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ABSTRACT 

This paper presents an approach to improve voltage profile and minimize power loss. The approach makes use 

of grey wolf optimization (GWO) technique to optimally size and site the GUPFC. An objective function based 
on minimization of active power loss is formulated for use in the GWO. Analysis was conducted based on three 

scenarios (moderate loading, full loading and at overloading) in Nigeria 28-bus, 330Kv transmission network in 

order to demonstrate the effectiveness of the approach. The simulation results indicate that GWO is robust based 
on the facts that all the voltage profile that violate the specified tolerance margin of the nominal voltage criteria 

(0.95-1.05pu) were kept within the acceptable limit. Moreover, the proposed approach also records significant 
reduction in the overall real power loss in the whole network. 

Keywords: GUPFC; GWO; real power loss; sitting and sizing, voltage stability; transmission system.  

1.0 INTRODUCTION

Nowadays, transmission systems are overloaded 

and are pushed much closer to their stability limit. 

This is as a result of increase in power demand 

due to population growth for both industrial and 

domestic activities, which often consume reactive 

power. Consequently, most Nigerians have 

voiced their concerns over the deep depreciation 

of electrical power supply quality (Fughar and 

Nwohu, 2014). Advancement of civilization can 

only be achieved when there is availability of 

electric power in the right quantity.  

Voltage stability is the capability of a power 

system to maintain steady voltages at all buses or 

nodes in the system, under normal operating 

condition and after being exposed to disturbances 

from a given initial operating condition. The 

system operating state enters voltage instability 

region when a perturbation or high load demand 

or alteration in system state results in an 

interminable drop in system voltage (Lachs and 

Sutanto, 1994). Many factors are responsible for 

voltage instability; a few of them are mentioned 

below (Chowdhury et al., 2015) 

 Insufficient supply of reactive power or 

excessive absorption of the reactive 

power from the system 

 Large distance between the sending and 

receiving end voltages 

 Sudden increase in load demand in a 

heavily stressed network 

 Loss of synchronism as a result of 

uncontrolled generator rotor swings 

called angle stability 

 Action of tap-changing transformer. 

 These aforementioned causes of voltage 

instability when left unattended to will result in 

voltage collapse and subsequently, in partial or 

total blackout of an entire network as a result of 

the cascading failure it caused.   
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To avoid voltage collapse, power engineers use 

some strategies. Maintaining a reasonable margin 

on bus voltages, reactive power requirements, 

transfer capabilities, or system loading levels are 

a few of the strategies. All these are done so that 

the system can survive the collapse under any 

outage or failure of component (Chowdhury et 

al., 2015) Voltage stability are classified into two 

parts namely; steady-state stability and transient 

stability. Steady-state stability is concerned with 

the ability of a power system to control voltage 

after small disturbances like load changes. It is 

analysed in the stead-state condition using 

eigenvalue and eigenvector techniques. While 

transient stability examines the response of the 

power system to large disturbances such as faults, 

loss of loads or loss of generation (Chowdhury et 

al., 2015). In order to maintain a secure and 

reliable power at all time, bulk power system 

engineers or planners need to carry out a steady-

state stability analysis of the network to predict 

preventive and post-corrective controls of the 

network at both steady and dynamic states.   

The various methods of improving voltage 

stability of a power system are grouped under two 

categories. They are; conventional and power 

electronic based voltage stability improvement: 

Conventional or electromechanical devices are 

the devices manufactured from mechanical or 

fixed switchable components like inductance, 

capacitance, and resistance with addition of step-

up or step-down transformer. Electromechanical 

devices are characterised by slow controlling 

speed, large switching transients, high wearing 

parts and frequent maintenance due to the moving 

parts (Zhang et al., 2012).   

FACTS devices are defined by IEEE as the 

“power electronics based devices and other static 

controllers used to improved system 

controllability and enhance power transfer 

capability of a network”.  A FACTS is a system 

that is utilized for AC transmission and is made 

up of static equipment. Its purpose is to raise 

power transfer capability of the given network 

and to up its controllability (Sharma and Gupta, 

2012).  FACTS devices are generally used to 

control parameters that govern a transmission 

line. The requirements of FACTS devices are: 

rapid dynamic response, ability for frequent 

variations in output and smoothly adjustable 

output (Suchak, et al., 2017). Amongst the 

various FACTS devices, Generalized Unified 

Power Flow Controller (GUPFC) has a unique 

capability to control flow of power in multiple 

line and even sub-network, as against the more 

conventional FACT devices that control only 

single line power flow. Placing FACTS 

controllers at appropriate location, enhances the 

loadability margin and hence the stability of the 

system (Sharma and Gupta, 2012), as such, Grey 

Wolf Optimization (GWO) technique is used for 

the optimal location and sizing of the GUPFC. 

