Size (kVar) 

GA PSO HS IHS GHS 

 2 --- 0 0 0 1761 679 

 3 --- 0 3555 294 1636 4042 

 4 --- 0 0 0 1183 0 

 5 --- 1182 4037 2862 1734 2157 

 6 --- 1174 1652 1177 1187 764 

 7 --- 0 0 307 430 0 

 8 --- 0 0 152 0 268 

 9 --- 264 611 138 452 236 

10 --- 566 0 462 447 314 

Total kVar 0 3186 9855 5392 8830 8460 

Power Loss 

(kW) 
783.8 696.2 686.0 684.0 668.7 663.4 

 
Power Loss Cost 

($/year) 
 

131,675 
116,96

2 
115,248 

114,91

2 

112,34

2 

111,45

1 

Capacitor 
Cost($/year) 

 

0 652 1803 1199 1737 1802 

Total 
Cost($/year) 

 

131,675 
117,61

4 
117,051 

116,11

1 

114,07

9 

113,25

3 

Saving (%) 0 10.7 11.1 11.8 13.4 14.0 

 

6.1.2 Optimal Capacitor Placement Results for the 34 Bus Test System 

 

The proposed IHS and GHS algorithms for solving the capacitor placement problem is 

also applied on the 34 bus radial distribution systems shown in Figure 6.3. The load 

and feeder data for the 34 bus system are as shown in Appendix B. The rated line 

voltage of the system is 11 kV. The results of optimal location and size of shunt 

capacitors using GA, PSO, HS, IHS and GHS algorithms are shown in Table 6.3.  
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Figure 6.3  The 34 bus test system  

 

Table 6.3  Optimal capacitor placement results of the 34 bus system 

Location and Size of Added Capacitors 

GA PSO HS IHS GHS 

Bus 
Size 

(kVar) 
Bus 

Size 
(kVar) 

Bus 
Size 

(kVar)
Bus 

Size 
(kVar)

Bus 
Size 

(kVar) 
8 248 9 512 8 648 17 581 11 422 

11 751 19 781 19 1203 20 328 19 1124 

17 288 20 479 20 197 22 794 20 276 

26 1423 24 803 22 639 26 581 22 433 

 

 

From Table 6.3, it is noted that the optimum location and size of capacitors 

identified by the different optimization techniques are not the same. Each optimization 

technique has selected four buses to install the capacitors. It is noted that the voltage 

magnitudes of all these four buses are lower than 0.97 p.u. based on the power flow 

results before capacitor placement. This implies that the selected four buses are 

considered as weak buses with low voltage magnitudes in the system and these buses 

have been selected by the different optimization techniques for capacitor placement 

and suitable locations for Var compensation. 

Table 6.4 shows a comparison of the optimal capacitor placement results of the 

IHS and GHS algorithms with the other optimization techniques in terms of power 

loss, reactive power, capacitor cost, total cost and saving. 
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Table 6.4 Comparison of capacitor placement results of the 34 bus system  

Items 

Before 
Capacitor 
Placemen

t 

GA PSO HS IHS GHS 

Power loss (kW) 221.67 168.8 165.5 161.2 160.2 158.8 

Total kVar 0 2710 2575 2687 2284 2255 

Capacitor 
Cost($/y) 

0 701.2 636.5 598.7 566.8 556.1 

Total Cost ($/y) 37,241 
29,06

0 
28,441 27,680 

27,48

0 

27,23

5 

Saving (%) 0 22.0 23.6 25.7 26.2 26.9 

 
 

The results in Table 6.4 show that the GHS algorithm give the greatest 

reduction in terms of power loss and total costs as compared to GA, PSO, 

conventional HS and IHS algorithm.  In terms of cost saving, the IHS and GHS 

algorithms give greater saving than the other optimization techniques. 

 

6.1.3 Optimal Capacitor Placement Results for the Unbalanced 10 Bus Test 
System with Harmonic Consideration 

 

The proposed IHS and GHS algorithms for solving the capacitor placement problem is 

applied on the three-phase 10 bus distribution system shown in Figure 6.4. This test 

system is selected for demonstrating the effect of mutual coupling, load unbalance and 

supply harmonics on the capacitor placement problem.  

 

 
 

Figure 6.4 The three-phase 10 bus test system 
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The load data for the unbalanced three-phase 10 bus test system is as shown in 

Table 6.5. From the table,  the load of phase B is 5% higher than the load of phase A 

and load at phase C is lower by the same percentage, thus keeping the total three-

phase loads as in the balanced loading situation (Ghose & Goswam 2003).  The line 

impedances are calculated considering the effect of mutual coupling and the 

impedance values are as shown in Table 6.6. 

 

Table 6.5  The load data for unbalanced 10 bus test system 

 

Bus No 

PL-Phase A 

(kW) 

QL-Phase A 

(kVar) 

PL-Phase B 

(kW) 

QL-Phase B 

(kVar) 

PL-Phase C 

(kW) 

QL-Phase C 

(kVar) 

2 1840 460 1932 483 1748 437 

3 980 340 1029 357 931 323 

4 1790 446 1879.5 468.3 1700.5 423.7 

5 1598 1840 1677.9 1932 1518.1 1748 

6 1610 600 1690.5 630 1529.5 570 

7 780 110 819 115.5 741 104.5 

8 1150 60 1207.5 63 1092.5 57 

9 980 130 1029 136.5 931 123.5 

10 1640 200 1722 210 1558 190 

 

 

Table 6.6   Line impedances considering mutual coupling  

 

 

 

 

  

  In this study, the voltage limits are assumed as Vmin=0.9 p.u. and Vmax=1.1 

p.u. and the equivalent annual cost of power loss (KP) is selected to be 168 $/(kW-

year). It is also assumed that the substation voltage contains 3% and 2% of 5-th and 7-

th harmonics, respectively (Ghose & Goswam 2003). A harmonic source is at bus 1 

and its harmonics data are as shown in Table 6.7. The maximum voltage THD limit is 

set at 5% (IEEE Std 519-1992). 

 Zaa Zbb Zcc Zab Zac Zbc 

R(Ω/mile) 

X(Ω/mile) 

0.7433 

 1.2092

0.7526 

  1.1758

0.7472 

 1.1959

0.1566

0.479 

0.1536  

 0.3865 

0.1587  

 0.437 
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Table 6.7 The harmonic source data for the unbalanced 10 bus test system 

Harmonic  Order 1 5 7 

Percentage (%) 100 3 2 

 

The optimum shunt capacitor sizes are evaluated by considering harmonic, 

mutual coupling and load unbalance. Table 6.8  shows the results of optimal capacitor 

location and size using GHS, IHS and conventional HS algorithms, PSO and GA, by 

considering mutual coupling, load unbalance and harmonic effects. In this case, power 

losses at all harmonic orders are added to the fundamental power loss. The results 

show that by using the GHS algorithm, the total capacitor sizes are the lowest 

compared to the other optimization techniques and this leads to low capacitor costs.  

 

 Tables 6.9 shows a comparison of the optimal capacitor placement results in 

terms of minimum and maximum voltages, power loss, capacitor cost, total cost and 

saving. The results of the capacitor placement using the proposed GHS and IHS 

algorithms are compared with the results using the conventional HS algorithm, PSO, 

GA and before capacitor placement (BCP). For the case before capacitor placement, 

no capacitor is installed at any bus in the studied system and no optimization is 

performed.  

 

 From the test results shown in Table 6.9, the following points can be 

highlighted: 

 

i. The GHS algorithm gives higher voltage magnitudes of both the maximum and 

minimum bus voltages compared to GA, PSO, conventional HS algorithm and 

IHS algorithm. Therefore, better voltage improvement can be obtained from 

the GHS algorithm compared to other optimization techniques. 

ii. In terms of power loss and total cost, the GHS algorithm is better than GA, 

PSO, conventional HS algorithm and IHS algorithm in which the fundamental 

and total power losses and total cost are greatly reduced. 

iii. Comparing the results before and after capacitor placement, it is noted that 

after implementing optimal capacitor placement,  the THD values are less than 

the THD limit of 5%.   
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Table 6.8  Capacitor placement results of the unbalanced 10 bus system considering 
mutual coupling, load unbalance and harmonic effects 

 

Capacitor Location
 Bus No. 

Capacitor Size (3 phase kVar) 

GA PSO HS IHS GHS 

 2 495 458 157 0 0 
 3 469 1626 162 1405 0 
 4 321 1449 1696 632 1356 
 5 1591 3686 1133 2968 1955 
 6 1459 0 1215 474 924 
 7 626 758 1053 0 486 
 8 0 0 649 760 0 
 9 472 765 1365 963 477 
10 1597 1231 323 484 1808 

Total kVar (3-Phase) 21084 29925 23256 23064 21018 
 

 
Table 6.9  Comparison of results of different optimization techniques for the 

unbalanced 10 bus system considering mutual coupling, load unbalance 
and harmonic effects 

  BCP GA PSO HS IHS GHS 

Vmin (p.u.) 0.900 0.919 0.929 0.927   0.932    0.934  

Vmax (p.u.) 0.993 0.996  0.997 0.997  0.999   0.999  

THDmax (%) 5.572 4.89  4.99  4.98  4.98   4.99  

Harmonic Power Loss 

(kW) 97 203 189 178 167 166 

Fundamental Power 

Losses (kW) 3082 2848 2794 2846 2753 2739 

Total Power Losses 

(kW) 
3179 3051  2983 3024  2920 2905 

Capacitor Cost ($/Year) 0 4578 6021 5091 4818 4332 

Total Cost (103
×$/Year) 534.1 517.2 507.2 513.1 495.4 492.4 

Saving (%) 0 3.2 5 3.9 7.2 7.8 
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6.1.4 Optimal Capacitor Placement Results for the Unbalanced 34 Bus Test 
System with Harmonics Considerations 

 

Tests were also conducted on the three-phase unbalanced IEEE 34-bus test system 

shown in Figure 6.5. The IEEE 34-bus test system is an actual distribution system 

located in Arizona (Carpinelli et al. 2005). For this system, the total number of nodes 

in the system is 83 and the voltage level of the test network is 24.9 kV. The only 

substation on the network is located above the node 800. A transformer, 69/24.9 kV is 

connected between the substation and node 800.  

 

 
 

Figure 6.5 Three-phase 34 bus test system 

 

 

This system contains both single and three phase lines and loads, thus making 

it suitable for evaluating the proposed optimal capacitor placement method. The single 

phase lines are lines connected by the nodes; 808–810, 816–818, 818–820, 820–822, 

824–826, 854–856, 858–864 and 862–838 while the remaining lines are three phase. 

The complete network data can be found in Appendix C. The system contains loads 

that are linear, nonlinear and/or unbalanced. The harmonic producing loads include 

fluorescent lighting, adjustable speed drives for heat pumps and nonspecific sources 

such as PCs, TVs, etc. The buses with harmonic producing loads are at nodes; 830, 

832, 840, 844, 848 and 860. The harmonic loads are modeled as harmonic current 

injections which are given in Appendix C. The harmonic load compositions are also 
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given in Appendix C. The load data are chosen so that the voltage distortions do not 

exceed the IEEE-519 recommended limits before capacitor placement. The voltage 

distortion limits are assumed as 110% for  voltages at the fundamental frequency and 

5% for the voltage THD (IEEE Std 519–1992). The optimal location and size of shunt 

capacitors using GA, PSO, HS, IHS and GHS algorithms are shown in Table 6.10. 

 

Table 6.10  Capacitor placement results of the unbalanced 34 bus system by 
considering mutual coupling, load unbalance and harmonic effects 

 

 Location and Size of Added Capacitors 

GA PSO HS IHS GHS 

Bus 
Size 

(kVar) 
Bus 

Size 

(kVar) 
Bus 

Size 

(kVar)
Bus 

Size 

(kVar)
Bus 

Size 

(kVar) 

806 322 836 455 816 328 808 471 814 613 

808 651 840 305 808 635 836 307 836 640 

844 486 844 621 844 486 842 612 848 317 

860 606 848 611 848 483 848 649 860 313 

 

 

Form Table 6.10, it is observable that the optimum location and size of 

capacitors identified by the different optimization techniques are not the same. 

However, each optimization technique has selected four buses to install the capacitors. 

Tables 6.11 shows the comparison of the optimal capacitor placement results in terms 

of minimum and maximum voltages, power loss, capacitor cost, total cost and saving. 

The results of the optimal capacitor placement using the proposed GHS and IHS 

algorithms are compared with the results using conventional HS algorithm, PSO, GA 

and before capacitor placement (BCP).  

  

 From the test results shown in Table 6.11, the following points can be 

summarized: 

i. The GHS algorithm gives higher magnitudes for minimum bus voltages 

compared to GA, PSO, conventional HS and IHS algorithms. Therefore, better 
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voltage improvement can be obtained from the GHS algorithm compared to 

other optimization techniques. 

ii. The GHS algorithm gives lower total power loss and total cost compared to 

GA, PSO, conventional HS and IHS algorithms.  

iii. The voltage THD values of all the optimization techniques are less than 5% 

after implementing optimal capacitor placement as compared to a voltage THD 

value of 23.41% before capacitor placement. 

 

 

Table 6.11  Comparison of results of different optimization techniques for unbalanced 
34 bus system by considering mutual coupling, load unbalancing and 
harmonic effects 

 
 BCP GA PSO HS IHS GHS 

Vmin (p.u.) 0.917 0.922 0.924  0.928   0.930  0.931 

Vmax (p.u.) 0.995 0.997  0.998 0.998  0.999 0.999 

THDmax (%) 23.41 4.77  4.71 4.88  4.96  4.91 

Harmonic Power Loss 
(kW) 

 

14.7 31.2 25.9 26.7 25.1 24.8 

Fundamental Power Loss 
(kW) 

 

258.3 192.2 191.9 190.6 189.5 189.1 

Total Power Loss (kW) 273.0 223.4 217.8 217.3 214.6 213.9 

Total kVar  0 6195 5976 5796 6117 5649 

Capacitor Cost ($/Year) 0 1553 1496 1484 1545 1508 

Total Cost ($/Year) 45,864 
39,08

4 

38,08

7 

37,99

1 

37,59

8 

37,44

3 

Saving (%) 0 14.8 17.0 17.2 18.0 18.4 
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6.1.5 Convergence Characteristics and Accuracy of Different Optimization 
Techniques for Optimal Placement and Sizing of Capacitors in the 
Unbalanced 34 Bus System 

 

The accuracy and convergence speed of different optimization techniques in solving 

the problem of optimal capacitor placement and sizing in radial distribution systems, 

are compared in this section. The convergence characteristics of the different 

optimization techniques for the optimal placement and sizing of capacitors in the 

unbalanced 34 bus test system are shown in Figure 6.6. From the figure, the GHS 

algorithm converges faster compared with the other optimization techniques. 

