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Abstract 
High Voltage Direct Current (HVDC) technology has recently emerged as a significant option 

in current power networks to address power transmission challenges. Therefore, this research 

project examines the potential impact of HVDC technology on the Nigerian transmission 

system. Based on the information provided by the Nigerian Electricity System Operator 

(NESO), a model of the 330 kV transmission network in Nigeria was created using DIgSILENT 

PowerFactory. Summer and winter load flow scenarios were examined to enhance the model's 

precision and consistency. The system performance was evaluated through stability and 

reliability studies, which helped identify suitable locations for HVDC links. The load point 

indices (LPIs) and system indices were used for the reliability evaluation, while the PV and 

QV analyses were used for the stability evaluation. An HVDC model was created and 

connected to the transmission network at two locations identified by the studies, Gombe and 

Yola buses. A comparison was conducted using two separate HVDC connections (Case 1: 

Azura-Gombe and Case 2: Azura-Yola) to identify the critical impact of HVDC on the system 

reliability and stability. The reliability and stability simulation showed that HVDC technology 

significantly boosts the reliability and stability of the transmission network and reduces energy 

losses. However, adding an HVDC link between Azura and Yola, Case 2, significantly 

improved overall performance, as evidenced by improving the system and load point indices 

and a better voltage profile and reactive power margin. The system indices, SAIDI improved 

by 0.07 h/yr, SAIFI by 0.19 interruption/yr, and ASAI enhanced by 0.11%, while the LPIs 

improved effectively by zeroing the Load Point Interruption Frequency (LPIF) and Load Point 

Interruption Time (LPIT). During the stability analysis, the loadability increased by 119% 

while the critical point improved by 0.061 pu/ -394 MVAR. Economically, the cost incurred in 

Case 1 is 79.17% lower than the base case even though new equipment (HVDC) is installed; 

this also applies to Case 2, which is 85% lower than the base case. Integrating HVDC 

technology could improve financial gain, considering improved energy supply, increased 

production, and general economic growth. This research has contributed significantly to 

revealed improvements in system and load indices, increased loadability, increased stability, 

and boosted financial gain with the HVDC connected. 
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1 Introduction 

1.1 Overview of Nigeria's power system 

 
 
The Federal Republic of Nigeria is situated in the sub-region of West Africa, between latitudes 

40°16' and 130°53' North and longitudes 20°40' and 140°41' East. It is surrounded by Benin 

Republic (Cotonou) to the West, Cameroon to the East, Chad to the Northeast, and Niger to 

the North. It is the fourteenth largest nation in Africa, having a total land area of around 923,768 

square kilometres [1], [2]. The country's population is about 220 million in 2023 [3].  

The rainy (summer) season (April to October) and the dry (winter) season (November 

to March) are the two primary climatic seasons in Nigeria [4]. Maximum average temperatures 

of more than 40°C have been reported in the country's far north [5]. In contrast, the average 

temperatures in most other areas of the nation, particularly in the south, are generally stable at 

around 32 °C [6]. 

Generally, access to electricity is one of the significant determinants of the economic 

prosperity of any country, as regular and reliable access to energy is critical to the foundations 

of a stable and growing economy [7]. However, this directly impacts economic development, 

such as infrastructure development, healthcare, education life expectancy, child mortality, 

investment in research and innovation, and contributes to income generation and employment 

[8]. Nigeria has been producing commercial electricity for over a century. Still, the population 

of about 220 million cannot access a dependable power supply because of the slow speed at 

which its energy infrastructure is being developed and maintained [9]. The current increase in 

electrical energy demand due to modern lifestyles has forced the world, including Nigeria, to 

rely heavily on electrical power systems to propel industrial and economic growth [10]. The 

Nigerian transmission network produces more power than it consumes. Still, due to unplanned 

outages caused by open circuit faults, earth faults, and failure of protective relays such as 

directional earth faults and distance protection relays, customers are frequently left without 

power for many hours throughout the year. Over half (about 56%) of Nigerians linked to the 

national grid experience erratic, inconsistent, and weak power supplies. In comparison, the 
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remaining population (about 44%) has no connection to the national power system at all [9], 

[11]. 

Nigeria has 12,522 MW of installed generation capacity [12] but can only dispatch 

around 4000 MW of the installed capacity daily [13]. The generators consist of 3 hydro stations 

with an installed capacity of 1890 MW (15.09% of installed capacity) and 20 gas stations with 

an installed capacity of 10632 MW (84.91% of installed generation) [14]. 

 In general, gas generation is the main form of power generation in Nigeria [14]. Yet, 

the combined contribution of gas and hydro sources is insufficient to meet the expected demand 

for energy. The power system is characterised by a vast gap between supply and demand [15]. 

According to the Nigeria electricity sector report, the estimated demand as of 2016 was 28360 

MW [14]; however, the world’s demand for electricity grew by 2.2% [16]. Therefore, the 

estimated power demand in 2023 would be around 32727 MW. Figure 1.1 shows the grid mix 

where the generated power is about 8.88%, dispatch power is approximately 8.61%, and the 

estimated demand power is around 59.34%. It shows that all generated power is not effectively 

transmitted and distributed to consumers, which is attributed to transmission losses. It suggests 

that to close the gap between supply and demand and guarantee that the public has reliable 

access to electricity, there is a need for increased energy efficiency. 