Line loadability is described as the optimum 

power transfer capability of a 

transmission line under a specified set of 

operating criteria (Patel et al., 2015). Loadability 

analysis is a process of evaluating the stress 

operating conditions of a transmission line (Ratra 

et al., 2018). This analysis evaluates maximum 

possible power that a given transmission line can 

transmit and also reveals information about the 

various regions of the network that can still serve 

additional loads. The analyses also help to 

examine the voltage stability margin to prevent 

emerging voltage deviation and the likelihood of 

a voltage collapse event. Because voltage quality 

limit affects line loadability up to considerable 

line lengths. In transmission system, it is believed 

that there are some areas on the network that will 

be lightly loaded whereas some areas will be 

heavily loaded and hence power system is 

operating close to critical state (Singh and Erlich, 

2005). Line loadability is limited by three main 

factors, they are: thermal limit, voltage-drop limit 

and steady-state stability limit (Glover et al., 

2012). Thermal limit is peculiar to the line 

parameters and geographical location, and the 

voltage-drop limit is dependent on the line 

parameters and loading. On the other hand, the 

steady‐state stability is not only peculiar to the 
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line alone, but also involves characteristics of the 

power system (Quaia, 2018). 

Several meta-heuristics approaches such as 

genetic algorithm (Omorogiuwa and Onahaebi, 

2015), firefly Algorithm (Selvarasu, et al., 2013), 

biogeography Algorithm (Subramanian and Ravi, 

2012), ant colony optimization (Fughur and 

Nwohu, 2014), Particle Swarm Optimization 

Algorithm (Vivek, et al., 2012), bacteria foraging 

Algorithm (Tripathy and and Mishra, 2007) have 

all been developed for optimal placement of 

FACTS devices in transmission network for the 

purpose of improving voltage stability. As it 

appears, none of the works have employed a 

single approach or technique in obtaining both the 

optimal size and location of FACTS devices. 

In this paper, a GWO based technique is 

developed for the optimal siting and sizing of 

GUPFC in Nigeria transmission network for loss 

minimization and voltage profile enhancement.    

1.1 The Overview of Generalized Unified      Power 

Flow Controller 

The Generalized Unified Power Flow Controller 

(GUPFC) with three separate converters is term 

as the simplest, it consist of one shunt converter 

while the other two converters are connected in 

series in a substation via the two transmission 

lines. The power system quantities that GUPFC 

control are the voltage magnitude and the 

independent active and reactive power flows of 

the two lines (Zhang, 2005). GUPFC has a unique 

capability to control flow of power in multiple 

line and even sub-network, as against the more 

conventional FACT devices (Synchronous 

Condensers, Reactive Power Compensation, Tap-

Changing Transformers, etc.) that control only 

single line power flow. GUPFC has surpassed 

two converters UPFC as far as voltage and power 

flow is concerned (Suresh and Raju, 2015). A 

typical GUPFC with three voltage source 

converter is represented in Figure 1. 

 
 

Figure 1: Typical GUPFC with three voltage source converter (Zhang, 
2005). 

 

2.0 Problem Formulation 

 

The essence of this research is to find an optimal 

location and size of GUPFC that would result in 

enhancing the voltage profile and also the 

efficiency on electric power network. This can be 

achieved with the help of the objective function 

below.   

The objective function (J) is to minimize the 

active power by optimally placing the GUPFC, 

expressed as 

Minimize (J) = 𝑚𝑖𝑛𝑃𝐿𝑜𝑠𝑠   (1) 

2.1 Minimization of active power loss 

The objective of active power loss minimization 

is done by selecting the best combination of 

variables, which minimize the total active power 

loss of the network simultaneously satisfying all 

the network constraints. Mathematically it can be 

expressed as shown in equation (2). 