 

 

 

Figure 6.6 Convergence characteristics of different optimization techniques for the 
optimal placement and sizing of capacitors in the unbalanced 34 bus test 
system 

 

To evaluate the accuracy of the optimization techniques, consider Table 6.12 

which shows the results of the GA, PSO, HS, IHS and GHS algorithms in terms of the 

minimum, maximum, mean and standard deviation of the cost function values from 50 

trials of the aforementioned algorithms. The number of iterations is assumed to be 

5000. The optimal GA parameters are selected as follows: population size = 5, 

crossover= 50% and mutation= 40%. For PSO, the number of particles is set to 5 and 

the swarm’s movability is set to 1.49. Consequently, the optimal parameters of 

conventional HS algorithm are as follows: HMCR = 90%, PAR=0.4 and bw=0.0001. 

From Table 6.12, it is observable that the GHS algorithm gives the lowest cost 

function and standard deviation values compared to other optimization techniques. 
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This proves that the proposed GHS algorithm for solving the optimal placement and 

sizing of capacitors in the unbalanced 34-bus test system is more accurate than GA, 

PSO, conventional HS and IHS algorithms. In terms of computational time, it has 

been reported that the GHS algorithm notably consumes less average time than the 

IHS algorithm for solving each problem (Zou et al. 2010 a).  

 

Table 6.12 Accuracy of different optimization techniques for the optimal capacitor 
placement and sizing for unbalanced 34 bus test system 

 Cost Function 

Value ($/Year) 
GA PSO HS IHS GHS 

Minimum 39,057.77 38,073.14 37,990.11 37,597.34 37,443.07 

Maximum 39,099.12 38,097.81 37,995.97 37,600.18 37,443.35 

Mean 39,084.26 38,087.21 37,991.31 37,598.26 37,443.16 

Standard Deviation 0.0412 0.0252 0.0051 0.0019 0.0003 

 

 
6.2 RESULTS OF OPTIMAL SVC PLACEMENT AND SIZING IN 

TRANSMISSION SYSTEMS 
 

In determining the optimal location and size of SVC in a transmission network , 

modal analysis is first applied to determine suitable placement of SVC and then IHS 

and GHS algorithms are applied to determining optimal placement and size of SVC. 

For the optimization problem formulation, a multi-criterion objective function has 

been considered to enhance voltage stability, improve voltage profile and minimize 

power loss and total cost. The results obtained using the proposed IHS and GHS 

techniques in the 57 bus and 118 bus test systems are compared with other 

optimization techniques for validation purpose. The 57 bus system shown in Figure 

6.7 consists of seven generators with bus 1 as the slack bus, 50 load buses and 80 

lines. The system data can be found in Appendix D. At base case condition, the 

system load is 12.508 p.u. and the system power loss is 28.41 MW (Power Systems 

Test Case Archive).  
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Figure 6.7  Network configuration of the IEEE 57 bus test system 

 

The 118-bus system consists of 54 generators (in which one is the slack node), 

64 load buses and 186 lines. The system power loss is 132.86 MW and the system 

data can be found in Appendix E (Power Systems Test Case Archive).  

 

6.2.1 Optimal SVC Placement Results for the 57 Bus Test System 

 

The eigenvalues of the reduced Jacobian matrix are first generated to obtain the 

relative proximity of the system to voltage instability. The bus participation factors are 

then generated for the critical mode to identify the critical buses in the system. The 

smallest eigenvalue for this system at base case is found to be 0.2344. The bus 

participation factor values for the smallest eigenvalue of the reduced Jacobian matrix 

are calculated for all load buses and sorted as shown in Table 6.13.  
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Table 6.13 The participation factor values of all load buses in the 57 bus test system 

Bus 
No. 

Participation 
Factor 

Bus 
No. 

Participation
Factor 

Bus 
No. 

Participation
Factor 

31 0.1833 21 0.0067 52 0.0005 
33 0.1744 22 0.0067 14 0.0004 
32 0.1704 38 0.0057 53 0.0004 
30 0.133 20 0.0043 11 0.0002 
25 0.1004 44 0.0041 13 0.0002 
34 0.0306 27 0.0038 15 0.0002 
35 0.0229 41 0.0038 18 0.0002 
40 0.0177 48 0.0037 51 0.0002 
36 0.0176 47 0.0031 7 0.0001 
24 0.0165 19 0.0024 10 0.0001 
39 0.0142 49 0.0024 54 0.0001 
37 0.014 28 0.0015 4 0 
26 0.0138 46 0.0015 5 0 
57 0.0114 50 0.0014 16 0 
56 0.0092 45 0.0013 17 0 
23 0.0072 43 0.0008 55 0 
42 0.0070 29 0.0006 

 

The bus participation factors measure the participation of each bus to the 

critical mode and the buses with high participation factor values are considered as the 

critical buses in the power system which is susceptible to voltage instability. In this 

study, the first ten buses with high participation factor values are considered suitable 

for SVC installation. From Table 6.13, the suitable buses for SVC installation are 

buses 24, 25, 30, 31, 32, 33, 34, 35, 36 and 40. 

 

The proposed IHS and GHS algorithms were implemented to determine the 

optimal location and size of SVC devices in the network. In this study, three SVCs are 

considered for placement at the appropriate buses of the 57 bus system. From the 

fitness function constraints, it was assumed that each coefficient value, ω1, ω2, ω3, ω4 , 

must be between 0 and 1 and the summation of all coefficient values must be 1. In this 

study, it is decided to give equal importance to the coefficient values for power loss 

reduction (ω2), voltage profile improvement (ω3) and voltage stability enhancement 

functions (ω4). Taking into consideration that the SVC cost is of less importance than  

power loss reduction, voltage profile improvement and voltage stability enhancement 

functions, the coefficient values in the objective function are selected as 
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ω1=ω2=ω3=0.3 and ω4=0.1 (coefficient for SVC cost). The penalty factors are usually 

of large values and are assumed as χ1=100, χ2=100, and χ3=100.  

 

The results obtained from the IHS and GHS algorithms are compared with 

results obtained using the GA, PSO and the conventional HS algorithm. This 

optimization study is performed with the restriction that the injected reative power, Q 

does not exceed 20 MVar. The optimal placement and size of SVCs using the five 

optimisation techniques are shown in Table 6.14.   

 

Table 6.14  Results of optimal SVC placement and size using different optimization 
techniques for the 57 bus test system 

 

GA PSO HS IHS GHS 

Bus 
SVC 

(MVar) 
Bus 

SVC 

(MVar) 
Bus 

SVC 

(MVar) 
Bus 

SVC 

(MVar) 
Bus 

SVC 

(MVar) 

31 9.82 30 3.08 30 3.87 31 7.18 31 10.25 

32 1.88 33 8.48 31 8.46 32 5.99 32 4.10 

34 6.03 34 3.52 32 3.22 33 5.10 33 5.54 

 

 

From the Table 6.14, the three buses chosen for SVC placement by the IHS 

and GHS algorithms are not the same as those determined by the GA, PSO and the 

conventional HS algorithm. The SVCs using the IHS and GHS algorithms are 

installed at buses 31, 32 and 33. While the SVCs using GA are installed at buses 31, 

32 and 34 and using PSO are installed at buses 30, 33 and 34. The SVCs using the 

conventional HS algorithm are installed at buses 30, 31 and 32. From the Table 6.13, 

buses 31, 32 and 33 have high bus participation factor values for the smallest 

eigenvalue of the test system at base case. Thus, the SVC locations determined using 

the IHS and GHS algorithm are more effective for enhancing the system voltage 

stability. In addition, the maximum SVC size determined using the IHS and GHS 

algorithms is installed at bus 31 which is the most critical bus and most susceptible 

bus to voltage instability. 
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For a more detailed analysis of the optimization results, Table 6.15 shows the 

total power loss, voltage deviation, the smallest eigenvalue and SVC cost after  

installing the  SVC devices. Table 6.15 shows that total power loss and total voltage 

deviation are reduced after installing SVCs using the five optimization techniques. 

The eigenvalues increment also illustrates that the system voltage stability is enhanced 

after installing SVCs. From the table, it can be observed that SVC placement using the 

GHS algorithm gives the lowest fitness function value, lowest total power loss, 

highest eigenvalue in critical mode, lowest total SVC cost and least voltage deviation 

compared to the GA, PSO and HS techniques. However, the result of SVC placement 

using the IHS algorithm in terms of power loss reduction, voltage deviation 

minimization, voltage stability enhancement and cost minimization is comparable to 

the GHS algorithm. 

 

Table 6.15  A comparison of objective function components after SVC installation in 
the 57 bus test system 

Objective function 
Base 

Case 
GA PSO HS IHS GHS 

Total  Power Losses (MW) 28.41 27.74 27.60 27.91 27.48 27.46 

Total Voltage Deviation  (pu) 0.265 0.172 0.166 0.167 0.158 0.158 

 Smallest Eigenvalue 0.234 0.287 0.320 0.332 0.345 0.354 

SVC Cost (1000 $) 0.0 71.0 73.7 74.4 70.9 63.6 

Fitness function value 1.000 0.754 0.721 0.725 0.694 0.685 

      

The voltage profiles and total voltage deviations for all cases are presented in 

Figure 6.8 and Figure 6.9, respectively. The deviation from unity voltage magnitude at 

each bus should be reduced to maximize voltage improvement of the power system. 

Figure 6.8 shows that after installing SVCs at the selected buses, the voltage profile of 

the system become closer to 1 pu. The results in Fig 6.9 show that although the 

voltage deviation drops after SVC placement using the five optimisation techniques, 

the voltage improvement with the IHS and GHS algorithms are not significantly 

greater than the other optimization techniques. The maximum voltage drop after 

installing SVCs is occurred in bus 31 which is the most critical bus. 
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Figure 6.8 Voltage profiles before and after SVC placement in the 57 bus test system 

  

 

 
 

Figure 6.9 Total voltage deviations before and after SVC placement in the 57 bus test 
system 

   
 

The convergence characteristics of the different optimization techniques for 

the optimal placement and sizing of SVCs in 57 bus test system are shown in Figure 
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6.10. The GHS algorithm not only performs better in finding better solutions, it also 

converges faster compared with the IHS and other optimization techniques.  The 

optimal parameters of GA are selected as follows: Population Size = 5, Crossover= 

50%, Mutation= 40%. For PSO, the number of particles is set to 5 and the swarm’s 

movability is set to 1.49. Consequently, the optimal parameters of conventional HS 

are selected as follows: HMCR = 90%, PAR=0.4 and bw=0.0001.The number of 

iterations in all optimization techniques are assumed 5000. 

 

 

 

Figure 6.10 Convergence characteristics of different optimization techniques for the 
optimal placement and sizing of SVCs in the 57 bus test system 

 

For a more detailed analysis of the results, consider Table 6.16 which shows 

the numerical results of the aforementioned five algorithms. The minimum, 

maximum, mean and standard deviation of the fitness function values from 50 

executions of the GA, PSO, HS, IHS and GHS algorithm are obtained. The number of 

iterations is assumed 5000. From Table 6.16, it is observable that the minimum, 

maximum and mean of the fitness function values and standard deviation values using 

the GHS algorithm are lower than other optimization techniques. The significant 

difference in the standard deviation values, demonstrate the accuracy of the proposed 

GHS algorithm in determining optimal placement and sizing of SVCs in the 57 bus 

test system and that is better than GA, PSO, conventional HS algorithm and IHS 

algorithm. 
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Table 6.16  Accuracy of different optimization techniques for the optimal SVC 
placement and sizing in the 57 bus test system 

Fitness Function Value GA PSO HS IHS GHS 

Minimum 0.7254 0.7205 0.7246 0.6941 0.6849 

Maximum 0.7724 0.7284 0.7262 0.6944 0.6851 

Mean 0.7541 0.7213 0.7252 0.6943 0.6850 

Standard Deviation 4.69e-05 7.83e-05 1.61e-05 2.67e-06 1.22e-07

 
 
6.2.2 Optimal SVC Placement Results for the 118 Bus Test System 
 

The smallest eigenvalue of the 118 bus test system at the base case which is without 

SVC installation is calculated as 3.9425. The bus participation factor values for the 

smallest eigenvalue of the reduced Jacobian matrix are calculated for all load buses. 

Among all load buses the bus participation factor values of six buses are sorted and 

shown in Table 6.17. The bus participation factor values of other load buses are found 

to be 0. It means that only six buses have participation to the critical mode. From the 

table, the buses with  participation factors  correspond to the critical system buses 

which are at buses 20, 21, 22, 23, 37 and 38. These buses are considered as suitable 

locations for SVC installation.  

 

Table 6.17  The participation factor values of critical buses in the 118 bus test system 

Bus No. Participation Factor 
21 0.4268 
22 0.3390 
20 0.2274 
23 0.0068 
37 0.0039 
38 0.0014 

 

 

The proposed IHS and GHS algorithms were implemented to determine the 

optimal location and size of SVC devices in the network. The coefficient values for 

the objective functions are assumed to be the same as those in the 57 bus test system. 

This study is performed with the restriction that the injected Q does not exceed 70 

MVar. The results obtained from the IHS and GHS algorithms are compared with 
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results obtained using the GA, PSO and conventional HS algorithm. In this study, 

three SVCs are considered for placement at the buses with high participation factor 

values. Table 6.18 shows the results of the optimal location and size of the three SVCs 

determined by the five optimization techniques mentioned above.  

 

Table 6.18  Results of optimal SVC placement and size using different optimization 
techniques for the 118 bus test system 

 

GA PSO HS IHS GHS 

Bus 
SVC 

(MVar) 
Bus 

SVC 
(MVar) 

Bus
SVC 

(MVar) 
Bus

SVC 
(MVar) 

Bus 
SVC 

(MVar) 
21 52.45 20 33.08 20 17.78 20 29.12 20 12.11 

22 10.46 22 42.18 21 48.36 21 44.22 21 47.25 

23 6.17 23 13.12 22 13.22 22 5.34 22 15.47 

 

 

From the results shown in Table 6.18, the three buses chosen for SVC 

placement by the HS algorithms are not the same as those determined by the GA and 

PSO techniques. From the table, the SVC locations determined by the IHS and GHS 

algorithms at buses 20, 21 and 22 are found to have the largest bus participation factor 

values. Thus, the SVC locations determined by the IHS and GHS algorithms are more 

effective for enhancing system voltage stability.  

