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 The study is motivated by the need to reduce transmission losses and improve voltage 
stability in Nigeria’s national grid using advanced control technologies. This study 
explores the use of a Unified Power Flow Controller (UPFC) to enhance power security 
in Nigeria’s national grid by reducing transmission line power losses. The UPFC is 
selected for its superior versatility among Flexible Alternating Current Transmission 
System (FACTS) devices. A voltage sensitivity index (VSI) method is employed to 
determine the optimal placement of the UPFC, while the bat algorithm optimization 
technique is utilized to identify its optimal size. Simulation results indicate a reduction 
in net active and reactive power losses from 106.58MW and 703.75MVAr to 84.23MW 
and 597.50MVAr, respectively. Additionally, voltage improvements were observed 
across most load buses, with a maximum enhancement of 0.1 pu recorded on three 
buses. The results imply that implementing an optimally placed and sized UPFC can 
significantly enhance the efficiency and stability of Nigeria’s power grid by reducing 
transmission losses and improving voltage profiles. This study can be applied to 
improve the reliability and efficiency of power transmission systems in Nigeria and 
other developing countries facing similar grid challenges. 
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1. Introduction 
The Nigerian national electrical power network 

continues to expand due to increasing power demand, 
leading to a system that is overstretched. The demand 
placed on the network exceeds its operational capacity, 
meaning that existing infrastructure is being fully utilized. 
When a power system operates at such a state, it is 
pushed close to its thermal and stability limits and 
frequently experiences contingencies. Key factors affecting 
system security include voltage deviations, system 
overload, and real power losses. To address these 
challenges and enhance overall system security, various 
solutions have been explored, one of which is the 
implementation of Flexible Alternating Current 
Transmission Systems (FACTS) devices. [1, 2] 

The development of FACTS technology has been 
documented in [3], leading to the introduction of various 
FACTS controllers. These controllers are based on voltage 
and current source converters and include devices such as 
Static Var Compensators (SVCs), Static Synchronous 
Compensators (STATCOMs), Thyristor Controlled Series 
Compensators (TCSCs), Static Synchronous Series 
Compensators (SSSCs), and Unified Power Flow 
Controllers (UPFCs). Among these, the UPFC is the most 
advanced and efficient as it can regulate three critical 
transmission parameters: voltage magnitude, line 
impedance, and phase angle [3]. 

Over the past decade, several algorithms have been 
developed for the optimal integration of FACTS devices, 
particularly for UPFC placement within power networks. 
These include sensitivity-based approaches [5], 
evolutionary-programming-based load flow algorithms [6], 
genetic algorithms [7], particle swarm optimization [8], 
artificial neural networks (ANNs) [9, 10], and self-adaptive 
differential evolutionary (SADE) algorithms [11]. These 
methods have been used to determine the optimal 
placement and sizing of UPFCs within the power system. 

There have been previous applications of UPFCs in 
improving the Nigerian power network. Research has 
explored UPFC placement methods [12, 13], its role in 
transient stability enhancement [14], real and reactive 
power control [15, 23], and voltage stability improvement 
[24]. 

This paper focuses on optimizing real power loss 
using the bat algorithm optimization technique. The 
Voltage Sensitivity Index (VSI) method is employed to 
identify the best location for UPFC installation in the 
Nigerian 330kV integrated power network [15]. A 
comparative analysis of network performance before and 
after UPFC installation is also presented. 

 

2. Methodology 
This study follows a structured approach consisting of 

the following steps: [16] 
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a. Power Flow Analysis – A Newton-Raphson-based 
power flow analysis is conducted on the study 
system to determine the initial (pre-compensation) 
bus voltages, the available power at each bus, and 
the power losses in different branches of the 
network. 

b. VSI Calculation – The voltage sensitivity indices 
(VSIs) for all load buses are computed to identify 
the weakest bus, which serves as the optimal 
location for UPFC placement. 

c. Optimal UPFC Sizing – The bat algorithm is 
applied to determine the optimal size of the UPFC. 

d. Performance Evaluation – The effectiveness of 
the proposed approach is assessed on the 
Nigerian 31-bus transmission network 

 

2.1 Power flow analysis (PFA) 
Power flow analysis, extensively covered in various 

studies, is a technique used to assess the steady-state 
operational condition of an interconnected power system 
by utilizing known parameters at its buses. The primary 
goal of PFA is to determine the voltage magnitudes and 
phase angles at each bus. Once these values are 
obtained, the power flow across the system and the 
associated losses in transmission lines can be estimated. 
Essentially, power flow analysis involves solving complex, 
nonlinear power balance equations, as represented in 
equations 1 and 2 [17]. 