𝑃𝐿𝑜𝑠𝑠 =  ∑ 𝐺𝑖,𝑗[𝑉𝑖
2 + 𝑉𝑗

2 − 2𝑉𝑖𝑉𝑗(cos 𝛿𝑖−𝛿𝑗)]
𝑁𝐿
𝑖=1  

      (2) 

   where, 

𝑉𝑖 is the voltage magnitude at bus i 

𝑉𝑗 is the voltage magnitude at bus j 

𝐺𝑖,𝑗  is the conductance of line i-j 

𝛿𝑖 is the voltage angle at bus i 

𝛿𝑗  is the voltage angle at bus j 

𝑁𝐿 is the total number of transmission lines. 
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2.2 Constraints 

The minimization problem is subjected to the 

following equality and inequality constraints. 

1. Equality constraints: 

𝑃𝐺𝑖 − 𝑃𝐷𝑖 − 𝑉𝑖 ∑ 𝑉𝑗[𝐺𝑖𝑗 cos(𝛿𝑖 −𝑛
𝑗=1

𝛿𝑗) +  𝐵𝑖𝑗 sin(𝛿𝑖 − 𝛿𝑗)] = 0  (3) 

𝑄𝐺𝑖 − 𝑄𝐷𝑖 − 𝑉𝑖 ∑ 𝑉𝑗[𝐺𝑖𝑗 sin(𝛿𝑖 −𝑛
𝑗=1

𝛿𝑗) +  𝐵𝑖𝑗 cos(𝛿𝑖 − 𝛿𝑗)] = 0   (4) 

   where, 

𝑃𝐺𝑖 is the real power generation at bus i 

𝑄𝐺𝑖 is the reactive power generation at bus i 

𝑃𝐷𝑖 is the real power demand at bus i 

𝑄𝐷𝑖 is the reactive power demand at bus i 

n is the total number of buses 

𝐵𝑖,𝑗 is susceptance of line i, j 

2. Inequality constraints: The inequality 

constraint includes the bus voltage and 

GUPFC size limit. 

𝑃𝐺𝑖
𝑚𝑖𝑛 ≤ 𝑃𝐺𝑖 ≤ 𝑃𝐺𝑖

𝑚𝑎𝑥       (5) 

𝑄𝐺𝑖
𝑚𝑖𝑛 ≤ 𝑄𝐺𝑖 ≤ 𝑄𝐺𝑖

𝑚𝑎𝑥     (6) 

𝑉𝑖
𝑚𝑖𝑛 ≤ 𝑉𝑖 ≤ 𝑉𝑖

𝑚𝑎𝑥 ; i ∈ 𝑁𝐵  (7) 

𝑇𝑖
𝑚𝑖𝑛 ≤ 𝑇𝑖 ≤ 𝑇𝑖

𝑚𝑎𝑥    ; i ∈ 𝑁𝑇 (8) 

 𝑄𝑛
𝑚𝑖𝑛 ≤ 𝑄𝑛 ≤ 𝑄𝑛

𝑚𝑎𝑥        (9) 

   where, 

T is the tap changing transformer at bus i 

S is the power flow in the line 

NT is the number of tap changing transformer  

NB is the total number of buses excluding slack  

bus

3.0 Algorithm structure and Implementation 

GWO is a metaheuristic optimization technique 

which is inspired by nature. The technique was 

developed by (Mirjalili et al., 2014) and is based 

on Grey wolve’s (Canis Lupus) hunting 

characteristics and leadership hierarchy. Grey 

wolves belong to the family Canidea, and 

averagely, a pack consists of 5-10 wolves. 

Wolves are considered as social animals and are 

of four divisions hierarchically; alpha (a), beta 

(b), delta (d) and omega (w) (Mech 1999). The 

algorithm’s solution is of multiple candidates in 

nature, where each search agent carries different 

piece of information to avoid solutions that are 

locally optimal. The alphas are the dominant, and 

are the decision makers in the pack, and could be 

either female or male, decisions such as hunting, 

sleep and wake up time are made by them. Among 

the alphas, those with supreme dominance 

determine the fittest, as it has the knowledge for 

prey searching. Next in the chain is beta, and has 

the second best solution, the third best solution is 

determined by delta, while the other candidates 

solution lies with omega (Ladumor et al., 2017). 