 

To validate the effectiveness of the IHS and GHS algorithms, the results in 

terms of total power loss, voltage deviation, smallest eigenvalue and SVC cost after 

installing the SVC devices are shown in Table 6.19. From the table, it can be observed 

that the result of SVC placement using the GHS algorithm in terms of power loss 

reduction, voltage deviation minimization, voltage stability enhancement and cost 

minimization are better than the IHS and other optimization techniques. In addition, 

the results show that the GHS algorithm gives the lowest fitness function value 

compared to the other optimization techniques and this verifies the accuracy of the 

GHS algorithm in solving the SVC optimal placement and sizing problem. 
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Table 6.19  A comparison of objective function components after SVC installation in 
the 118 bus test system 

 

Objective function 
Base 

Case 
GA PSO HS IHS GHS 

Total  Power Losses (MW) 132.86 132.49 131.30 131.54 130.81 130.03

Total Voltage Deviation  (pu) 0.294 0.268 0.265 0.268 0.263 0.261 

Smallest Eigenvalue 3.943 5.173 5.217 5.245 5.253 5.265 

SVC Cost (1000 $) 0 1163 1139 1113 1090 1036 

Fitness function value 1.000 0.842 0.838 0.839 0.837 0.834 

 

 

The voltage profiles and total voltage deviations for all cases are presented in 

Figure 6.11 and Figure 6.12, respectively. Figure 6.11 shows that after installing 

SVCs, the voltage profile of the system become closer to 1 pu. The results in Figure 

6.12 show that although the voltage deviation drops after SVC placement, the voltage 

improvements with the IHS and GHS algorithms are not significantly greater than the 

other optimization techniques. 

 

 

Figure 6.11 Voltage profiles before and after SVC placement in the 118 bus test  

system 
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Figure 6.12 Total voltage deviations before and after SVC placement in the 118 bus 
test system 

 

 

6.3 RESULTS OF OPTIMAL STATCOM PLACEMENT AND SIZING IN 

TRANSMISSION SYSTEMS 

 

The IHS and GHS algorithms are used to determine the optimal location and size of 

only one STATCOM in a transmission network. The suitable buses are for 

STATCOM placement first identified using the modal analysis and then the proposed 

IHS and GHS algorithms are used to determine the optimal placement and size of 

STATCOM  compensation required to minimize loss and improve the voltage and 

voltage stability with respect to the STATCOM size. In this study, it is decided to give 

equal importance to coefficient values of the power loss reduction (ω1), voltage profile 

improvement (ω2)  and voltage stability enhancement (ω3)  functions and less 

importance to coefficient value of STATCOM size (ω4). Thus, the coefficient values 

for the objectives are selected as ω1=0.3, ω2=0.3 , ω3=0.3 and ω4=0.1 and the penalty 

factors are assumed as χ1=100, χ2=100, and χ3=100. The results obtained using the 

proposed IHS and GHS algorithms for the 57 bus and the 118 bus test systems are 

compared with other optimization techniques for the purpose of evaluating the 

effectiveness of algorithms. 
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6.3.1 Optimal STATCOM Placement Results for the 57 Bus Test System 

 

Considering the results of modal analysis shown in Table 6.13, the ten buses with high 

participation factor values are considered suitable for STATCOM installation. The 

identified ten buses are buses 24, 25, 30, 31, 32, 33, 34, 35, 36 and 40. Table 7.20 

shows the place and size of STATCOM using the five optimisation techniques. The 

results obtained from the IHS and GHS algorithms are compared with results obtained 

using the GA, PSO and conventional HS algorithm. Table 6.20 also shows the total 

power loss, voltage deviation and the smallest eigenvalue after the installation of the 

STATCOM. This study is performed with the restriction that the injected Q does not 

exceed 50 MVar. 

 

Table 6.20  A comparison of different optimization techniques for optimal placement 
and sizing of STATCOM in the 57 bus test system 

 

Objective function 
Base 

Case 
GA PSO HS IHS GHS 

Optimum Location (Bus No.) --- 33 32 31 31 31 

Size of STATCOM (MVar) --- 17.44 15.35 12.87 12.41 12.37 

Total  Power Losses (MW) 28.41 28.19 28.02 27.88 27.76 27.74 

Total Voltage Deviation   0.265 0.209 0.215 0.181 0.178 0.177 

Smallest Eigenvalue 0.234 0.302 0.261 0.291 0.314 0.322 

Fitness function value 1.000 0.802 0.839 0.765 0.743 0.736 

      

 

Table 6.20 shows that STATCOM placement using the GHS algorithm not 

only produces greater voltage stability enhancement and greater reductions in power 

loss and voltage deviation than GA, PSO and conventional HS algorithm, but it also 

gives the lowest fitness function value compared to other optimization techniques. It  

is also observed that the result of STATCOM placement using the IHS algorithm in 

terms of power loss reduction, voltage deviation minimization and voltage stability 

enhancement is comparable to the GHS algorithm. However, the STATCOM size 

found by the GHS algorithm is lower than that found by the IHS algorithm. 
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6.3.2 Optimal STATCOM Placement Results for the 118 Bus Test System 
 

The proposed IHS and GHS algorithms were implemented to determine the optimal 

location and size of only one STATCOM in the 118 bus test system. The coefficient 

values for the objective functions are assumed to be the same as those in the 57 bus 

test system. This study is performed with the restriction that the injected Q does not 

exceed 120 MVar. As shown in Table 6.17, the most critical buses in the system are 

buses 20, 21, 22, 23, 37 and 38 and these buses are considered as candidate location 

for STATCOM installation.  

 

Table 6.21 shows a comparison of the optimal STATCOM placement results 

of the IHS and GHS algorithms with the other optimization techniques in terms of 

total power loss, voltage deviation, smallest eigenvalue and size of STATCOM. The 

results in the table show that the GHS algorithm gives the lowest fitness function 

value and the greatest reduction in terms of power loss and voltage deviation as 

compared to GA, PSO, conventional HS and IHS algorithms.   

 

Table 6.21  A comparison of different optimization techniques in optimal placement 
and sizing of STATCOM in the 118 bus test system 

 

Objective function 
Base 

Case 
GA PSO HS IHS GHS 

Optimum Location (Bus No.) --- 20 22 21 21 21 

Size of STATCOM (MVar) --- 69.11 71.39 64.11 64.17 64.23 

Total  Power Losses (MW) 132.86 132.57 132.56 131.52 131.43 131.23

Total Voltage Deviation   0.294 0.291 0.290 0.289 0.287 0.285 

Smallest Eigenvalue 3.9425 5.108 5.166 5.282 5.284 5.292 

Fitness function value 1.000 0.875 0.865 0.857 0.853 0.845 

    

The convergence characteristics of the different optimization techniques for the 

optimal placement and sizing of STATCOM in the 118 bus test system are shown in 

Figure 6.13. From the figure, the GHS algorithm converges faster compared with the 

other optimization techniques. 
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Figure 6.13 Convergence characteristics of different optimization techniques for the 
optimal placement and sizing of STATCOM in the 118 bus test system 

 

The minimum, maximum, mean and standard deviation of the fitness function 

values from 50 executions of the GA, PSO, HS, IHS and GHS algorithm are shown in 

Table 6.22. From the table, it is noted that the GHS algorithm gives the lowest fitness 

function values and lowest standard deviation values compared to other optimization 

techniques. This proves that the proposed GHS algorithm for solving the optimal 

placement and sizing of STATCOM in the 118 bus test system is more accurate than 

GA, PSO, conventional HS and IHS algorithms. 

 

 

Table 6.22 Accuracy of different optimization techniques for the optimal STATCOM 
placement and sizing in the 118 bus test system 

 
Fitness Function Value GA PSO HS IHS GHS 

Minimum 0.8583 0.8605 0.8567 0.8529 0.8451 

Maximum 0.9163 0.8661 0.8581 0.8532 0.8451 

Mean 0.8753 0.8651 0.8572 0.8531 0.8451 

Standard Deviation 5.80e-04 5.61e-05 1.42e-05 3.78e-06 3.47e-08
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6.4 COMPARATIVE STUDY ON THE EFFECTIVENESS OF 
DIFFERENT VAR COMPENSATION DEVICES  

 

This section presents a comparison on the effectiveness of installing reactive power 

compensators, such as shunt capacitors, SVC and STATCOM in transmission 

networks. In the simulation study, the critical or weakest bus was first identified using 

the modal analysis method and this bus was selected for installing a single shunt 

capacitor, single SVC and single STATCOM separately.  The effects of installing 

these Var compensation devices on power loss reduction, voltage profile improvement 

and voltage stability enhancement were examined and compared. The comparative 

study was performed on the 57 and 118 bus test systems.  

 

6.4.1 Comparative Study Results for the 57 Bus Test System 

 

Form the Table 6.13, the most critical bus in the 57 bus test system is identified as bus 

31. This bus is selected to install a Var compensator. The variations in power loss, 

voltage deviation, and smallest eigenvalue relative to the Var compensator size using 

the different devices are shown in Figs. 6.14, 6.15 and 6.16, respectively. This study is 

conducted with the restriction that the injected Q does not exceed 50 MVar in the 57 

bus test system. 

 

 

Figure 6.14  Power loss versus Var compensator size after installing different devices 
in the 57 bus test system 
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Figure 6.14 shows that the power loss variation curves after installing shunt 

capacitor, SVC and STATCOM, initially decrease and then increase. The effects of 

installing shunt capacitor, SVC, and STATCOM with sizes less than 10 MVar are 

very similar; however, as the sizes increase, the effect of STATCOM on power loss 

reduction is better than SVC, and the effect of SVC on power loss reduction is better 

than that of the shunt capacitor. 

 

Figure 6.15  Voltage deviation versus Var compensator size after  installing different 
devices in the 57 bus test system 

 

 

 

Figure 6.16  Smallest eigenvalue in the critical mode versus Var compensator size 
after installing the different devices in the 57 bus test system 
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Figure 6.15 shows that the voltage deviation variation curves after the 

installation of the shunt capacitor, SVC, and STATCOM initially decrease and then 

increase. As the Var compensator size increases, the effect of STATCOM on the 

voltage profile improvement is better than that of SVC, and the effect of SVC is much 

better than that of the shunt capacitor. From the smallest eigenvalues shown in Figure 

6.16, it is noted that the STATCOM gives better voltage stability enhancement than 

SVC, and the SVC gives better voltage stability enhancement than that of the shunt 

capacitor. To compare the cost of the Var compensators, Table 6.23 depicts the cost of 

the compensators (Eslami et al 2011).  

 
Table 6.23  Cost comparison of Var compensators 

Var compensation 

device  
Cost (US $) 

Shunt capacitor 8/kVar 

SVC 40/ kVar (controlled portion) 

STATCOM 50/ kVar (controlled portion) 

To further compare the effectiveness of installing shunt capacitors, SVC and 

STATCOM in transmission networks, the optimal sizes of these compensators are 

determined using the GHS algorithm and the objective function defined in (5.19). The 

total cost is calculated with respect to the type and the cost of each Var compensator 

shown in Table 6.23. In the calculation of the objective function, the coefficients of 

the objective function are selected as ω1 = 0.3, ω2 = 0.3, ω3 = 0.3, and ω4 = 0.1. The 

results of the optimum sizes for a capacitor, SVC and STATCOM installed at the 

critical bus are shown in Table 6.24. 

 

Table 6.24 Optimum size for single shunt Var compensator at the critical bus of the 57 
bus test system 

 Shunt Capacitor SVC STATCOM 
Size (MVar) 13.34 12.91 12.37 

 

The results in Table 6.24 show that the optimum size of a shunt capacitor is 

greater than SVC and STATCOM. This is due to lower cost of shunt capacitor in 

comparison with SVC and STATCOM. The effect of installing the 13.34 MVar 

capacitor, 12.91 MVar SVC, and 12.37 MVar STATCOM at the weakest bus of the 57 
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bus test system are compared in terms of power loss, voltage deviation and voltage 

stability enhancement as shown in Table 6.25. 

 

Table 6.25  Comparing the effect of different Var compensators installed at the 
weakest bus of the 57 bus test system 

Cases 
Base 
Case 

With 
Capacitor 

(13.34 MVar) 

With 
SVC 

(12.91 MVar) 

With 
STATCOM 

(12.37 MVar) 

 
Impr.* 

(%)  
Impr.* 

(%)  
Impr.* 

(%) 
Power Loss (MW) 28.41 28.01 1.4 27.95 1.6 27.74 2.4 

 
Voltage Deviation 

(p.u) 
 

0.265 0.217 18.1 0.193 27.2 0.177 33.2 

The Smallest 
Eigenvalue 

0.2344 0.2612 11.4 0.2997 27.9 0.3221 37.4 

*Improvement 

 

From the results shown in Table 6.25, the following points can be highlighted: 

i. The effect of installing a single capacitor, SVC and STATCOM on power loss 

reduction in the 57 bus test system is not significant in which the power loss 

reduction is less than 2.5%. It is noted that the effect of installing a single 

STATCOM on power loss reduction is better than a single SVC, and the effect 

of installing a single SVC is better than that of a single shunt capacitor. 

ii. The effect of the installing a single capacitor, SVC and STATCOM on voltage 

profile improvement in the 57 bus test system is significant in which the 

voltage deviation reduction is greater than 18%. It can be seen that the effect 

of installing of a single STATCOM on voltage profile improvement is better 

than installing a single SVC and the effect of installing a single SVC is much 

better than that of a single shunt capacitor. 

iii. The effect of the installing a single capacitor, SVC and STATCOM on voltage 

stability enhancement in the 57 bus test system is substantial in which the 

smallest eigenvalue improvement is greater than 11%. It is shown that the 

effect of installing a single STATCOM on voltage stability enhancement is 

better than a single SVC and the effect of installing a single SVC is better than 

that of a single shunt capacitor.  
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6.4.2 Comparative Study Results for the 118 Bus Test System      

 

Consider the highest bus participation factor value for the smallest eigenvalue of the 

118 bus test system as shown in Table 6.17. As shown in the table, the critical bus in 

the 118 bus test system is bus 21 and this bus is selected for installing the Var 

compensator. The variations in power loss, voltage deviation and smallest eigenvalue 

relative to the Var compensator size using different devices are shown in Figs. 6.17, 

6.18 and 6.19, respectively. This study is conducted with the constraint that the 

injected Q does not exceed 120 MVar in the 118 bus test system. 