 
Figure 1.1:  Nigeria grid mix. 

The Nigerian Electricity Regulatory Commission (NERC) reports that approximately 

7.4% of the 4000 MW generated power is lost in transmission across the network [17]. At the 

distribution stage, up to 27.7% of the electricity load is rejected, leaving about 2519 MW of 

supply [18] for a growing population of about 220 million people, who are expanding. 
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Therefore, the power grid is inadequate to meet the increasing power demand. Due to both lack 

of generation and deficiencies in maintenance and infrastructure, long hours of outages, and a 

low voltage profile, many of the basic comforts provided by the availability of electricity are 

not dependably available in the country [7], [19], [20], [21]. 

Furthermore, the demand for power in Nigeria is continuously increasing. In contrast, 

the existing power grid has consistently demonstrated its ineffectiveness in keeping up with 

this growth as the average amount of generated power lingers between 3,000 MW and 4,000 

MW [22].  The power supply has consistently lagged the load demand, as shown in Figure 1.2. 

For example, in 2022 and 2023, the generated power was 28163 MW and 29072 MW, lower 

than the estimated demand of 32104 MW and 32727 MW, respectively.  

 

 
     Figure 1.2: Growth in generation/energy demand. 

The transmission system does not cover the entire country; therefore, providing a 

consistent and high-quality energy supply is challenging for the current Nigerian transmission 

network [23]. It currently has a maximum transmission capacity of around 4,000 MW and is 

technically weak, making it vulnerable to significant disturbances and challenges [24]; 

however, the transmission network is crucial to the whole system’s performance [25], and it is 

the foundation upon which any present-day or future infrastructure stands. The transmission 

stands out as the weakest link in the entire chain of Nigeria's electricity network. Inadequate 

transmission infrastructure has been highlighted as responsible for stranded capacity, a 

characteristic of the electricity grid [20], [26]. The Nigerian transmission system currently 
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experiences numerous issues regarding the drop in voltage profile, reduced reliability, voltage 

collapse, and high-power losses [9], [27]. 

The voltage profile is the distribution of voltage levels throughout the transmission 

network. A voltage profile is essential to ensure system security, as system security is crucial 

for the efficient and reliable operation of electrical devices and equipment connected to the 

network [28].  

Also, a reliable power system is essential because when a power system delivers 

electricity with the quality and characteristics specified in the appropriate standards, the 

reliability of the power will increase [29]. Hence, reliability analysis is essential in the planning, 

designing, and operating electric power systems.  

Furthermore, voltage collapse occurs because of power system voltage instability. It is 

a condition where voltage decreases to a deficient level because of several events. Voltage 

collapse may happen due to sudden changes in load or failure to coordinate control parameters 

with the protective system [30].  

Moreover, the high-power losses caused by the resistance of the conductor against the 

current flow generate heat within the conductor, increasing its temperature. The rise in 

temperature of the cable increases its resistance, which increases power losses [31]. Skin effects 

and corona losses also contribute to transmission losses. The country is currently experiencing 

under-capacity and poor transmission due to massive losses on the transmission lines [32]. It 

significantly contributes to poor performance and lower power supply efficiency in Nigeria. 

An additional challenge with new transmission lines is the time required to obtain 

planning permissions and the identification of available rights-of-way. The Nigerian power 

grid is a crucial infrastructure for socioeconomic growth. Nigeria, Africa's most populous 

nation in Africa, has a rapidly expanding economy, which is driving up the power demand. 

Inadequate generation capacity, ineffective transmission and distribution networks, and 

frequent supply outages are just a few of the issues the Nigerian power sector has faced. These 

problems have made it more difficult for the nation to supply reliable and adequate electricity 

to meet the needs of its citizens and economy [33]. 

The electric utility’s objective is to provide electricity to satisfy its customers’ needs 

and expectations to a better level within the resources under operational and economic viability 

[19], [34], [35]. One of the critical activities that must be carried out effectively to ensure that 
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Nigeria is among the industrialised nations is to ensure that power is effectively transmitted to 

all parts of the country [8].  

The power sector reform emphasised the need for a 30% expansion in the transmission 

capacity of the country's 330 kV network to meet an anticipated increase in generating capacity. 

Based on the findings, new lines were planned to be added to the existing 330 kV network [36]. 

As a result, considerable investment is necessary to enhance the transmission infrastructure to 

keep up with the expected rise in generation capacity and customers' expectations of an 

improved power supply [20], [26]. Thus, to meet the growing demand and access improved 

electricity, interconnecting an overhead high voltage direct current (HVDC) link is considered 

an alternative solution.  