   ∑ |  ||  ||   |
 
      (         )         (1) 

   ∑ |  ||  ||   |
 
      (         )         (2)  

PFA is implemented in the following procedure: 
Step 1: Form the nodal admittance matrix (Yij) [17]. 
Step2: Initialization: Set one of the generator buses 

(N) as the slack bus with voltage magnitude |VN| = 1 and 

angle N =0.0. For the load buses, real power Pisch and 

reactive power Q is being specified. Voltage magnitudes 
and phase angles are initialized with the slack bus values. 

For the generator buses, Vi and Pi are specified and the 

phase angles are set equal to the slack bus value. Initialize 
iteration counter k [17]. 

Step 3: Calculate the real power Pical and reactive 

power Qical using equations 1 and 2 respectively [17]. 
Step 4: Form the Jacobian Matrix J.  

Step 5: Calculate the power differences ΔPi and ΔQi 
for all the load buses using equations 3 and 4 [17]. 

               
    (3)          

               
    (4)  

Step 6: Choose the tolerance values 
Step 7: Stop the iteration if all ΔPi and ΔQi are within 

the tolerance values. 
Step 8: Update the values of Vi and δi using 

equations 5 and 6 respectively. 
Step 9: Repeat from step 3 until all ΔPi and ΔQi are 

within the tolerance values. 

2.2 Computation of VSI 
A bus that fails to sustain its load due to insufficient 

reactive power support is classified as a weak bus. The 
weakest bus is the most suitable location for installing a 
compensator. One of the most effective methods for 
identifying the weakest bus in a power system is by 
calculating stability indices. Various stability indices have 
been developed by researchers and documented in the 
literature [18 - 20]. Some of these indices include the Fast 
Voltage Stability Index (FVSI), Line Stability Index (Lmn), 
Voltage Collapse Prediction Index (VCPI), and Reactive 
Power Voltage Stability Index (RPVSI). Additional indices 
such as the Power Transfer Stability Index (PTSI), Line 
Voltage Stability Index (LVSI), and Equivalent Node 
Voltage Collapse Index (ENVCI) are also commonly used 
[18]. 

The voltage at a bus in a power system is primarily 
influenced by reactive power rather than active power, 
except in cases where the system is heavily loaded, 
making the impact of active power on bus voltage more 
significant [19]. Consequently, assessing bus voltage 
stability is best achieved by analyzing the variations in bus 
voltage concerning reactive power, as expressed in 
equation 5 [19]  

    
   

   
    (5) 

The VSI in (7) is the Reactive Power Voltage 
Sensitivity Index (RPVSI). The computation of the RPVSI is 
by considering the linearized form of the nonlinear power 
balance equations. The linearized form is given in equation 
(8) [19] 

[
  
  

]  [
    
    

] [
  

 | |
]    (6) 

Reactive power is primarily influenced by variations 
in voltage magnitude rather than changes in phase angle. 
Likewise, real power is minimally affected by changes in 
phase angle. Therefore, it is reasonable to approximate by 
setting J2 and J3 in equation (8) to zero, leading to the 
simplified form in equation 7 [19]. 

 | |

  
     

      (7) 

The RPVSI are computed as in equation 8 [19]. 

          {    
     (8) 

A positive RPVSI indicates stable operation. A lower 
sensitivity index signifies a more stable bus, whereas a 
higher sensitivity index suggests a weaker bus. 

 

2.3 Bat algorithm 
The Bat Algorithm is an optimization technique 

inspired by the echolocation behavior of bats. Bats use 
echolocation to navigate, locate prey, and differentiate 
between objects even in complete darkness [21]. This 
advanced ability has been adapted to solve various 
optimization problems. Echolocation functions like a natural 
sonar system, where bats emit short, high-frequency sound 
pulses, wait for the echoes to return after bouncing off 
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objects, and use this information to determine distance. 
This mechanism enables them to distinguish between 
obstacles and prey, allowing effective hunting even in total 
darkness.[21] 

The Bat Algorithm employs frequency tuning, making 
it the first optimization method of its kind in computational 
intelligence. Each bat in the algorithm is represented by a 
velocity and a position at iteration t within a d-dimensional 
search space. The position corresponds to a potential 
solution to the problem being optimized. As the algorithm 
iterates, the best solution x found so far is updated and 
stored [21]. 
 