 

From Figs. 6.17 and 6.18, the variation in the curves of both power loss and 

voltage deviation after installing the shunt capacitor, SVC and STATCOM, initially 

descend and then ascend. The effect of installing shunt capacitor, SVC and 

STATCOM on power loss reduction is very similar when the Var compensator size is 

less than 20 MVar but after the Var compensator size increases, the effect of 

STATCOM on both power loss reduction and voltage improvement is better than that 

of SVC and the effect of SVC on power loss reduction and voltage profile 

improvement is much better than that of the shunt capacitor. 

 

 

Figure 6.17  Power loss versus Var compensator size after installing different devices 
in the 118 bus test system 
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Figure 6.18 Voltage deviation versus Var compensator size after installing the 
different devices in the 118 bus test system 

 

 

Figure 6.19  Smallest eigenvalue versus Var compensator size after installing different 
devices in the 118 bus test system 

 

Figure 6.19 shows by increasing the Var compensator size, the STATCOM 

gives better voltage stability enhancement than the SVC, and the SVC gives better 

voltage stability enhancement than the shunt capacitor.  

 

Table 6.26 shows the results of the optimum sizes of single capacitor, SVC 

and  STATCOM installed at the critical bus of the 118 bust test system.  These 

optimum sizes were determined using the GHS algorithm and the objective function 
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defined in (5.19), and the coefficients for the objective functions are assumed to be the 

same as those in the 57 bus test system.   

 

Table 6.26   The optimum size for single shunt Var compensator at the critical bus of 
the 118 bus test system 

 Shunt Capacitor SVC STATCOM 
Size (MVar) 68.71 65.18 64.23 

 

From the results shown in Table 6.26, the optimum size of single shunt 

capacitor is greater than SVC and STATCOM due to the fact that the cost of shunt 

capacitor is less  than SVC and STATCOM. The effects of installing the 68.71 MVar 

capacitor, 65.18 MVar SVC and 64.23 MVar STATCOM at the weakest bus of the 

118 bus test system are further compared in terms of power loss, voltage deviation and 

voltage stability enhancement as shown in Table 6.27. 

 

Table 6.27  Comparing the effect of different Var compensators installed at the weakest 
bus in the 118 bus test system 

 

Cases 
Base 
Case 

With 
Capacitor 

(68.71 MVar) 

With 
SVC 

(65.18 MVar) 

With 
STATCOM 

(64.23 MVar) 

 
Impr.* 

(%)  
Impr.* 

(%)  
Impr.* 

(%) 

Power Loss (MW) 132.86 131.63 0.9 131.59 1.0 131.23 1.2 

Voltage Deviation 0.294 0.293 0.3 0.289 1.8 0.285 3.1 

The Smallest 
Eigenvalue 

3.943 4.497 14.1 5.030 27.6 5.292 34.2 

*Improvement 

 

From the results shown in Table 6.27, the following points can be highlighted: 

i. The effect of installing a single capacitor, SVC and STATCOM on power loss 

reduction in the 118 bus test system is not very significant because the 

improvement in power loss reduction is less than 1.2%. Comparing the effect 

of different Var compensators on power loss reduction, it is shown that the 

STATCOM gives better power loss than SVC and the SVC gives better power 

loss reduction than the shunt capacitor. 
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ii. The effect of installing a single capacitor, SVC, and STATCOM on voltage 

profile improvement in the 118 bus test system is not very significant because 

the improvement in voltage deviation reduction is less than 3.2%. It is noted 

that the STATCOM gives slightly better voltage profile improvement than 

SVC and that the SVC gives better voltage improvement than the shunt 

capacitor. 

iii. The effect of installing a single capacitor, SVC and STATCOM on voltage 

stability enhancement in the 118 bus test system is significant because the 

smallest eigenvalue improvement is greater than 14%. Comparing the effect of 

different Var compensators on voltage stability enhancement, it is noted that 

the STATCOM gives better voltage stability improvement than the SVC, and 

that the SVC gives better voltage stability improvement than the shunt 

capacitor. 

 

6.5  RESULTS ON THE USE OF THE OPSVC SOFTWARE 

 

To illustrate the use of the developed software tool, OPSVC, some examples for 

determining optimal placement and sizing of Var compensators in the test systems are 

considered. The application of OPSVC using the GHS algorithm for determining the 

optimal location and sizing of shunt capacitors in the three-phase 10 bus test system is 

illustrated. The 57 bus test system is also considered to illustrate the use of OPSVC in 

applying the IHS algorithm for optimal SVC placement and sizing in transmission 

systems. 

 

6.5.1 Example of Using OPSVC for Analysis on a Radial Distribution System 

 

The three-phase 10 bus test system is considered to illustrate the use of OPSVC for 

optimal capacitor placement and sizing in radial distribution systems by considering 

mutual coupling, load unbalance and harmonics. The GHS algorithm is selected as the 

optimization technique. Initially, all the required data is entered through the GUI 

shown in Figure 6.20. In the section of optimization parameters, the number of buses, 

number of iterations and genetic mutation probability are selected as 10, 5000 and 0.2, 
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respectively. The studied cases are selected as; with mutual coupling and unbalance in 

loads. The maximum permissible THD is also selected as 5%.  Then by clicking on 

the button “Run”, the convergence curve is plotted and then the results are shown on 

the right of the GUI as depicted in Figure 6.20. 

 

 
Figure 6.20 Output display of the GUI for optimal capacitor placement in the 10 bus 

distribution system using the GHS algorithm 
 

Figure 6.20 shows that the obtained capacitor placement results of OPSVC 

using the GHS algorithm are the same as the results shown in Table 6.8 and Table 6.9. 

The voltage profile of test system before and after capacitor placement is also plotted 

as shown in Figure 6.21. From the figure, it can be seen that the voltage improvement 

after capacitor placement using the GHS algorithm is significant. 

 

 
Figure 6.21  Voltage improvement after optimal capacitor placement in the 10 bus 

distribution system plotted by the OPSVC software 
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6.5.2 Example of Using OPSVC for Analysis on a Transmission System  
 

The 57 bus test system is considered to illustrate the use of the OPSVC for optimal 

SVC placement and sizing in transmission systems. In this simulation case, the IHS 

algorithm is selected as the optimization technique. Initially, all the required data is 

entered through the GUI shown in Figure 6.22. The optimization parameters are 

selected as: number of buses =57, number of iterations = 5000, HMCR = 95%, 

PARmax= 0.90, PARmin= 0.4 and bwmax=1 , bwmin=10-6. The number of SVCs is selected 

as 3 and the maximum permissible size of SVC is selected as 20MVar.  Then by 

clicking on the button “Run”, the convergence curve is plotted and then the results are 

shown on the right of the GUI in Figure 6.22. 

 

 
Figure 6.22 Output display of the GUI for optimal SVC placement in the 57 bus test 

system using the IHS algorithm 
 

Figure 6.22 shows that the obtained SVC placement results of OPSVC using 

the IHS algorithm are same as the results of Table 6.14 and Table 6.15. From Figure 

6.22, the convergence characteristics of the IHS algorithm for the optimal placement 

and sizing of SVCs in the 57 bus test system are also similar to the results shown in 

Figure 6.10. The voltage profile and the voltage deviation curves, before and after 

SVC placement are also plotted as depicted in Figure 6.23 and Figure 6.24, 

respectively. From the figures, it can be seen that there is a significant voltage 

improvement at some buses after installing the three SVCs in the 57 bus transmission 

system.  
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Figure 6.23   Voltage improvement after SVC placement in the 57 bus test system 

plotted by the OPSVC software 
 

 

 
Figure 6.24 Voltage deviation before and after SVC placement in the 57 bus test 

system plotted by the OPSVC software 
 

 

6.6  CHAPTER SUMMARY 

 

The proposed IHS and GHS algorithms for determining the optimal location and size 

of shunt capacitors in radial distribution network have been tested on various 

distribution networks. Mutual coupling, load unbalance and harmonics supply have 

been considered for solving the optimal capacitor placement problem. The proposed 

UN
IVE
RSI
TI K
EBA
NG
SAA
N M
ALA
YSI
A



131 
 

algorithms have been validated on the three-phase 10-bus and 34-bus radial 

distribution systems and the tests results showed that the GHS optimization algorithm 

gives greater reduction in power loss and total costs compared to the GA, PSO, 

conventional HS and IHS algorithms.  The proposed IHS and GHS algorithms are also 

applied for determining the optimal location and size of SVC and STATCOM in 57 

bus and 118 bus transmission networks. The test results showed that the GHS 

algorithm gives better voltage stability enhancement and greater reduction in power 

loss, voltage deviation and total cost compared to the GA, PSO, HS and IHS 

algorithms. It is also shown that the GHS algorithm converges faster compared with 

the other optimization techniques. In addition, the effectiveness of the most commonly 

used shunt compensation devices such as shunt capacitor, SVC and STATCOM has 

been investigated in terms of power loss reduction, voltage profile improvement and 

voltage stability margin enhancement. The test results showed that the effect installing 

a single STATCOM in achieving the aforementioned objectives is better than that of a 

single SVC, and the effect of installing a single SVC is better than that of a single 

shunt capacitor. However, SVC and STATCOM are expensive compared with shunt 

capacitor. Finally, the results of using the developed software tool, OPSVC, for 

optimal placement and sizing of shunt Var compensators in distribution and 

transmission systems have been presented.  
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CHAPTER VII 

 

 

CONCLUSION AND FUTURE WORKS 

 

 

7.1 CONCLUSION 

 

In this thesis, two metaheuristic optimization techniques named as IHS and novel 

GHS algorithms have been applied to determine the optimal location and size of shunt 

reactive power compensators such as shunt capacitors, SVC and STATCOM in power 

systems. The IHS employs a method for generating new solution vectors that 

enhances accuracy and convergence of the conventional harmony search algorithm 

while the GHS algorithm which is inspired by swarm intelligence of the PSO 

technique, modifies the improvisation step of the HS algorithm, so that a new 

harmony can mimic the global best harmony in the harmony memory. In addition, the 

GHS algorithm notably consumes less average time than the IHS algorithm.  

 

To accomplish the first objective of the research which is to implement  an 

effective heuristic optimization technique in terms of speed and accuracy for 

determining optimal location and size of shunt capacitors in radial distribution 

systems, the IHS and GHS algorithms have been applied by considering mutual 

coupling, load unbalance and harmonics. The backward/forward sweep  power flow 

and radial harmonic power flow methods have been developed for calculating the 

power loss. The proposed algorithms have been validated on the three-phase 10-bus 

and 34-bus radial distribution systems and the obtained results showed that the IHS 

and GHS algorithms give greater reduction in power loss and total costs compared to 

the conventional HS algorithm, PSO and GA. Comparing the performance of IHS and 

GHS algorithms, it is noted that the GHS algorithm is up to 5 seconds faster in terms 

of computational time and gives better performance in finding optimal capacitor 

location and size compared to the IHS algorithm. The simulation results prove that the 
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use of IHS and GHS algorithms which do not require initial value setting for the 

variables are simpler, faster and more effective than the optimization techniques using 

GA (Carpinelli et al. 2010), PSO (Ejal & Elhawary 2010), binary PSO (Zhezhelenko 

et al. 2009) and simulated annealing (Ghose & Goswami 2004). The power loss 

reduction and net saving after optimal capacitor placement using IHS and GHS 

algorithms are also greater than the results in all the above-mentioned references. 

 

The second objective is to develop an effective heuristic optimization 

technique for determining optimal location and size of shunt Var compensators in 

transmission systems by maximizing power loss reduction and voltage stability 

margin. To achieve these objectives, IHS and GHS algorithms which are relatively 

new optimization algorithms have been applied for determining the optimal location 

and size of SVC and STATCOM in transmission systems. The extent of power loss 

reduction, voltage profile and voltage stability improvement and total cost reduction 

are used as measures for evaluating power system performance. The multi-criterion 

objective function  in this optimization problem considers more objective functions 

and operational constraints compared to other optimal Var compensator placement 

and sizing methods using GA (Pisica et al. 2009), PSO (Azadani et al. 2008) and 

EPSO (Eghbal et al. 2009). The effectiveness of the IHS and GHS algorithms in 

determining optimal location and size of SVC and STATCOM has been validated on 

the IEEE 57 bus and 118 bus transmission systems. Test results show that the GHS 

algorithm gives greater voltage stability enhancement and greater reductions in power 

loss, voltage deviation and total cost compared to GA, PSO, HS and IHS algorithms. 

Moreover, the GHS algorithm not only performs better in finding optimal solutions 

but it also converges faster compared with the IHS algorithm.   

 

To address the third objective which is to investigate and determine the most 

effective reactive compensating device among the shunt capacitor, SVC and 

STATCOM for power loss reduction, voltage improvement and voltage stability 

enhancement, modal analysis is applied and a comparative study is implemented. The 

modal analysis is used to determine the critical or weakest bus from the voltage 

stability viewpoint and the reactive compensating device is then installed at this bus. 

A comparative study is then made to investigate the effectiveness of installing a shunt 
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capacitor, SVC and STATCOM in a power system for achieving power loss reduction, 

voltage profile improvement, and voltage stability margin enhancement. The 

comparative study has been performed on the 57 and 118 bus transmission systems. 

The results showed that the effect of installing a STATCOM in achieving the 

aforementioned objectives is better than SVC, and the effect of installing a SVC is 

better than that of a single shunt capacitor. However, SVC and STATCOM are 

expensive compared with shunt capacitor. A comprehensive study has been made to 

evaluate the effect of installing the shunt capacitor, SVC and STATCOM  on power 

loss reduction, voltage profile improvement and voltage stability enhancement, while 

the study in Sode-Yome & Mithulananthan (2004) only considers the effect on  

voltage stability improvement.  

