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1.0  Introduction 

Power systems are subjected to a wide range of small or large 

disturbances during operation [1]. Small disturbances are changes in 

loading conditions that occur continually. Larger disturbances could 

be faults, generator outages, line outages, voltage collapse, or some 

combination of these. The power system must adjust to these 

changing conditions and continue to operate satisfactorily and 

within the desired bounds of voltage and frequency. The power 

system should be designed to survive both small and large types of 

disturbances [1]. 

Nowadays, having a secured operation in power systems has 

become a critical issue as they are heavily loaded and are being 

operated in ways not originally designed [2]. Security is a term used 

to reflect a power system’s ability to meet its load without unduly 

stressing its apparatus or allowing variables to stray from the 

prescribed range under certain contingencies [3]. Moreover, any 

unexpected contingencies may collapse the system suddenly. To 

overcome this situation, it is essential to have the study contingency 

analysis and prediction in advance; so that necessary supporting 

Flexible alternating current transmission system (FACTS) devices 

can be installed [2].  

 

 

 

 

Since power system operation is affected by stability-related 

problems, leading to unpredictable system behavior. Flexible 

alternating current transmission system (FACTS) technology opens 

up new opportunities for controlling power and hence, enhancing 

the usable capacity of transmission lines. The possibility that current 

through a line can be controlled enables a large potential of 

increasing the capacity of existing lines with larger conductors, and 

the use of one of the flexible alternating current transmission system 

(FACTS) Controllers to enable corresponding power to flow 

through such lines under normal and contingency conditions [4]. 

UPFC is a versatile FACTS device. The choice of this FACTS 

device in this research is due to its capability of providing active, 

reactive, and bus voltage control under normal and network 

contingencies conditions without violating the operating limits [5]. 

Since UPFC can be installed in different locations, its effectiveness 

will be different; hence, it is highly important to determine the 

optimal location of this device in the power system for voltage 

stability margin improvement, increase in power transmission 

capacity, and power blackout prevention [5]. 
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ABSTRACT 
A power system network is designed to operate at a prescribed voltage and frequency for stability 

and better power quality. Unexpected contingencies lead to instability-related problems in the 

system. This research implements the development of a sensitivity index-based technique with 

contingency analysis for Unified Power Flow Controller (UPFC) placement for Nigeria's 330 kV 

power transmission system. The research employed the Newton Raphson power flow method, 

considering multiple contingency analyses which include double line outages. The identification of 

the severity of the violated bus voltages was achieved through the use of the Reactive Power 

Performance Index (RPPI) and Active Power Performance Index (APPI). The contingency cases 

were addressed through the sizing and placement of UPFC on the network and simulated in the 

MATLAB R2021a environment. The base case in this research is the power flow analysis performed 

to determine the initial steady state of the network before contingency. The analyses of the 

contingency cases performed on the network show that the predominately violated buses and the 

sizes of the UPFC placed are Maiduguri bus (-183 MVAR), Birni Kebbi bus (99 MVAR), Oshogbo 

bus (-84 MVAR), Jos bus (-28 MVAR), Gombe bus (-13 MVAR) and Kano bus (21 MVAR). The 

result shows a 1.3 % (694.6233 MVAR) reduction in the total reactive power loss as compared with 

the base case of (703.7499 MVAR) was achieved. The placement of the flexible alternating current 

transmission system (FACTS) UPFC device improved the total voltage by 3.11% (31.9298 PU) as 

compared to the base case voltage deviation of (32.9541 PU). This increased stability of the network 

in the event of line outages.  
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Power flow analysis which is the backbone of power system analysis 

and design is necessary for planning, operation, economic 

scheduling, and exchange of power between utilities [6]. The 

principle of power flow analysis is to find the magnitude and phase 

angle of voltage at each bus and the real and reactive power flowing 

in each transmission line. The conventional techniques used for 

solving the load flow problems are iterative. These techniques are 

Newton-Raphson (NR), Gauss-Seidel (GS), and Fast Decouple 

Newton-Raphson (FDNR) methods. These techniques are difficult 

and take a lot of time to perform hence, MATLAB R2021 

programming software is used for solving problems speedily.  

 
2.0  Literature Review  

Below are reviews of related literature which will serve as a 

guide in this study. Eseosa & Samuel [7] proposed the impact of 

UPFC in the Nigeria 330 kV integrated power network. A 

MATLAB program incorporating UPFC in the Newton-Raphson 

power flow program was developed. The power flow study without 

FACTS devices shows high power losses in New Haven, Makurdi, 

Damaturu, Gombe, Maiduguri, Jalingo, and Erunkan but with the 

introduction of UPFC in the weak buses, there was a 72.66% real 

power loss reduction and 76.6% reactive power loss saving. 