2.3.1 Key characteristics of the bat algorithm 
The key characteristics of the bat algorithm are: 

a. Echolocation for Sensing and Differentiation – 
Bats use echolocation to measure distances and 
can distinguish between prey and environmental 
obstacles [21]. 

b. Adaptive Flight Behavior – Bats move randomly 
with velocity (vx) at position (xi), adjusting their 
frequency (f), wavelength (λ), and loudness (A0) to 
search for prey. They can also modify their pulse 
emission rate (r ∈ [0,1]) depending on the proximity 
of the target [21]. 

c. Loudness Adjustment – The loudness of emitted 
pulses decreases from an initial value (A0) to a 
minimum threshold (Amin) as the search 
progresses [21]. 

 

2.3.2 Advantages of the Bat Algorithm: 
The advantages of the bat algorithm are as follows 

a. Frequency Tuning – Unlike other swarm 
intelligence methods such as PSO (Particle Swarm 
Optimization), SA (Simulated Annealing), and HS 
(Harmony Search), the Bat Algorithm utilizes 
frequency tuning to enhance the search process 
[22].  

b. Automatic Zooming – BA can automatically focus 
on promising solution regions, leading to faster 
convergence in the early search stages compared 
to other metaheuristic algorithms [22]. 

c. Dynamic Parameter Control – Unlike many 
optimization methods that rely on fixed, pre-tuned 
parameters, BA allows dynamic adjustment of key 
parameters (A and r). This adaptability enables a 
smooth transition from exploration to exploitation 
as the optimal solution is approached [22]. 

In this study, the Bat Algorithm is utilized due to 
these advantages, particularly its efficiency in optimization 
tasks. As stated in Yang [21], the mathematical 
expressions for updating positions and velocities can be 
formulated as follows: 

                      (9)  

  
     

       
          (10) 

  
    

      
     (11) 

Where β ∈ [0,1] is a random vector drawn from a 

uniform distribution. 

In this context, x*   represents the current global best 
position (solution) obtained by comparing all solutions 
among the n bats. A new solution for each bat is generated 
locally through a random walk, expressed as: 

               (12) 

Furthermore, the loudness and pulse emission rates 
can be adjusted throughout the iterations. The equations 
used to modify the loudness and pulse emission rates are 
provided below. 

  
       

     (13) 

  
      

                (14) 

Where 0 < α < 1 and γ > 0 are constants. For any 0 < 
α < 1 and y > 0, we have: 

Ait → 0; rit → ri0 as t → ∞The initial loudness AO 

can typically be (1, 2), while the initial emission rate ri0 can 

be (0, 1). 
 

2.4 Objective Function 
This study aims to minimize real power losses to 

achieve maximum power transfer capability. 
Mathematically, the objective function can be expressed as 
in equation 15 and 16 [22]: 

                (15) 

      ∑    
   
   [  

    
                  ] (16) 

Where Gij represents the conductance of line ij, Vi 
and Vj are the voltage magnitudes at the sending and 
receiving ends of the line, respectively. δi and δj denote the 
phase angles of the end voltages. Nti is the total number of 
transmission lines. 

The equality constraints are shown in equations 17 
and 18 [22]: 

          ∑    
  
                 

                    (17) 

              ∑   
  
          (      )  

                   (18) 

Where PGi represents the real power generation at 
bus i, PDi is the power demand at bus i, and Nb denotes 
the number of PQ nodes in the system.  

Similarly, QGi refers to the reactive power generation 
at bus i, QDi is the reactive power demand at bus i, and QCi 
represents the reactive power from compensation nodes. 
According to Cui, et al. [22] the inequality constraints are: 

Voltage Limits for Generator Buses is shown in 
equation 19 [22] 

   
           

      (19) 

Where VGimin is the minimum voltage at the generator 
bus, VGi represents the actual voltage at the generator bus, 
and VGimax is the maximum voltage at the generator bus. 