 

7.2  SIGNIFICANT CONTRIBUTIONS OF THE RESEARCH 

 

The major contributions of this thesis are summarized as follows: 

i. The proposed IHS and GHS algorithms are easy to implement and can find 

multiple optimal solutions to constrained multi-objective problem, thereby 

providing more flexibility in making decisions about the locations of shunt Var 

compensators. Moreover, the GHS algorithm not only performs better in 

finding optimal solutions but also converges faster compared with GA, PSO, 

HS and IHS algorithms. 

ii. The solution for optimal capacitor placement and sizing in radial distribution 

systems is considered practical and realistic because it take into account the 

unbalanced nature of distribution systems which include mutual coupling 

effects, unbalanced phase loading and unbalanced distributed loads. Moreover, 

the presence of harmonic sources in distribution systems has been included in 

solving the optimal capacitor placement and sizing problem. 

iii. A multi-criterion objective function incorporating total cost minimization, 

voltage stability enhancement, voltage profile improvement and power loss 

minimization has been considered to solve the optimal location and sizing of 

shunt Var compensators in a transmission network.  
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iv. A comprehensive study has been carried out to compare the effectiveness of 

the most commonly used Var compensation devices, namely, shunt capacitor, 

SVC, and STATCOM in reducing power loss, improving voltage profile and 

enhancing voltage stability margin. In addition, a cost–benefit analysis has 

been carried out to justify the economic viability of the SVC and STACOM. 

v. A new power system analysis tool called as Optimal Placement of Shunt Var 

Compensators (OPSVC) has been developed. The capabilities of the OPSVC 

are that it can conduct several analyses, such as load flow, optimal placement 

and sizing of capacitors, SVC and STATCOM using different optimization 

techniques and plotting voltage profile of the studied system before and after 

installing the Var compensators. 

 

7.3  SUGGESTIONS FOR FUTURE WORKS 

 

The proposed techniques for optimal placement and sizing of shunt Var compensators 

in power systems presented in this research have been found very successful. For 

further development of this research work, some of the possible future works in this 

area are suggested as follows: 

i. In optimal capacitor placement, loads were modeled as constant real and 

reactive power loads or constant PQ loads. Other load models, namely, 

constant impedance and constant current load models can also be considered.  

ii. In optimal capacitor placement, the energy loss function can be included in the 

problem formulation if load variations are taken into account. 

iii. The developed algorithms can be employed to find the locations and ratings of 

switched shunt capacitors as well as fixed capacitors. 

iv. The proposed IHS and GHS algorithms can be applied to solve mixed integer 

optimization problems such as optimal allocation and sizing of distributed 

generators or other types of FACTS devices. 
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APPENDIX A 
 

PARTIAL DERIVATIVES FOR STATCOM MODEL 
 
 

Partial derivatives for the static compensator (STATCOM) model are: 
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APPENDIX B 
 
 

IEEE 34 BUS TEST SYSTEM DATA 
 

Table B.1 Load and line data of the 34 bus test system 
 

Bus Number 

 
 

Load 
 

Sectional Parameters 

Length (km) 
Bus Number Impedance(/km) 

 
P(kW) 

 
Q(kvar) 

 
From 

 
To 

 
R 

 
X 

2 230 142.5 1 2 0.195 0.08 0.6 
3 0 0 2 3 0.195 0.08 0.55 
4 230 142.5 3 4 0.299 0.083 0.55 
5 230 142.5 4 5 0.299 0.083 0.55 
6 0 0 5 6 0.299 0.083 0.5 
7 0 0 6 7 0.524 0.09 0.6 
8 230 142.5 7 8 0.524 0.09 0.4 
9 230 142.5 8 9 0.524 0.09 0.6 
10 0 0 9 10 0.524 0.09 0.4 
11 230 142.5 10 11 0.524 0.09 0.25 
12 137 84 11 12 0.524 0.09 0.2 
13 72 45 3 13 0.524 0.09 0.3 
14 72 45 13 14 0.524 0.09 0.4 
15 72 45 14 15 0.524 0.09 20 
16 13.5 7.5 15 16 0.524 0.09 0.1 
17 230 142.5 6 17 0.299 0.083 0.6 
18 230 142.5 17 18 0.299 0.083 0.55 
19 230 142.5 18 19 0.378 0.086 0.55 
20 230 142.5 19 20 0.378 0.086 0.5 
21 230 142.5 20 21 0.378 0.086 0.5 
22 230 142.5 21 22 0.524 0.09 0.5 
23 230 142.5 22 23 0.524 0.09 0.5 
24 230 142.5 23 24 0.524 0.09 0.6 
25 230 142.5 24 25 0.524 0.09 0.4 
26 230 142.5 25 26 0.524 0.09 0.25 
27 137.5 85 26 27 0.524 0.09 0.2 
28 75 48 7 28 0.524 0.09 0.3 
29 75 48 28 29 0.524 0.09 0.3 
30 75 48 29 30 0.524 0.09 0.3 
31 57 34.5 10 31 0.524 0.09 0.3 
32 57 34.5 31 32 0.524 0.09 0.4 
33 57 34.5 32 33 0.524 0.09 0.3 
34 57 34.5 33 34 0.524 0.09 0.2 
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APPENDIX C 
 
 
 

UNBALANCED 34 BUS TEST SYSTEM DATA 
 

 

Table C.1 Line data of the unbalanced 34 bus test system  

Node A Node B Length(ft.) Config. 
800 802 2580 300 
802 806 1730 300 
806 808 32230 300 
808 810 5804 303 
808 812 37500 300 
812 814 29730 300 
814 850 10 301 
816 818 1710 302 
816 824 10210 301 
818 820 48150 302 
820 822 13740 302 
824 826 3030 303 
824 828 840 301 
828 830 20440 301 
830 854 520 301 
832 858 4900 301 
832 888 0 XFM-1 
834 860 2020 301 
834 842 280 301 
836 840 860 301 
836 862 280 301 
842 844 1350 301 
844 846 3640 301 
846 848 530 301 
850 816 310 301 
852 832 10 301 
854 856 23330 303 
854 852 36830 301 
858 864 1620 302 
858 834 5830 301 
860 836 2680 301 
862 838 4860 304 
888 890 10560 300 

 

Table C.2 Transformer data of the unbalanced 34 bus test system 

  kVA kV-high kV-low R - % X - % 
Substation: 2500 69 - D 24.9 -Gr. W 1 8 
XFM -1 500 24.9 - Gr.W 4.16 - Gr. W 1.9 4.08 
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Table C.3 Distributed loads of the unbalanced 34 bus test system 

Node Node Load Ph-1 Ph-1 Ph-2 Ph-2 Ph-3 Ph-3 
A B Model kW kVAr kW kVAr kW kVAr 

802 806 Y-PQ 0 0 30 15 25 14 
808 810 Y-I 0 0 16 8 0 0 
818 820 Y-Z 34 17 0 0 0 0 
820 822 Y-PQ 135 70 0 0 0 0 
816 824 D-I 0 0 5 2 0 0 
824 826 Y-I 0 0 40 20 0 0 
824 828 Y-PQ 0 0 0 0 4 2 
828 830 Y-PQ 7 3 0 0 0 0 
854 856 Y-PQ 0 0 4 2 0 0 
832 858 D-Z 7 3 2 1 6 3 
858 864 Y-PQ 2 1 0 0 0 0 
858 834 D-PQ 4 2 15 8 13 7 
834 860 D-Z 16 8 20 10 110 55 
860 836 D-PQ 30 15 10 6 42 22 
836 840 D-I 18 9 22 11 0 0 
862 838 Y-PQ 0 0 28 14 0 0 
842 844 Y-PQ 9 5 0 0 0 0 
844 846 Y-PQ 0 0 25 12 20 11 
846 848 Y-PQ 0 0 23 11 0 0 

Total     262 133 240 120 220 114 

 

 

Table C.4 Spot loads of the unbalanced 34 bus test system 

Node Load Ph-1 Ph-1 Ph-2 Ph-2 Ph-3 Ph-4 
  Model kW kVAr kW kVAr kW kVAr 

860 Y-PQ 20 16 20 16 20 16 
840 Y-I 9 7 9 7 9 7 
844 Y-Z 135 105 135 105 135 105 
848 D-PQ 20 16 20 16 20 16 
890 D-I 150 75 150 75 150 75 
830 D-Z 10 5 10 5 25 10 

Total   344 224 344 224 359 229 

 

 

Table C.5 Overhead line configurations of the unbalanced 34 bus test system 

Config. Phasing Phase Neutral Spacing Type 

    ACSR ACSR   

300 B A C N  1/0  1/0 Three-Phase, 4 wire 

301 B A C N #2  6/1 #2  6/1 Three-Phase, 4 wire 

302 A N #4  6/1 #4  6/1 Single-Phase, 2 wire 

303 B N #4  6/1 #4  6/1 Single-Phase, 2 wire 

304 B N #2  6/1 #2  6/1 Single-Phase, 2 wire 
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Impedances of the unbalanced 34 bus test system are as follow: 
 

Configuration 300: 
  

           Z (R +jX) in ohms per mile 
 1.3368  1.3343   0.2101  0.5779   0.2130  0.5015 
                  1.3238  1.3569   0.2066  0.4591 
                                   1.3294  1.3471 

           B in micro Siemens per mile 
            5.3350   -1.5313   -0.9943 
                      5.0979   -0.6212 
                                4.8880 

Configuration 301: 
  

                   Z (R +jX) in ohms per mile 
 1.9300  1.4115   0.2327  0.6442   0.2359  0.5691 
                  1.9157  1.4281   0.2288  0.5238 
                                   1.9219  1.4209 

          B in micro Siemens per mile 
            5.1207   -1.4364   -0.9402 
                      4.9055   -0.5951 
                                4.7154 
 

Configuration 302: 
  

           Z (R +jX) in ohms per mile 
 2.7995  1.4855   0.0000  0.0000   0.0000  0.0000 
                  0.0000  0.0000   0.0000  0.0000 
                                   0.0000  0.0000 

           B in micro Siemens per mile 
            4.2251    0.0000    0.0000 
                      0.0000    0.0000 
                                0.0000 
 

Configuration 303: 
  

           Z (R +jX) in ohms per mile 
 0.0000  0.0000   0.0000  0.0000   0.0000  0.0000 
                  2.7995  1.4855   0.0000  0.0000 
                                   0.0000  0.0000 

           B in micro Siemens per mile 
            0.0000    0.0000    0.0000 
                      4.2251    0.0000 
                                0.0000 
 

Configuration 304: 
  

          Z (R +jX) in ohms per mile 
0.0000  0.0000   0.0000  0.0000   0.0000  0.0000 
                 1.9217  1.4212   0.0000  0.0000 
                                  0.0000  0.0000 

         B in micro Siemens per mile 
           0.0000    0.0000    0.0000 
                     4.3637    0.0000 
                               0.0000 
 
 
 
 

UN
IVE
RSI
TI K
EBA
NG
SAA
N M
ALA
YSI
A



153 
 

Table C.6 Current spectra of harmonic loads 
 

 
Harmonic Order 

Fluorescent 
 

ASD 
 

Other 
 

Mag. 
 (pu) 

Angle 
(deg) 

Mag.  
(pu) 

Angle 
(deg) 

Mag. 
 (pu) 

Angle  
(deg) 

1 1 -41.2 1 -1.5 1 -35 

2 0 0 0 0 0 0 

3 0.08 273.4 0.2168 0.7 0.0028 -105.8 

4 0 0 0 0 0.038 -167.4 

5 0.0428 339 0.00608 110.8 0.0008 -275.5 

6 0 0 0 0 0.0332 -42.6 

7 0.0084 137.7 0.0276 151.9 0 0 

8 0 0 0 0 0.002 -275.5 

9 0.0056 263.2 0.0172 -95 0 0 

10 0 0 0 0 0 0 

11 0.0036 39.8 0.0144 -13.9 0 0 

12 0 0 0 0 0 0 

13 0.0024 182.4 0.0116 95.2 0 0 

14 0 0 0 0 0 0 

15 0.002 287 0.01 -182.7 0 0 

 
 
 
 

Table C.7 Harmonic loads location and composition 
 

Bus No. Harmonic load composition 
830 15% fluorescent 20% ASD 15% other 

832 30% fluorescent 0% ASD 60% other 

840 20% fluorescent 20% ASD 20% other 

844 15% fluorescent 20% ASD 15% other 

848 0% fluorescent 0% ASD 60% other 

860 10% fluorescent 10% ASD 20% other 
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IEEE 57 BUS TEST SYSTEM DATA 
 
 

Table D.1 Bus data of IEEE 57 bus test system 
  

Bus Type Pd (MW) Qd(MVar) Bus Type Pd (MW) Qd(MVar) 

1 S 55 17 30 L 3.6 1.8 
2 G 3 88 31 L 5.8 2.9 
3 G 41 21 32 L 1.6 0.8 
4 L 0 0 33 L 3.8 1.9 
5 L 13 4 34 L 0 0 
6 G 75 2 35 L 6 3 
7 L 0 0 36 L 0 0 
8 G 150 22 37 L 0 0 
9 G 121 26 38 L 14 7 

10 L 5 2 39 L 0 0 
11 L 0 0 40 L 0 0 
12 G 377 24 41 L 6.3 3 
13 L 18 2.3 42 L 7.1 4.4 
14 L 10.5 5.3 43 L 2 1 
15 L 22 5 44 L 12 1.8 
16 L 43 3 45 L 0 0 
17 L 42 8 46 L 0 0 
18 L 27.2 9.8 47 L 29.7 11.6 
19 L 3.3 0.6 48 L 0 0 
20 L 2.3 1 49 L 18 8.5 
21 L 0 0 50 L 21 10.5 
22 L 0 0 51 L 18 5.3 
23 L 6.3 2.1 52 L 4.9 2.2 
24 L 0 0 53 L 20 10 
25 L 6.3 3.2 54 L 4.1 1.4 
26 L 0 0 55 L 6.8 3.4 
27 L 9.3 0.5 56 L 7.6 2.2 
28 L 4.6 2.3 57 L 6.7 2 
29 L 17 2.6  

 
 
 

Table D.2 Generator data of IEEE 57 bus test system 
 

Bus Pg(MW) Qg(MVar) Qmax(MVar) Qmin(MVar) Vg (pu) 
1 128.9 -16.1 200 -140 1.04 
2 0 -0.8 50 -17 1.01 
3 40 -1 60 -10 0.985 
6 0 0.8 25 -8 0.98 
8 450 62.1 200 -140 1.005 
9 0 2.2 9 -3 0.98 

12 310 128.5 155 -150 1.015 

 
 

Table D.3 Branch data of IEEE 57 bus test system  
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Bus 

(From) 
Bus 
(To) 

R 
(Ω) 

X 
(Ω) 

B 
(Ω) 

Bus 
(From) 

Bus 
(To) 

R 
(Ω) 

X 
(Ω) 

B 
(Ω) 