The algorithm has proven to have wider 

exploitation and exploration of the unknown 

search spaces than    the previous Swarms 

Intelligence.  In addition to the social hierarchy of 

wolves, group hunting is another fascinating 

social behaviour as shown in Figure 2 and the 

Flowchart for GWO used in this research is 

depicted in Figure 3. The main phases of grey 

wolf hunting are as follows (Muro et al., 2011): 

(a) Tracking, chasing and approaching the 

prey 

(b) Pursing, encircling, and harassing the prey 

until it stops moving, and  

(c) Attacking towards the prey 

 

https://www.bayerojet.com/


                                                                                                                                 ISSN: 2449 – 0539    

            BAYERO JOURNAL OF ENGINEERING AND TECHNOLOGY (BJET) VOL.15 No.3, AUG, 2020 pp 100-109 

Also available online at https://www.bayerojet.com                   104 

 

 

Figure 2: Social hierarchy of grey wolves (Ladumor et al., 2017) 
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and δ)
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Create population matrix

Evaluate objective function (J) while 
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If 
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Display optimum alpha score and 
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Figure 3: The Flowchart of the GWO-Based for GUPFC Placement

 

4.0 Results and Discussions 

 

The developed method was tested on Nigeria 28-

bus network and three scenarios or cases were 

considered, which are: at moderate loading, full 

loading and at overloading condition. The single 

line diagram, line data and bus data for this 

network are provided in (Adebayo, et al., 2013). 

The network voltage constraint limits has been set 

as 0.95p.u. and 1.05p.u. for minimum voltage 

𝑉𝑚𝑖𝑛 and maximum voltage 𝑉𝑚𝑎𝑥. 

4.1 Scenario-1: With Moderate Load 

The voltage profile results under moderate 

loading (75%) condition with and without 

GUPFC device is shown in Figure 4. The base 

case voltage magnitude is represented with red 

colour, the blue colour indicate the voltage 

without GUPFC at 75% loading, while the 

voltage magnitude after the placement of 

GUPFC is indicated by green colour. Some of the 

bus voltages did not fall within the acceptable 

tolerance limit of ± 5% before the optimal 

placement of GUPFC. But with the proper 

placement of GUPFC, all the violated bus 

voltages fall within the acceptable range of ± 5% 

tolerance limit.  
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Figure 4: Voltage Profile Result of 28-Bus Network under Moderate 

Loading Scenario 

The power flow result of 28-bus, 330kV Nigeria 

grid system is presented in Figure 5. At Moderate 

loading condition, the total power loss of the 

entire network is recorded as 89.1087MW, but in 

the presence of GUPFC size (179.025MVAr) 

optimally place on the network using GWO  at 

buses 20-22 and 14-22, the loss reduces to 

68.7751MW representing 22.8189% power loss 

reduction under the operating range of 0.95-

1.05p.u.  

 

Figure 5: Power Flow Result of 28-Bus Network under Moderate 

Loading Condition 

4.2 Scenario-2: With Full Load 

Figure 6 shows a voltage profile results before 

and after the installation of GUPFC under full 

loading (100%) condition, under the operating 

range voltage of 0.95-1.05p.u. It is clearly 

observed that buses 9 (0.9489), 13 (0.9399), 16 

(0.9498), 19 (0.9487) and 22 (0.9399) considered 

to have violated the ±5% tolerance margin of 

voltage criterion. This low voltage is an indication 

that the network is prone or susceptible to 

possible voltage instability, but after the 

placement of GUPFC they increased to 

1.0000p.u, 1,0398p.u, 1.0358p.u, 0.9932p.u and 

1.0078p.u respectively.  

 

Figure 6: Voltage Profile Result of 28-Bus Network under Full Loading 

For the full loading (100%), power flow analysis 

was carried out based on Newton-Raphson 

method on Nigeria 28-bus network. Figure 7 

shows the power loss profile at nominal loading, 

it is observed that the highest loss occurs at lines 

8, 17, 22, 28. The base case total power loss of the 

network is 132.2751MW, but in the presence of 

GUPFC size 109.32MVAr optimally located on 

the network using GWO, yields a reduction of 

91.5486MW representing 30.99% average real 

power improvement across the entire network, 

under the normal voltage criterion of ± 5% 

tolerance margin.  
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Figure 7: Power flow Result of 28-Bus Network under Full Loading 

Condition 

4.3 Scenario-3: With Over-Load  

The voltage profile results before and after the 

installation of GUPFC is shown in Figure 8 under 

overloading (125%) condition. Violation of 

voltage nominal tolerance of ± 5% was recorded 

in bus 9, 13, 16, 19 and 22. As a result of load bus 

8, 20 and 25 being very close to their specified 

lower limits, any little increase in load demand 

will lead to voltage collapse. Consequently, a 

conclusion can be drawn that 125% loading is the 

maximum loadability of 28-bus, 330kV Nigeria 

network under the operating range of 0.95-

1.05p.u. As any more increase in load demand 

could cause instability of the whole network. 