Real Power Generation Limits is shown in equation 
20 [22]. 
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      (20) 

Where PGimin is the minimum real power at the 
generator bus, PGi denotes the actual real power at the 
generator bus, and PGimax is the maximum real power at the 
generator bus. 

Reactive Power Generation Limits is shown in 
equation 21 [22]: 

   
           

      (21) 

Where QGimin is the minimum reactive power at the 
generator bus, QGi represents the actual reactive power at 
the generator bus, and QGimax is the maximum reactive 
power at the generator bus. 

UPFC Limits is shown in equation 22: 

   
           

      (22) 

Where Vvrmin is the minimum shunt converter voltage 
magnitude (p.u), Vvr represents the actual shunt converter 
voltage magnitude (p.u), and Vvrmax is the maximum shunt 
converter voltage magnitude (p.u). 

The series converter voltage inequality is shown in 
equation 23. 

   
           

      (23) 

Where Vcrmin represents the minimum series 
converter voltage magnitude (p.u), Vcr is the actual series 
converter voltage magnitude (p.u), and Vcrmax denotes the 
maximum series converter voltage magnitude (p.u). 
 

2.5 Input parameters of the bat algorithm 
The table 1 below presents the input data used for 

the Bat Algorithm. 
 

Table 1: Input Parameters of Bat Algorithm 
S/N Parameters Quantity 

1 Number of iterations 50 
2 Number of populations 20 
3 Pulse rate 0.9 
4 Loudness 0.9 

 

2.6 Study system and data presentation 
The transmission line data provides the impedance 

per unit length for each line segment, while the bus data 
includes details such as real power, reactive power, 
voltage magnitude, and phase angle at each bus. The 
network consists of 31 buses, nine of which are generator 
buses, while the remaining are load buses. The Egbin 
power station was selected as the slack bus due to its 
strategic location within the network and its highest 
generating capacity. The one-line diagram and additional 
details can be found in the appendix of this paper. 

 

3. Results and discussion 
3.1 Optimal Location of the UPFC 

The calculated RPVSI values for the Nigerian 330kV 
network are presented in Table 2. 

From Table 2, bus 19 has the highest RPVSI value, 
indicating that it is the weakest bus and the most suitable 
location for UPFC placement. 

Table 2: VSI result for load buses 

S/No 
Load Bus 
Number 

Voltage 
Sensitivity 
Index (VSI) 

Bus Weakness 
Ranking 

1 10 0.0253 9 
2 11 0.0061 19 
3 12 0.0073 17 
4 13 0.0330 7 
5 14 0.0601 4 
6 15 0.0107 15 
7 16 0.0062 18 
8 17 0.2631 2 
9 18 0.0150 12 
10 19 0.2878 1 
11 20 0.0074 16 
12 21 0.0060 20 
13 22 0.1514 3 
14 23 0.0251 10 
15 24 0.0141 14 
16 25 0.0207 11 
17 26 0.0041 21 
18 27 0.0470 5 
19 28 0.0032 22 
20 29 0.0310 8 
21 30 0.0150 13 
22 31 0.0364 6 

 

3.2 UPFC Size 
The optimal UPFC size was determined using the 

Bat Algorithm, resulting in a value of 182.0438 MVAr. 
 

3.3 Validation of the Technique 
The power flow analysis was repeated using the 

Newton-Raphson method on the system with the 
appropriately sized and positioned UPFC, and the following 
results were obtained. The variations of line losses before 

and after installation of UPFC are given in Table 3. A 
graphical representation of the real power before and after 
UPFC placement (base case) is shown in Figure 1. 

A graphical representation of the reactive power 
before and after the placement of the UPFC (base case) is 
shown in Figure 2. The voltage magnitudes of the buses in 
the 31-bus network, both before and after the installation of 
the UPFC, are presented in Table 4 and illustrated 
graphically in Figure 3. 