However, the research work did not go further to investigate the 

effect of contingency for the placement of the UPFC in the network.   

Sookananta [8] proposed sensitivity index and the Differential 

Evolution technique applications for the determination of FACTS 

placement. The proposed methods were compared with that of GA 

which is the most commonly used technique for FACTS device 

placement. The result obtained, shows that among the techniques 

considered, the use of PI sensitivity index is the fastest in terms of 

optimal allocation of FACTS devices in comparison to DE and GA 

but in terms of sizing, DE performs better than GA and sensitivity 

index.  

Reddy et al. [9] proposed the application of Particle Swarm 

Optimization (PSO) to find the placement location and sizing of the 

Unified Power Flow Controller (UPFC) device to minimize the 

voltage stability index and load voltage deviation to improve voltage 

stability in the power system. Load flow analysis for the 

determination of power system state variables was done based on 

the Equivalent-Current-Inject (ECI) using the Norton Equivalent 

theorem.  The proposed method shows that the voltage support will 

be provided by UPFC with the ECI model, and its optimal location 

and capacity will be determined by using PSO. 

The literature reviewed shows different techniques carried out 

for contingency analysis and FACTS device placement to increase 

the line load ability and voltage stability. The voltage profiles of the 

networks used in various studies were identified through the use of 

various load flow techniques. However, some of the authors that 

performed contingency analysis didn’t go further to mitigate the 

effect of such contingencies through the placement of FACTS 

devices. Again, some authors that did the placement of FACTS 

devices didn’t perform contingency analysis which has an effect of 

changing the configuration of the entire system when ignored. 

Hence, this work proposes the development of a sensitivity index-

based technique for the placement of UPFC with consideration of 

contingency analysis to improve the voltage profile and line load 

ability on a 330 kV Nigerian transmission network. It is expected 

that this approach through the use of UPFC will compensate the 

network during contingency and will keep the voltages in the 

network within their prescribed range for normal system operation. 

 

3.0 Methodology 

3.1  Algorithm for Newton Raphson Method  

The procedure for the Newton Raphson load flow method is 

described as follows [10]: 

1. 𝑃𝑖   and 𝑄𝑖  are specified for the load buses, the values of 

voltage magnitudes and phase angles are set equal to the 

values of slack bus values, 1.0 and 0.0 i.e, 𝑉𝑖  = 1.0 and i = 

0.0. For voltage-regulated buses, where Vi and 𝑃𝑖
𝑠𝑐ℎ are 

specified, phase angles are set equal to the slack bus angle, or 

0, i.e., i = 0. 

2. For load buses 𝑃𝑖
𝑘 and 𝑄𝑖

𝑘 are calculated from the equations 

and then ∆𝑃𝑖
𝑘 and ∆𝑄𝑖

𝑘 are calculated. 

3. From voltage-controlled buses 𝑃𝑖
𝑘 and 𝑄𝑖

𝑘 are calculated from 

equations respectively. 

4. The elements of the Jacobian matrix (J1, J2, J3, and J4) are 

calculated. 

5. Computation of new voltage and phase angles 

6. The process is repeated until the residuals ∆𝑃𝑖
𝑘 and ∆𝑄𝑖

𝑘  is 

less than the specified accuracy. 

 

3.2  Contingency Analysis 

The steps involved in carrying out the contingency analysis are 

as follows: 

i. Read the system bus data and line data 

ii. Without considering the contingency, calculate base case 

power flow using the Newton Raphson technique. 

iii. Simulate element outage by removing one line, load, and 

load variation on the network and proceed to the next step 

iv. Using Newton Raphson Power Flow technique calculate 

the active power flow in the lines and voltage magnitude of 

each bus  

v. Calculate APPI and RPPI using equations (1) and (2). 

vi. Repeat (ii) to (v) until all contingencies are specified 
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vii. Rank 

the contingencies in order of severity based on RPPI 

viii. Perform Newton Raphson power flow for the most severe 

contingency case 

ix. Print the line overloads and voltage violations. 

 

𝐼𝑠 =
𝑉𝑅 cosh 𝛿𝑙

𝑍𝑐

+ 𝐼𝑅 sinh 𝛿𝑙                                    (1) 

[
𝑉𝑠

𝐼𝑠
] = [

cosh 𝛿𝑙 𝑍𝑐 sinh 𝛿𝑙
1

𝑍𝑐

sinh 𝛿𝑙 cosh 𝛿𝑙
] [

𝑉𝑅

𝐼𝑅
]                    (2) 

 

The flow chart of contingency selection is represented in Figure 1. 

 

Figure 1. Flow chart of contingency selection.  