1 2 0.0083 0.028 0.129 7 29 0 0.0648 0 
2 3 0.0298 0.085 0.0818 25 30 0.135 0.202 0 
3 4 0.0112 0.0366 0.038 30 31 0.326 0.497 0 
4 5 0.0625 0.132 0.0258 31 32 0.507 0.755 0 
4 6 0.043 0.148 0.0348 32 33 0.0392 0.036 0 
6 7 0.02 0.102 0.0276 34 32 0 0.953 0 
6 8 0.0339 0.173 0.047 34 35 0.052 0.078 0.0032 
8 9 0.0099 0.0505 0.0548 35 36 0.043 0.0537 0.0016 
9 10 0.0369 0.1679 0.044 36 37 0.029 0.0366 0 
9 11 0.0258 0.0848 0.0218 37 38 0.0651 0.1009 0.002 
9 12 0.0648 0.295 0.0772 37 39 0.0239 0.0379 0 
9 13 0.0481 0.158 0.0406 36 40 0.03 0.0466 0 
13 14 0.0132 0.0434 0.011 22 38 0.0192 0.0295 0 
13 15 0.0269 0.0869 0.023 11 41 0 0.749 0 
1 15 0.0178 0.091 0.0988 41 42 0.207 0.352 0 
1 16 0.0454 0.206 0.0546 41 43 0 0.412 0 
1 17 0.0238 0.108 0.0286 38 44 0.0289 0.0585 0.002 
3 15 0.0162 0.053 0.0544 15 45 0 0.1042 0 
4 18 0 0.555 0 14 46 0 0.0735 0 
4 18 0 0.43 0 46 47 0.023 0.068 0.0032 
5 6 0.0302 0.0641 0.0124 47 48 0.0182 0.0233 0 
7 8 0.0139 0.0712 0.0194 48 49 0.0834 0.129 0.0048 
10 12 0.0277 0.1262 0.0328 49 50 0.0801 0.128 0 
11 13 0.0223 0.0732 0.0188 50 51 0.1386 0.22 0 
12 13 0.0178 0.058 0.0604 10 51 0 0.0712 0 
12 16 0.018 0.0813 0.0216 13 49 0 0.191 0 
12 17 0.0397 0.179 0.0476 29 52 0.1442 0.187 0 
14 15 0.0171 0.0547 0.0148 52 53 0.0762 0.0984 0 
18 19 0.461 0.685 0 53 54 0.1878 0.232 0 
19 20 0.283 0.434 0 54 55 0.1732 0.2265 0 
21 20 0 0.7767 0 11 43 0 0.153 0 
21 22 0.0736 0.117 0 44 45 0.0624 0.1242 0.004 
22 23 0.0099 0.0152 0 40 56 0 1.195 0 
23 24 0.166 0.256 0.0084 56 41 0.553 0.549 0 
24 25 0 1.182 0 56 42 0.2125 0.354 0 
24 25 0 1.23 0 39 57 0 1.355 0 
24 26 0 0.0473 0 57 56 0.174 0.26 0 
26 27 0.165 0.254 0 38 49 0.115 0.177 0.003 
27 28 0.0618 0.0954 0 38 48 0.0312 0.0482 0 
28 29 0.0418 0.0587 0 9 55 0 0.1205 0 
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IEEE 118 BUS TEST SYSTEM DATA 
 
 

Table E.1 Bus data of IEEE 118 bus test system  
 

Bus Type 
Pd  

(MW) 
Qd 

(MVar) 
Bus Type 

Pd  

(MW) 
Qd 

(MVar) 
Bus Type 

Pd 

(MW) 
Qd 

(MVar) 
1 G 51 27 41 L 37 10 81 L 0 0 
2 L 20 9 42 G 96 23 82 L 54 27 
3 L 39 10 43 L 18 7 83 L 20 10 
4 G 39 12 44 L 16 8 84 L 11 7 
5 L 0 0 45 L 53 22 85 G 24 15 
6 G 52 22 46 G 28 10 86 L 21 10 
7 L 19 2 47 L 34 0 87 G 0 0 
8 G 28 0 48 L 20 11 88 L 48 10 
9 L 0 0 49 G 87 30 89 G 0 0 

10 G 0 0 50 L 17 4 90 G 163 42 
11 L 70 23 51 L 17 8 91 G 10 0 
12 G 47 10 52 L 18 5 92 G 65 10 
13 L 34 16 53 L 23 11 93 L 12 7 
14 L 14 1 54 G 113 32 94 L 30 16 
15 G 90 30 55 G 63 22 95 L 42 31 
16 L 25 10 56 G 84 18 96 L 38 15 
17 L 11 3 57 L 12 3 97 L 15 9 
18 G 60 34 58 L 12 3 98 L 34 8 
19 G 45 25 59 G 277 113 99 G 42 0 
20 L 18 3 60 L 78 3 100 G 37 18 
21 L 14 8 61 G 0 0 101 L 22 15 
22 L 10 5 62 G 77 14 102 L 5 3 
23 L 7 3 63 L 0 0 103 G 23 16 
24 G 13 0 64 L 0 0 104 G 38 25 
25 G 0 0 65 G 0 0 105 G 31 26 
26 G 0 0 66 G 39 18 106 L 43 16 
27 G 71 13 67 L 28 7 107 G 50 12 
28 L 17 7 68 L 0 0 108 L 2 1 
29 L 24 4 69 S 0 0 109 L 8 3 
30 L 0 0 70 G 66 20 110 G 39 30 
31 G 43 27 71 L 0 0 111 G 0 0 
32 G 59 23 72 G 12 0 112 G 68 13 
33 L 23 9 73 G 6 0 113 G 6 0 
34 G 59 26 74 G 68 27 114 L 8 3 
35 L 33 9 75 L 47 11 115 L 22 7 
36 G 31 17 76 G 68 36 116 G 184 0 
37 L 0 0 77 G 61 28 117 L 20 8 
38 L 0 0 78 L 71 26 118 L 33 15 
39 L 27 11 79 L 39 32 
40 G 66 23 80 G 130 26 
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Figure E.1 Network diagram for the 118 bus test system
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Table E.2 Generator data of IEEE 118 bus test system 
 

Bus 
Pg 

(MW) 

Qg 

(MVar) 

Qmax 

(MVar) 

Qmin 

(MVar) 

Vg 

 (pu) 
Bus 

Pg 

(MW) 

Qg 

(MVar) 

Qmax 

(MVar) 

Qmin 

(MVar) 

Vg 

 (pu) 

1 0 0 15 -5 0.955 65 391 0 200 -67 1.005 

4 0 0 300 -300 0.998 66 392 0 200 -67 1.05 

6 0 0 50 -13 0.99 69 516.4 0 300 -300 1.035 

8 0 0 300 -300 1.015 70 0 0 32 -10 0.984 

10 450 0 200 -147 1.05 72 0 0 100 -100 0.98 

12 85 0 120 -35 0.99 73 0 0 100 -100 0.991 

15 0 0 30 -10 0.97 74 0 0 9 -6 0.958 

18 0 0 50 -16 0.973 76 0 0 23 -8 0.943 

19 0 0 24 -8 0.962 77 0 0 70 -20 1.006 

24 0 0 300 -300 0.992 80 477 0 280 -165 1.04 

25 220 0 140 -47 1.05 85 0 0 23 -8 0.985 

26 314 0 1000 -1000 1.015 87 4 0 1000 -100 1.015 

27 0 0 300 -300 0.968 89 607 0 300 -210 1.005 

31 7 0 300 -300 0.967 90 0 0 300 -300 0.985 

32 0 0 42 -14 0.963 91 0 0 100 -100 0.98 

34 0 0 24 -8 0.984 92 0 0 9 -3 0.99 

36 0 0 24 -8 0.98 99 0 0 100 -100 1.01 

40 0 0 300 -300 0.97 100 252 0 155 -50 1.017 

42 0 0 300 -300 0.985 103 40 0 40 -15 1.01 

46 19 0 100 -100 1.005 104 0 0 23 -8 0.971 

49 204 0 210 -85 1.025 105 0 0 23 -8 0.965 

54 48 0 300 -300 0.955 107 0 0 200 -200 0.952 

55 0 0 23 -8 0.952 110 0 0 23 -8 0.973 

56 0 0 15 -8 0.954 111 36 0 1000 -100 0.98 

59 155 0 180 -60 0.985 112 0 0 1000 -100 0.975 

61 160 0 300 -100 0.995 113 0 0 200 -100 0.993 

62 0 0 20 -20 0.998 116 0 0 1000 -1000 1.005 

 
 

Table E.3 Branch data of IEEE 118 bus test system  
 

Bus 
(From) 

Bus 
(To) 

R 
(Ω) 

X 
(Ω) 

B 
(Ω) 

Bus 
(From) 

Bus 
(To) 

R 
(Ω) 

X 
(Ω) 

B 
(Ω) 

1 3 0.0129 0.0424 0.01082 64 61 0 0.0268 0 
4 5 0.00176 0.00798 0.0021 38 65 0.00901 0.0986 1.046 
3 5 0.0241 0.108 0.0284 64 65 0.00269 0.0302 0.38 
5 6 0.0119 0.054 0.01426 49 66 0.018 0.0919 0.0248 
6 7 0.00459 0.0208 0.0055 49 66 0.018 0.0919 0.0248 
8 9 0.00244 0.0305 1.162 62 66 0.0482 0.218 0.0578 
8 5 0 0.0267 0 62 67 0.0258 0.117 0.031 
9 10 0.00258 0.0322 1.23 65 66 0 0.037 0 
4 11 0.0209 0.0688 0.01748 66 67 0.0224 0.1015 0.02682 

Continued… 
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...Continued 

5 11 0.0203 0.0682 0.01738 65 68 0.00138 0.016 0.638 
11 12 0.00595 0.0196 0.00502 47 69 0.0844 0.2778 0.07092 
2 12 0.0187 0.0616 0.01572 49 69 0.0985 0.324 0.0828 
3 12 0.0484 0.16 0.0406 68 69 0 0.037 0 
7 12 0.00862 0.034 0.00874 69 70 0.03 0.127 0.122 
11 13 0.02225 0.0731 0.01876 24 70 0.00221 0.4115 0.10198 
12 14 0.0215 0.0707 0.01816 70 71 0.00882 0.0355 0.00878 
13 15 0.0744 0.2444 0.06268 24 72 0.0488 0.196 0.0488 
14 15 0.0595 0.195 0.0502 71 72 0.0446 0.18 0.04444 
12 16 0.0212 0.0834 0.0214 71 73 0.00866 0.0454 0.01178 
15 17 0.0132 0.0437 0.0444 70 74 0.0401 0.1323 0.03368 
16 17 0.0454 0.1801 0.0466 70 75 0.0428 0.141 0.036 
17 18 0.0123 0.0505 0.01298 69 75 0.0405 0.122 0.124 
18 19 0.01119 0.0493 0.01142 74 75 0.0123 0.0406 0.01034 
19 20 0.0252 0.117 0.0298 76 77 0.0444 0.148 0.0368 
15 19 0.012 0.0394 0.0101 69 77 0.0309 0.101 0.1038 
20 21 0.0183 0.0849 0.0216 75 77 0.0601 0.1999 0.04978 
21 22 0.0209 0.097 0.0246 77 78 0.00376 0.0124 0.01264 
22 23 0.0342 0.159 0.0404 78 79 0.00546 0.0244 0.00648 
23 24 0.0135 0.0492 0.0498 77 80 0.017 0.0485 0.0472 
23 25 0.0156 0.08 0.0864 77 80 0.0294 0.105 0.0228 
26 25 0 0.0382 0 79 80 0.0156 0.0704 0.0187 
25 27 0.0318 0.163 0.1764 68 81 0.00175 0.0202 0.808 
27 28 0.01913 0.0855 0.0216 81 80 0 0.037 0 
28 29 0.0237 0.0943 0.0238 77 82 0.0298 0.0853 0.08174 
30 17 0 0.0388 0 82 83 0.0112 0.03665 0.03796 
8 30 0.00431 0.0504 0.514 83 84 0.0625 0.132 0.0258 
26 30 0.00799 0.086 0.908 83 85 0.043 0.148 0.0348 
17 31 0.0474 0.1563 0.0399 84 85 0.0302 0.0641 0.01234 
29 31 0.0108 0.0331 0.0083 85 86 0.035 0.123 0.0276 
23 32 0.0317 0.1153 0.1173 86 87 0.02828 0.2074 0.0445 
31 32 0.0298 0.0985 0.0251 85 88 0.02 0.102 0.0276 
27 32 0.0229 0.0755 0.01926 85 89 0.0239 0.173 0.047 
15 33 0.038 0.1244 0.03194 88 89 0.0139 0.0712 0.01934 
19 34 0.0752 0.247 0.0632 89 90 0.0518 0.188 0.0528 
35 36 0.00224 0.0102 0.00268 89 90 0.0238 0.0997 0.106 
35 37 0.011 0.0497 0.01318 90 91 0.0254 0.0836 0.0214 
33 37 0.0415 0.142 0.0366 89 92 0.0099 0.0505 0.0548 
34 36 0.00871 0.0268 0.00568 89 92 0.0393 0.1581 0.0414 
34 37 0.00256 0.0094 0.00984 91 92 0.0387 0.1272 0.03268 
38 37 0 0.0375 0 92 93 0.0258 0.0848 0.0218 
37 39 0.0321 0.106 0.027 92 94 0.0481 0.158 0.0406 
37 40 0.0593 0.168 0.042 93 94 0.0223 0.0732 0.01876 
30 38 0.00464 0.054 0.422 94 95 0.0132 0.0434 0.0111 
39 40 0.0184 0.0605 0.01552 80 96 0.0356 0.182 0.0494 
40 41 0.0145 0.0487 0.01222 82 96 0.0162 0.053 0.0544 
40 42 0.0555 0.183 0.0466 94 96 0.0269 0.0869 0.023 
41 42 0.041 0.135 0.0344 80 97 0.0183 0.0934 0.0254 
43 44 0.0608 0.2454 0.06068 80 98 0.0238 0.108 0.0286 
34 43 0.0413 0.1681 0.04226 80 99 0.0454 0.206 0.0546 
44 45 0.0224 0.0901 0.0224 92 100 0.0648 0.295 0.0472 
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...Continued 