Table 2 presents the calculated Relative RPVSI 
values for the load buses in the Nigerian 330 kV 
transmission network. These values help identify the buses 
most vulnerable to voltage instability under load variations. 
Among the evaluated buses, bus 19 exhibits the highest 
RPVSI value, signifying it as the weakest bus in terms of 
voltage stability. This makes it the most appropriate 
location for placing the Unified Power Flow Controller 
(UPFC), as installing the device at this point is expected to 
yield the most significant improvement in voltage support 
and overall system stability, while Table 3 provides a 
summary of the total line losses in the Nigerian 330 kV 
transmission network before and after the implementation 
of the Unified Power Flow Controller (UPFC). The data 
clearly show that the installation of the UPFC led to a 
substantial reduction in both real (active) and reactive 
power losses.  
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Table 3: Summary of Line Losses before and after UPFC Placement 

 
 

 
Figure 1: Variation of real Power Loss Profile 
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Figure 2: Variation of reactive power loss profile 

 
Table 4: Voltage Profile Improvement 

 
 

Specifically, active power losses decreased from 
106.58 MW to 84.23 MW, while reactive power losses 
dropped from 703.75 MVAr to 597.50 MVAr. This reduction 
indicates a more efficient transfer of electrical energy 
across the transmission lines, resulting in less energy 

dissipation and improved overall system performance. 
These results validate the effectiveness of the VSImethod 
and bat algorithm in determining the optimal location and 
size of the UPFC for maximum loss minimization. 

Figure 1 illustrates the variation in real power loss 
across the transmission lines before and after the 
installation of the UPFC. The graph clearly shows a 
consistent reduction in real power losses across most 
lines, highlighting the UPFC’s effectiveness in improving 
power flow and reducing energy dissipation. This reduction 
contributes to greater transmission efficiency and reliability. 
Similarly, Figure 2 presents the variation in reactive power 
loss before and after UPFC placement. 

As with the real power losses, the reactive power 
losses also decreased significantly across the network. 
This improvement indicates enhanced voltage support and 
reactive power management, which are crucial for 
maintaining voltage stability and minimizing the risk of 
voltage collapse. Overall, both figures reinforce the 
conclusion that optimally deploying a UPFC improves the 
operational performance of the power grid. 

Table 4 presents a comparison of the bus voltage 
magnitudes across the 31-bus Nigerian 330 kV 
transmission network before and after the installation of the 
UPFC. The data indicate a general improvement in voltage 
levels at most load buses, demonstrating the effectiveness 
of the UPFC in enhancing voltage stability. Notably, 
several buses that previously recorded voltages below the 
acceptable threshold showed significant recovery towards 
the nominal value of 1.0 pu. 

The maximum voltage improvement observed was 
0.1 pu at three buses, reflecting the UPFC’s ability to 
mitigate voltage drops and support weak areas of the grid. 
Overall, the results confirm that optimal placement and 
sizing of the UPFC not only reduce power losses but also 
contribute to a more stable and reliable voltage profile 
across the network and Figure 3 shows the comparison of 
bus voltage magnitudes in the 31-bus Nigerian 330 kV 
network before and after the installation of the UPFC.  
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Fig. 3: Variation of bust voltage magnitude 

 
The graph reveals a noticeable improvement in 

voltage levels across most buses following the UPFC 
deployment. Several buses that initially had voltages below 
the nominal value of 1.0 pu experienced significant 
enhancements, with the most considerable improvement 
being 0.1 pu on three buses.  This upward shift in voltage 
profile demonstrates the UPFC’s effectiveness in providing 
voltage support and stabilizing weak buses. The overall 
voltage enhancement contributes to a more balanced and 
stable power system, reducing the likelihood of voltage-
related disturbances and improving power quality for end 
users. 

 

4. Conclusions 
The VSImethod was utilized to identify the weakest 

bus in the Nigerian 330kV, 31-bus network, determining 
the most suitable location for a compensator. The Bat 
Algorithm optimization technique was employed to 
ascertain the optimal size of the UPFC compensator. A 
simulation of the Nigerian 31-bus network incorporating the 
UPFC was conducted. The results revealed that bus 19 is 
the weakest, with the highest index value of 0.2878. The 
optimal UPFC size was determined to be 182.0438 MVAr. 
Additionally, the findings showed a significant reduction in 
real power loss, decreasing from 106.5771 MW in the base 
case (without UPFC) to 84.23 MW with UPFC. Reactive 
power loss also declined from 703.7499 MVAr to 597.5021 
MVAr. Furthermore, voltage magnitudes across most 
buses in the network exhibited improvement. 
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