 

3.3  Nigerian 330 kV 31 Bus Transmission Network. 

The single-line diagram of the existing 330 kV Nigeria 

transmission network used in the case study is shown in Figure 2. 

 

 

 

 

 

 
Figure 2. Nigeria 330 kV 30 Bus Transmission Network 

 

4.0  Results and Discussions 

In Table 1, the numerical values were obtained from Newton 

Raphson load analysis performed in MatLAB R2021a. In the event 

of the contingencies in lines 4 and 19, the buses that deviate from 

the prescribed nominal voltage were identified and ranked using 

RPPI. In the outages of lines 4 and 19, as shown in Table 2, 

Maiduguri, Gombe, B.Kebbi, Jos, and Makurdi buses were ranked 

based on RPPI as the buses whose voltages deviate from the 

prescribed nominal voltage limit of ±5%. With the placement of 

UPFC in the network, the voltages that deviate from the prescribed 

nominal voltage limit of ±5% were kept within an acceptable range 

for a stable system operation. 

Maiduguri bus is ranked highest following the RPPI ranking 

with an overvoltage of 1.3941 pu. The placement of UPFC 

consumed -196 MVar from the network causing the violated bus 

voltage to be 1.0329 pu. Consequently, due to the interconnection 

of the network, the placement of the UPFC in the Maiduguri bus 

also salvaged the voltage violation in the Gombe bus which is 

ranked second most severe in the network as seen in Table 2. Birni 

Kebbi Bus is identified as a weak bus with an under-voltage value 

of 0.7020 pu. The value of UPFC placed on the bus was +99 MVar 

which improved the voltage to an acceptable value of 0.9561 pu by  
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reactive power injection. The placement of UPFC consumed -49 

MVar in Jos which brought down the value from 1.1848 pu to 

1.0645 pu. The placement of UPFC in Jos salvaged the problem of 

overvoltage in Makurdi without further placement of UPFC in the 

bus. Hence, considering the outages of lines 4 and 19, four UPFCs 

were placed in the network which allows for stability in the network 

by keeping all the bus voltages within the acceptable limit. 

Table 1. Contingency analysis of lines 4 and 19 outages  

showing voltage improvement 

 

 

Table 2. Shows the critical buses with the sizes of UPFC  

placed for line 4,19 outages 

 

 

 
Figure 3. Voltage Profile of Line Outage  

Contingency Analysis. 

 

 In Figure 3, the bar chart shows the voltage profile of the 

network before and after the placement of UPFC during 

contingency. The voltage magnitude after contingency is indicated 

by red color and the voltage magnitude after the placement of UPFC 

is indicated by green color. The bars that exceed the range of (1.0500 

- 0.9500) PU indicates violation hence, the placement of UPFC help 

to keep the voltages within the prescribed range as shown in Figure 

3. 

 

 

Figure 4. APPI of Line Outage Contingency Analysis. 

 

The APPI for the aforementioned case scenario is shown in 

Figure 4 which indicates a 5% reduction in the degree of the total 

line overload after the placement of the various sizes of UPFC in the 

network thereby, increasing the line load ability in the network.  
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Figure 5. RPPI of Line Outage Contingency Analysis. 

 

The RPPI value after the placement of UPFCs indicates a 47% 

reduction in the severity of the bus voltage violation in the network 

and it’s shown graphically in Figure 5. 

 

4.1 Comparison of the proposed method with the base case.  

The proposed method shows a 3.11% voltage magnitude 

improvement as compared to the base case voltage. Figure 6 shows 

the graphical representation of the voltage profile improvement.  

 

 

Figure 6. Voltage comparison of the proposed  

method with the base case 

 

Conclusion 

The use of sensitivity index-based technique on Nigerian 330 

kV transmission network with contingency analysis to improve its 

readability through the placement of UPFC was analyzed. The 

research employed Newton Raphson's power flow method 

considering double line outages contingency. The identification and 

quantification of the severity of the violated bus voltages were 

achieved through the use of Reactive Power Performance Index 

(RPPI) and Active Power Performance Index (APPI). The 

contingency cases were addressed through the sizing and placement 

of UPFC on the network. The analyses show that the predominately 

violated buses as ranked based on RPPI were the Maiduguri bus, 

Birni-Kebbi bus, Oshogbo bus, Jos bus, Gombe bus, and Kano bus. 

The result shows a voltage improvement of 3.11% over the base case 

voltage. 

Based on economic reasons, the cost of FACTS devices may 

not warrant their installation on every bus on the Nigeria 330 kV 

transmission network hence, load shedding with consideration of 

priority loads in the network can be considered for larger 

contingencies which may lead to blackout in the network. 
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