45 46 0.04 0.1356 0.0332 94 100 0.0178 0.058 0.0604 
46 47 0.038 0.127 0.0316 95 96 0.0171 0.0547 0.01474 
46 48 0.0601 0.189 0.0472 96 97 0.0173 0.0885 0.024 
47 49 0.0191 0.0625 0.01604 98 100 0.0397 0.179 0.0476 
42 49 0.0715 0.323 0.086 99 100 0.018 0.0813 0.0216 
42 49 0.0715 0.323 0.086 100 101 0.0277 0.1262 0.0328 
45 49 0.0684 0.186 0.0444 92 102 0.0123 0.0559 0.01464 
48 49 0.0179 0.0505 0.01258 101 102 0.0246 0.112 0.0294 
49 50 0.0267 0.0752 0.01874 100 103 0.016 0.0525 0.0536 
49 51 0.0486 0.137 0.0342 100 104 0.0451 0.204 0.0541 
51 52 0.0203 0.0588 0.01396 103 104 0.0466 0.1584 0.0407 
52 53 0.0405 0.1635 0.04058 103 105 0.0535 0.1625 0.0408 
53 54 0.0263 0.122 0.031 100 106 0.0605 0.229 0.062 
49 54 0.073 0.289 0.0738 104 105 0.00994 0.0378 0.00986 
49 54 0.0869 0.291 0.073 105 106 0.014 0.0547 0.01434 
54 55 0.0169 0.0707 0.0202 105 107 0.053 0.183 0.0472 
54 56 0.00275 0.00955 0.00732 105 108 0.0261 0.0703 0.01844 
55 56 0.00488 0.0151 0.00374 106 107 0.053 0.183 0.0472 
56 57 0.0343 0.0966 0.0242 108 109 0.0105 0.0288 0.0076 
50 57 0.0474 0.134 0.0332 103 110 0.03906 0.1813 0.0461 
56 58 0.0343 0.0966 0.0242 109 110 0.0278 0.0762 0.0202 
51 58 0.0255 0.0719 0.01788 110 111 0.022 0.0755 0.02 
54 59 0.0503 0.2293 0.0598 110 112 0.0247 0.064 0.062 
56 59 0.0825 0.251 0.0569 17 113 0.00913 0.0301 0.00768 
56 59 0.0803 0.239 0.0536 32 113 0.0615 0.203 0.0518 
55 59 0.04739 0.2158 0.05646 32 114 0.0135 0.0612 0.01628 
59 60 0.0317 0.145 0.0376 27 115 0.0164 0.0741 0.01972 
59 61 0.0328 0.15 0.0388 114 115 0.0023 0.0104 0.00276 
60 61 0.00264 0.0135 0.01456 68 116 0.00034 0.00405 0.164 
60 62 0.0123 0.0561 0.01468 12 117 0.0329 0.14 0.0358 
61 62 0.00824 0.0376 0.0098 75 118 0.0145 0.0481 0.01198 
63 59 0 0.0386 0 76 118 0.0164 0.0544 0.01356 
63 64 0.00172 0.02 0.216 
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APPENDIX F 

 

 

MATLAB CODES FOR BACKWARD/FORWARD SWEEP POWER FLOW 

IN DISTRIBUTION SYSTEMS 

 

clc 
clear all 
load newline.mat 
load newload.mat 
Z_base=V_base^2/S_base; 
powerload=newload3/S_base; 
sample_number=1; 
w=2*pi*50; 
line = newline; 
load_power = powerload; 
line=line/Z_base; 
line2=line; 
Size_line=size(line); 
Size_load_power=size(load_power); 
[line_number,xxx]=size(find(line~= 0)); 
[xxx,load_power_number]=size(find(load_power~= 0)); 
 jj=1; 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%  for BIBC   %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
     
    BIBC=zeros(line_number,Size_load_power(1,2)-1); 
  
    for i=1:line_number 
        for j=1:Size_load_power(1,2)-1 
            if line(i,j)~= 0 
                B1=j; 
                if i==1 && j==1 
                    BIBC(i,j)=1; 
                else 
                    BIBC(:,j)=BIBC(:,i-1); 
                    BIBC(B1,j)=1; 
                end 
            end 
        end 
    end 
  
  
    for i=2:Size_load_power(1,2) 
     
        if load_power(1,i)== 0 
            BIBC(:,i-1)=0; 
        end 
    end 
  
%%%%%%%%      for BCBV      %%%%%%%%%%%%%%%%%%%%%%%% 
  
    BCBV=zeros(line_number,Size_load_power(1,2)-1); 
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    for i=1:line_number 
        for j=1:Size_load_power(1,2)-1 
            if line(i,j)~= 0 
                B1=j; 
                if i==1 && j==1 
                    BCBV(i,j)=line(i,j); 
                else 
                    BCBV(j,:)=BCBV(i-1,:); 
                    BCBV(B1,j)=line(i,j); 
                end 
            end 
        end 
    end 
   
 % %%%%%%%%%%%%%   main  load flow        %%%%%%%%%%%%%%%%  
     
    DLF=BCBV*BIBC; 
    V1=ones(Size_load_power(1,2)-1,1); 
    V_bus=ones(Size_load_power(1,2)-1,1); 
    I=zeros(Size_load_power(1,2)-1,1); 
    Iaa=zeros(Size_load_power(1,2)-1,1); 
    i=1; 
    telorance=1; 
  
  
    while i<=200   % maximum iterations 
        for j=1:Size_load_power(1,2)-1 
            I(j,1)=conj(load_power(1,j+1)/V_bus(j,1)); 
        end 
        I_test(:,i)=I; 
        V_bus= V1-(DLF*I); 
        V_test(:,i)=V_bus; 
      
      
        if i<=1 
            telorance= 1;   % convergence condition 
          
        else 
            telorance= abs(abs(I_test(line_number,i))-abs(I_test(line_number,i-1))); 
          
      
        end 
        if abs(telorance) <= 1e-5 
%             fprintf('Power flow sloution found for %gth sample in "%g" iterations\n',jj,i) 
             break 
        end 
            i=i+1; 
    end 
    if i==201 
        fprintf('No solution, the algorithm is not converge\n') 
         return 
    end 
  
    V_bus_size=size(V_bus); 
    v_bus_shift=zeros(V_bus_size(1,1)+1,1); 
    v_bus_shift(1,1)=1; 
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    for i=2: V_bus_size(1,1)+1 
        v_bus_shift(i,1)=V_bus(i-1,1); 
    end 
  
    V_bus=v_bus_shift; 
  
    I_bus_shift=zeros(V_bus_size(1,1)+1,1); 
    I_bus_shift(1,1)=(V_bus(1,1)-V_bus(2,1))/line(1,1); 
   
    for i=2: V_bus_size(1,1)+1 
        I_bus_shift(i,1)=I(i-1,1); 
    end 
  
 I_bus=I_bus_shift; 
  
%%%%%%  calculate the loads Impedance) 
  
    V_bus_size=size(V_bus); 
    Z_loads=zeros(Size_load_power(1,2),1); 
  
    for i=1:V_bus_size(1,1) 
        if load_power(1,i) ~= 0 
            Z_loads(i,1)=(V_bus(i,1))/conj(load_power(1,i)/V_bus(i,1)); 
        else 
            Z_loads(i,1)=0; 
        end 
    end 
   %%%%%%% Total losses calculation 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
 Branch_I=BIBC*I; 
    B_I=Branch_I.^2; 
    BT=transpose(B_I); 
    hhhh=(size(line2)); 
    ttt=(hhhh(1,1)); 
    line3=zeros(1,ttt); 
        for hhh=1:1:ttt 
            for yyy=1:ttt 
                for kkk=1:ttt 
                    if line2(hhh,yyy)~=0 
                        line3(1,yyy)=line2(hhh,yyy); 
                    end 
                end 
            end 
        end 
  
        loss=BT.*line3; 
        loss_size=size(loss); 
        sum_loss=0; 
        total_loss=0; 
        for kk=1:loss_size(1,2)  
             sum_loss=loss(1,kk); 
             total_loss=total_loss+sum_loss; 
            end 
        loss; 
        total_loss; 
        total_losses=abs(total_loss)*100e6  
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APPENDIX G 

 

 

MATLAB CODES FOR HARMONIC POWER FLOW IN DISTRIBUTION 

SYSTEMS 

 
clc 
clear all 
load newline3.mat 
load newload3.mat 
w=2*pi*50; 
line = newline; 
load_power = powerload; 
source2=newsource5; 
Z_base=V_base^2/S_base; 
% load_power=load_power/S_base; 
line=line/Z_base; 
line2=line; 
Size_line=size(line); 
  
Size_load_power=size(load_power); 
[line_number,xxx]=size(find(line~= 0)); 
[xxx,load_power_number]=size(find(load_power~= 0)); 
  
  
jj=1; 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%  for BIBC   %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
     
    BIBC=zeros(line_number,Size_load_power(1,2)-1); 
  
    for i=1:line_number 
        for j=1:Size_load_power(1,2)-1 
            if line(i,j)~= 0 
                B1=j; 
                if i==1 && j==1 
                    BIBC(i,j)=1; 
                else 
                    BIBC(:,j)=BIBC(:,i-1); 
                    BIBC(B1,j)=1; 
                end 
            end 
        end 
    end 
  
  
    for i=2:Size_load_power(1,2) 
     
        if load_power(1,i)== 0 
            BIBC(:,i-1)=0; 
        end 
    end 
  
%%%%%%%%      for BCBV      %%%%%%%%%%%%%%%%%%%%%%%% 
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    BCBV=zeros(line_number,Size_load_power(1,2)-1); 
  
             
    for i=1:line_number 
        for j=1:Size_load_power(1,2)-1 
            if line(i,j)~= 0 
                B1=j; 
                if i==1 && j==1 
                    BCBV(i,j)=line(i,j); 
                else 
                    BCBV(j,:)=BCBV(i-1,:); 
                    BCBV(B1,j)=line(i,j); 
                end 
            end 
        end 
    end 
  
  
  
  
% %%%%%%%%%%%%%   main  load flow        %%%%%%%%%%%%%%%%  
     
    DLF=BCBV*BIBC; 
    V1=ones(Size_load_power(1,2)-1,1); 
    V_bus=ones(Size_load_power(1,2)-1,1); 
    I=zeros(Size_load_power(1,2)-1,1); 
    Iaa=zeros(Size_load_power(1,2)-1,1); 
    i=1; 
    telorance=1; 
  
  
    while i<=200   % maximum iterations 
        for j=1:Size_load_power(1,2)-1 
            I(j,1)=conj(load_power(1,j+1)/V_bus(j,1)); 
        end 
        I_test(:,i)=I; 
        V_bus= V1-(DLF*I); 
        V_test(:,i)=V_bus; 
      
      
        if i<=1 
            telorance= 1;   % convergence condition 
          
        else 
            telorance= abs(abs(I_test(line_number,i))-abs(I_test(line_number,i-1))); 
          
      
        end 
        if abs(telorance) <= 1e-5 
%             fprintf('Power flow sloution found for %gth sample in "%g" iterations\n',jj,i) 
             break 
        end 
            i=i+1; 
    end 
    if i==201 
        fprintf('No solution, the algorithm is not converge\n') 
         return 
    end 
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    V_bus_size=size(V_bus); 
    v_bus_shift=zeros(V_bus_size(1,1)+1,1); 
    v_bus_shift(1,1)=1; 
  
    for i=2: V_bus_size(1,1)+1 
        v_bus_shift(i,1)=V_bus(i-1,1); 
    end 
  
    V_bus=v_bus_shift; 
  
    I_bus_shift=zeros(V_bus_size(1,1)+1,1); 
    I_bus_shift(1,1)=(V_bus(1,1)-V_bus(2,1))/line(1,1); 
   
    for i=2: V_bus_size(1,1)+1 
        I_bus_shift(i,1)=I(i-1,1); 
    end 
  
 I_bus=I_bus_shift; 
  
%%%%%%  calculate the loads Impedance) 
  
    V_bus_size=size(V_bus); 
    Z_loads=zeros(Size_load_power(1,2),1); 
  
    for i=1:V_bus_size(1,1) 
        if load_power(1,i) ~= 0 
            Z_loads(i,1)=(V_bus(i,1))/conj(load_power(1,i)/V_bus(i,1)); 
        else 
            Z_loads(i,1)=0; 
        end 
    end 
   %%%%%%% Total losses calculation 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
 Branch_I=BIBC*I; 
    B_I=Branch_I.^2; 
    BT=transpose(B_I); 
    hhhh=(size(line2)); 
    ttt=(hhhh(1,1)); 
    line3=zeros(1,ttt); 
        for hhh=1:1:ttt 
            for yyy=1:ttt 
                for kkk=1:ttt 
                    if line2(hhh,yyy)~=0 
                        line3(1,yyy)=line2(hhh,yyy); 
                    end 
                end 
            end 
        end 
  
        loss=BT.*line3; 
        loss_size=size(loss); 
        sum_loss=0; 
        total_loss=0; 
        for kk=1:loss_size(1,2)  
             sum_loss=loss(1,kk); 
             total_loss=total_loss+sum_loss; 
     
        end 
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        loss; 
        total_loss; 
        total_losses=abs(total_loss)*100e6 ; 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% 
%%%%%%%%  harmonic load flow   %%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% 
    Vbus_abs=abs(V_bus); 
    h=1; Iindcator = []; 
    line_1=real(line)+1j*imag(line)*h; 
    Z_loads_1=real(Z_loads)+1j*imag(Z_loads)*h; 
    load_1=Z_loads_1'; 
    max_line=length(line_1); k=0; 
    for row=1:max_line 
        for column=1:max_line 
            if line_1(row,column)~=0 
                k=k+1; 
                lokasi = [row; (column+1)]; 
                Iindcator = [Iindcator, lokasi]; 
                Iline_h(k)=(V_bus(row)-V_bus(column+1))/line_1(row,column); 
            end 
        end 
    end 
    Itot1 = abs(Iline_h);  
    for mm=1:5 
        if mm==1 
            h=5; 
            source=abs(source2(mm,:)).*I_bus'; 
        end 
        if mm==2 
            h=7; 
            source=abs(source2(mm,:)).*I_bus'; 
        end 
        if mm==3 
            h=11; 
            source=abs(source2(mm,:)).*I_bus'; 
        end 
        if mm==4 
            h=13; 
            source=abs(source2(mm,:)).*I_bus'; 
        end 
        if mm==5 
            h=17; 
            source=abs(source2(mm,:)).*I_bus'; 
        end 
  
  
        line=(real(line_1)+1j*imag(line_1)*h); 
        Z_loads=(real(Z_loads_1)+1j*imag(Z_loads_1)*h); 
        loads = Z_loads'; 
  
  
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%% 
    Size_line=size(line); 
    Size_load=size(loads); 
    Size_source=size(source); 
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    [line_number,xxx]=size(find(line~= 0)); 
    [xxx,load_number]=size(find(loads~= 0)); 
    [xxx,source_number]=size(find(source~= 0)); 
    parallel_number=source_number+load_number; 
  