 

Figure 8: Voltage Profile Results of 28-Bus Network under Overloading 

Condition 

Figure 9 shows the power flow results of 28-bus, 

330kV Nigeria network under overloading 

(125%) condition. It is observed that the highest 

power loss (25.5871MW) occur on line 22 

without the installation of GUPFC. When 

GUPFC is installed, it yields a reduction of 

15.9974MW. Under overloading condition, the 

entire network recorded a total power loss of 

172.5618MW, while in the presence of GUPFC 

size (193.35MVAr) optimally place on the 

network, the loss reduces to 112.5042MW 

representing 34.80% power loss reduction under 

the operating range of 0.95-1.05p.u. Table 1 

shows the summary of the simulation results for 

GUPFC placement and total power loss 

reduction. 

 

Figure 9: Power flow Result under Overloading condition 

Table 1: Summary of the simulation results for 28-bus, 330kV 

Nigeria Network 

Loading Factor Moderate 

(75%) 

Full (100%) Overload 

(125%) 

Losses Without 

GUPFC (MW) 

89.1087 132.2751 172.5618 

Rating of 

GUPFC 

(MVAr) 

179.025 109.32 193.35 

 

Losses with 

GUPFC (MW) 

68.7751 91.5486 112.5042 

 

GUPFC 

Location 

20-22 

14-22 

19-20 

17-20 

7-24 

8-24 

 

% Power Loss 

Reduction 

22.82 30.99 34.80 

 

In order to validate the developed method, the work 

of Adepoju et al., (2016) was used and the comparison 
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of the developed method and that of numerical 

simulation based method were shown in Figures 10 

and 11. 

The performance metrics used for the comparison was 

voltage profile and power loss results. The 

comparison was done on the same test bed of 28-bus, 

330kV Nigeria network under full loading (100%) 

condition. 

In the developed approach, GWO is used for the 

optimal placement and sizing of GUPFC. The optimal 

location of GUPFC with size 109.32MVAr is 

obtained on buses 19-20 and 17-20. Figure 4.19 and 

4.20 shows that the proposed method as analyzed on 

Nigeria 28-bus network gives significant 

improvement in percentage power loss reduction of 

30.99% and minimum voltage of 0.9825p.u when 

compared with 23.63% and 0.9698 obtained in the 

numerical simulation based method. Table 2 shows 

the summary of comparative assessment of the 

proposed method with that of numerical simulation 

based method.  

 

Figure 10: Voltage Profile Result of the Proposed Method with that of 
Numerical Simulation based Method 

 

Figure 11: Power Flow Result of the Proposed Method with that of 

Numerical Simulation based Method 

Table 2: summary of comparative assessment of the proposed 

method with that of Numerical Simulation based Method 

Descriptions Numerical 

Simulation Based 

Method 

Proposed Method 

Optimal GUPFC 

locations Bus 

19 – 20 

20 – 23 

19 – 20 

17 – 20 

Optimal GUPFC 

Size 

165.4MVAr 109.32MVAr 

Active power loss 101.0127MW 91.5486MW 

% power loss 

reduction 

Minimum Voltage 

23.63% 

0.9698 

30.99% 

0.9825 

 

 

 

5.0 Conclusion 

 

This paper has proposed a Grey Wolf 

Optimization Technique (GWO) based optimal 

location and sizing of GUPFC in a transmission 

network for power loss minimization and voltage 

profile enhancement. The total base case power 

loss on 28-bus, 330kV Nigeria network under 

different loading conditions of 75% (moderate), 

100% (full) and 125% (overload) are 

89.1087MW, 132.2751MW, 172.5618MW and 

after the placement of GUPFC, the power loss 

reduces to 68.7751MW, 91.5486MW and 

112.042MW. Moreover, voltage profile 

improvement was also achieved on buses that 

violate ± 5% tolerance margin of the normal 
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voltage criteria after the optimal placement and 

sizable GUPFC. In conclusion, it can be said that 

the ever growing demand can be met by 

transmitting more power at both (full and 

overload) operating condition without having to 

compromise the voltage stability by using the 

inexpensive methodology proposed here. 
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