%%%%%%%%  for A   %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
    A2=zeros(line_number,parallel_number); 
    A1=A2; 
    load_number1=load_number; 
    source_number1=source_number; 
    for i=Size_line:-1:1 
        for j=Size_line:-1:1 
            if line(i,j)~= 0 
                if source(1,j+1)~= 0  
                    A1(i,source_number1)=1; 
                    if source_number1 ~= 1  
                         source_number1=source_number1-1; 
                    end 
                end 
                if loads(1,j+1)~= 0 
                    A1(i,load_number1+source_number)=1; 
                    load_number1=load_number1-1; 
                end 
            end 
        end                     
    end 
  
  
    for i=Size_line:-1:2 
        for j=Size_line:-1:1 
            if line(i,j)~= 0  
                for k=1:Size_line 
                    if line(k,i-1)~= 0               %% means these 2 line are conected to each other 
                        for m=1:parallel_number 
                            if A1(j,m)~= 0 
                                A1(i-1,m)=A1(j,m); 
                            end 
                        end 
                    end 
                end 
            end 
        end 
    end 
  
    A2=A1; 
  
%%%%%%%%%%%%%%%%%    for HA   %%%%%%%%%%%%%%%%%%%%%% 
  
    HA=zeros(line_number,parallel_number); 
    nn=0; 
    HA(1,:)=line(1,1); 
  
    for i=2:1:Size_line 
        for j=1:1:Size_line 
            if line(i,j)~= 0  
                 for k=1:Size_line 
                    if line(k,i-1)~= 0 
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                        HA(j,:)=HA(i-1,:)+line(i,j)*A2(j,:); 
                    end 
                 end 
            end 
        end 
    end 
  
%%%%%%%%%%%%%%%%   for HAss   %%%%%%%%%%%%%%%%%%% 
    HAss=zeros(load_number); 
    i=1; 
    j=1; 
    for n=1:Size_load(1,2) 
        if loads(1,n)~= 0 
            while j<=load_number 
                HAss(i,j)=HA(n-1,source_number+j); 
                j=j+1; 
             
            end 
            i=i+1; 
            j=1; 
        end 
    end 
   
%%%%%%%%%%%%%  for HAsh    %%%%%%%%%%%%%%%%%%%%% 
  
    HAsh=zeros(load_number,source_number); 
    i=1; 
    j=1; 
  
    for n=1:Size_load(1,2) 
        if loads(1,n)~= 0 
            while j<=source_number 
                HAsh(i,j)=HA(n-1,j); 
                j=j+1; 
            end 
            i=i+1; 
            j=1; 
        end 
    end 
     
%%%%%%%%%%%%%%%    for Zs and HLF   %%%%%%%%%%%%%%%%%%%%%%%%% 
  
    Zs=zeros(load_number); 
    i=1; 
  
    for n=1:Size_load(1,2) 
        if loads(1,n)~= 0 
            Zs(i,i)=loads(1,n); 
            i=i+1; 
        end 
    end 
  
    HLF=HAss+Zs; 
  
%%%%%%%%%%%%%%%%   finding currents of parallel elements  %%%%%% 
    Ih=zeros(source_number,1); 
    i=1; 
  
    for n=1:Size_source(1,2) 
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        if source(1,n)~= 0 
            Ih(i,1)=source(1,n); 
            i=i+1; 
        end 
    end 
  
    Is=(HLF)^-1 * -HAsh*Ih; 
  
%%%%%%%%%%%%  Harmonic load flow    %%%%%%%%%%%%%%%%%%%%%%%%%% 
  
    Ii=zeros(parallel_number,1); 
    size_Ih=size(Ih); 
    size_Is=size(Is); 
    k=1; 
    for i=1:parallel_number 
        if i<= size_Ih(1,1) 
            Ii(i,1)=Ih(i,1); 
        else 
            if k<= load_number 
            Ii(i,1)=Is(k,1); 
            k=k+1; 
            end 
        end 
    end 
  
    V_bus_h=HA*Ii; 
  
    V_bus_h_size=size(V_bus_h); 
    v_bus_h_shift=zeros(V_bus_h_size(1,1)+1,1); 
    v_bus_h_shift(1,1)=0; 
  
    for i=2: V_bus_h_size(1,1)+1 
        v_bus_h_shift(i,1)=V_bus_h(i-1,1); 
    end 
  
    V_bus_h=v_bus_h_shift; 
  
    V_mag=abs(V_bus_h); 
    V_ang=angle(V_bus_h)*180/pi; 
    V_size=size(V_bus_h); 
    for i=1:V_size(1,1) 
        % fprintf('V%g=   %g , %g\n',i,V_mag(i,1),V_ang(i,1)); 
    end 
  
%%%%%%%%   injected current to each bus  %%%%%%%%% 
  
    for i=1:V_size(1,1) 
        if source(1,i)~= 0 
            I_harmonic_load(i,1)=V_bus_h(i,:)/Z_loads(i,1); 
        else 
            I_harmonic_load(i,1)=0; 
        end 
    end 
  
    I_ingected=source'-I_harmonic_load;  
  
    if mm==1 
        V_bus_h_total_abs_5th(jj,:)=abs(V_bus_h'); 
        I_ingected_total_abs_5th(jj,:)=abs(I_ingected'); 
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    end 
    if mm==2 
        V_bus_h_total_abs_7th(jj,:)=abs(V_bus_h'); 
        I_ingected_total_abs_7th(jj,:)=abs(I_ingected'); 
    end 
    if mm==3 
        V_bus_h_total_abs_11th(jj,:)=abs(V_bus_h'); 
        I_ingected_total_abs_11th(jj,:)=abs(I_ingected'); 
    end 
    if mm==4 
        V_bus_h_total_abs_13th(jj,:)=abs(V_bus_h'); 
        I_ingected_total_abs_13th(jj,:)=abs(I_ingected'); 
    end 
    if mm==5 
        V_bus_h_total_abs_17th(jj,:)=abs(V_bus_h'); 
        I_ingected_total_abs_17th(jj,:)=abs(I_ingected'); 
    end 
  
    V_bus_h_total(jj+(mm-1)*sample_number,:)=abs(V_bus_h'); 
    I_ingected_total(jj+(mm-1)*sample_number,:)=abs(I_ingected'); 
  
    % fprintf('sample No. %g for %gth harmonic generated.\n',jj,h); 
    line_1=real(line)+1j*imag(line)*h; 
    max_line=length(line_1); k=0; 
        for row=1:max_line 
            for column=1:max_line 
                if line_1(row,column)~=0 
                    k=k+1; 
                    Iline_h(k)=(V_bus(row)-V_bus(column+1))/line_1(row,column); 
                end 
            end 
        end 
  
        Itot1 = [Itot1; abs(Iline_h)]; 
  
    end 
  
    Itot1 = [Iindcator;Itot1]; 
  
% end 
  
% fprintf('    ****   All  done   ****.\n'); 
% Vbus_abs 
%%%%%%%%   THDv and THDi calculation   
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
V_bus_h_total_abs=abs(V_bus_h_total); 
V_bus_fundamental=abs(V_bus)'; 
VFUND=V_bus_fundamental; 
AA=V_bus_h_total_abs; 
BB=AA.^2; 
THDV=(sqrt(sum(BB,1))./VFUND)*100;   %%% THDV bus voltage 
% VTHD=[1:83;THDV] 
% VTHD3=THDV(3) 
AVE_THDV=sum(THDV)/83; 
GG=Itot1(4:8,:); 
HH=GG.^2; 
THDI=(sqrt(sum(HH,1))./Itot1(3,:))*100;  %%THDi branch current 
ITHD=[Iindcator;THDI]; 
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APPENDIX H 
 
 

MAIN MODULES OF THE OPSVC SOFTWARE 

 

This section describes the main routines in the OPSVC software which consists of five 

main modules, namely test system selection, power flow analysis, optimization and  

voltage profile plotting. 

 

H.1    Test System Selection Module 

 

Figures H.2, H.3 and H.4 show the interfaces of the OPSVC for test system selection. 

From the main interface of the OPSVC, as shown in Figure H.2, a user can select the 

appropriate button depending on the intended system configuration for analyses. 

There are two system configurations for analyses, which are radial distribution 

systems and transmission systems. 
 

 

Figure H.2  The main page of the OPSVC software tool 

 

For the radial distribution system interface as shown in Figure H.3, a user 

has to specify the test system and the intended analysis which may be selected 
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from the backward/forward sweep power flow, optimal placement and sizing of 

capacitors without harmonics consideration and optimal placement and sizing of 

capacitors with harmonics consideration. If a user selects the optimal placement 

and sizing analyses, an optimization technique must be selected from the GA, 

PSO, HS algorithm, IHS algorithm and GHS algorithm. If a user selects the 

optimal placement and sizing analysis with harmonic consideration, a harmonic 

source file is required to be selected. 

 

 

Figure H.3 Interface for radial distribution system analysis 

 

In the OPSVC software tool, distribution system analysis can be performed 

on four test radial distribution systems, namely, the 10 bus system, 34 bus system, 

three-phase 10 bus system with harmonic sources and three-phase 34 bus system 

with harmonic sources. The line and load data of each test distribution system are 

already embedded in a file which is saved as "*.rdt". For example the file 

"34_Bus_Test_system.rdt" consists of 34 bus radial distribution system data. The 

data of harmonic sources are already embedded in a file which has been saved as 

"*.rdh". For example the file "Harmonic_Source_34_Bus.rdh" consists of the 

harmonic sources data for the 34 bus radial distribution system. A user can make 
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a new test distribution system by creating a new "rdt" file. For this purpose, a user 

must click on the “New Test System” and form the line matrix and load matrix of 

the new system. 

 

In the transmission system interface as shown in Figure H.4, a user has to 

specify the test system and the intended analysis. The analyses include power 

flow, optimal placement and sizing of SVCs and optimal placement and sizing 

STATCOM. If a user selects the optimal placement and sizing analyses, an 

optimization technique must be selected from the GA, PSO, HS algorithm, IHS 

algorithm and GHS algorithm. 

 

 

Figure H.4  Interface for transmission system analysis 

 

In OPSVC, two transmission systems, namely, the IEEE 57 bus system and 

the IEEE 118 bus system are considered as default test systems for transmission 

system analysis. The line, load and generator data of the transmission test system 

are embedded in a file which has been saved as "*.tlt". For example the file 

"57_Bus_Test_System.tlt" consists of 57 bus transmission system data. A user can 
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make a new transmission test system by clicking on the “New Test System” and 

create a new "tlt" file. 

 

H.2 Power Flow Module 

 

The widely used power flow solver based on the standard Newton Raphson 

technique is incorporated in the software tool. The background theory of the 

Newton Raphson power flow technique can be found in Tinney & Hart (1972); 

Stevenson & Jr (1982); Saadat (2002). By performing power flow analysis, the 

bus voltage magnitudes, |Vi | and angles, δi can be determined. 

 

For radial distribution networks, a simple power flow technique named as 

the backward/forward sweep power flow (Teng 2000) is used because the method 

does not require the formation of the Jacobian matrix. Besides, a simple harmonic 

power flow that uses the backward and forward sweep method (Teng & Chang 2007) 

has also been developed to calculate harmonic branch currents and harmonic nodal 

voltages. Figure H.5 shows the output interface of the OPSVC software after 

performing power flow analysis on a test radial distribution system. The 

backward/forward sweep power flow and harmonic radial power flow which have 

been described in Chapter 4 , are used together to calculate the voltage magnitude, 

voltage angle and THD at each bus. 

 

Figure H.6 shows the power flow output for the 57 bus transmission system. 

The Newton Raphson technique is used to calculate the voltage magnitude and 

voltage angle of each bus. The 57 bus transmission system data can be found in 

Appendix D. 
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Figure H.5  The power flow output for a test radial distribution system 

 

 

 

Figure H.6  The power flow output for the 57 bus transmission system 

 

 

In both transmission and distribution power flow analyses, the results of 

line power flow have not been displayed on the GUI, but have been calculated and 

saved in a text file. A user can access all the power flow results by clicking on the 

“Report as File”. Figure H.7 shows the line power flow results of the 57 bus 

transmission system which are reported in the form of a text file.  
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Figure H.7 The line power flow results for 57 bus transmission system 

 

H.3 Optimization Module 

 

Five heuristic optimization techniques, namely, GA, PSO, HS algorithm, IHS 

algorithm and GHS algorithm are used to solve the optimal shunt Var compensators 

problem. The detailed implementation procedures of these optimization techniques for 

finding the optimal solutions have been described in Chapter 3. Figure H.8 shows the 

interface of optimal capacitor placement in a radial distribution system. This GUI 

form includes four sections: optimization parameters, studied cases, convergence 

characteristics and results of optimal capacitor placement. In the “optimization 

parameters” section, a user has to specify the required parameters of the selected 

optimization technique. In the “studied cases” section, a user can consider mutual 

coupling and load unbalance for solving the problem. For cases considering 

harmonics, the maximum value of THD has to be defined. 

 

UN
IVE
RSI
TI K
EBA
NG
SAA
N M
ALA
YSI
A



178 
 

 

Figure H.8 The interface for solving optimal capacitor placement problem 

 

While the program is running, the convergence curve is plotted as shown 

in Figure H.8. When the optimization procedure is completed, the optimal 

capacitor locations and sizes are displayed on the interface. The power loss, harmonic 

power loss, THD, investment cost and total cost after installing capacitors are also 

displayed on the interface.  

 

Figure H.9 shows the interface for solving the optimal Var compensator 

placement problem. This GUI has four sections, namely, optimization parameters, Var 

compensator input data, convergence characteristics and results of optimal 

SVC/STATCOM placement. In the section “Var compensators input data”, a user has 

to specify the maximum range of Var compensators in MVar and also the number of 

Var compensator.  

 

While the program is running, the convergence characteristic is plotted and 

when the optimization procedure is completed, the obtained optimal SVC or 

STATCOM location and size are displayed on the GUI. The power loss, voltage 

deviation, the smallest eigenvalue and investment cost after installing the Var 

compensators are also displayed on the interface.  
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Figure H.9 The interface for solving optimal Var compensator placement problem 

 

 

H.4 Voltage Profile Plotting Module 

 

In each analysis, after running the program, voltage profile of the studied system 

is plotted. Figure 6.10 shows an example of the voltage profile before and after 

capacitor installation. Since voltage deviation minimization is one of the objective 

function in the optimal placement and sizing of shunt Var compensators in 

transmission systems, the OPSVC software can also plot the total voltage deviation 

curves before and after installation of Var compensators as shown in Figure H.11.  

 

 

Figure H.10 Voltage profile before and after capacitor installation 
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Figure H.11 Voltage deviation curves before and after installation of Var compensator 
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