High voltage direct current (HVDC) technology is one of the technical options that can 

be considered for future transmission system development [37] to meet the growing electricity 

demand. The advantages of HVAC include easy voltage transformation and current 

interruptions. However, this has limitations in situations of long transmission lines due to 

factors such as voltage instability and increasing transmission losses [38]. Furthermore, the 

limitations in current carrying capacity, the need for reactive power compensation at various 

locations along the transmission lines, losses due to the skin effect (non-uniform current 

distribution in conductors), and the Ferranti effect (received voltage exceeding transmitted 

voltage) are characterised by HVAC [39]. Thus, in recent years, the utilisation of HVAC 

systems has fallen due to the enormous losses involved with employing AC transmission across 

long distances and has been considered as one feasible plan to increase power grid delivery 

capability [40], [41]. 

To solve these limitations of HVAC, using HVDC for long-distance power 

transmission is a solution [42], [43]. This offers numerous advantages over high voltage 

alternate current (HVAC), which include the transmission of bulk power from one point to 

another point over long distances greater than 500 km efficiently for overhead lines, cheaper 

for bulk power transmission, and more energy transmitted with lower operational losses [44], 

HVDC lines have less corona effect and power flow can actively control [45]. 

About 39 HVDC systems have been commissioned worldwide almost two decades after 

the first project began commercial operation in 1999 [41]. Countries using the HVDC link 

include China, the USA, Brazil, Italy, Germany, India, Canada, France, and Belgium; Estonia 

and Finland; the Netherlands and Norway; Sweden and Lithuania. The United Kingdom has 
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been connected to countries like Norway, France, Belgium, and the Netherlands [46], [47]. 

Similarly, in Africa, there are HVDC links such as the Caprivi Link HVDC Scheme connecting 

Namibia and Zambia [48], Inga- Kolwezi (formerly known as Inga-Shaba) HVDC overhead 

link in the Democratic Republic of the Congo [49], and the HVDC link between Mozambique 

near the Cahora Bassa and South Africa [50]. 
 

1.2 Nigeria transmission network description 
The transmission system comprises a network of substations and transmission lines that 

connect generation sources to load centres, allowing the wholesale power system to transport 

power from generation resources to bulk consumers [10]. The Nigerian power system is 

functionally and technically composed of three sub-systems. The generation system (power 

stations) is managed by the Generating Companies (GENCOs), Independent Power Providers 

(IPP), and Niger Delta Holding Company (NDHC) with a total installed capacity of 14034 MW 

[13], [51].  

The generators in the Nigerian network are connected to the transmission system via 

step-up transformers [36]. The Nigerian generators produce either 11 kV or 16 kV, which are 

subsequently stepped up to 330 kV for transmission. From 330 kV, the voltage is stepped down 

to 132 kV, then to 33 kV, known as the primary distribution voltage, and then to 11 kV, utilized 

as the secondary distribution voltage. The 11 kV is further stepped down to 230 V for a line to 

neutral and 0.415 kV for a line to line [52]. The bulk of the power transmitted through the 

primary grid is fed through 330/132/33 kV transformers [53]. 

Figure 1.3 shows Nigeria's transmission system comprising high-voltage lines and 

switching stations with a transmission voltage level of 330 kV and a sub-transmission voltage 

rating of 132 kV. The Transmission Company of Nigeria (TCN) manages the transmission 

system. The role of the system operator is to keep the transmission system and the connected 

installed generation safely and reliably [54].  
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Figure 1.3: High Voltage grid map [53]. 

The Distribution Companies (DISCOs) manage the sub-transmission with medium 

voltage and lower voltage of 33 kV and 11 kV lines [55]. There are six GENCOs, one TCN, 

and eleven DISCOs. The system's nominal frequency is 50 Hz and should be maintained within 

±0.5% under normal operating conditions, while it is acceptable to vary within ±2.5% under 

stressed operating conditions [56]. The 330 kV voltage level limit is between 280.5 kV (0.85 

pu) and 346.5 kV (1.05 pu) [57]. Nigeria currently supplies electricity to three neighbouring 

countries, and these are the Republic of Benin, Togo, and Niger [12]. 

The Nigerian 330 kV transmission system model used in this study consists of 64 

transmission lines totaling 6546.47 km, 52 busbars, 20 generators, and 23 loads. The network 

was modelled with DIgSILENT (DIgital SImuLation and Electrical NeTwork) PowerFactory 

(DSPF) 2020 using data provided by the Nigerian Electricity System Operator (NESO). DSPF 

is a commercial package for power system analysis, offering comprehensive modelling 

capabilities and advanced algorithms. Its user-friendly interface, compatibility with Windows, 

and unique database concept enhance efficiency and accuracy. Its flexibility makes it ideal for 

automated solutions in business applications, making it a preferred choice for this research 
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[58], [59]. Also, it offers a full suite of functions for studying sizeable interconnected power 

systems [36]. 

Two scenarios were considered in this study: summer (June), which is known as the 

rainy season, and winter (December), which is known as the dry season [1]. The peak total 

loads are 4804.33 MW -314.84 MVAR and 4396.34 MW -122.46 MVAR, respectively. The 

single-line diagram of the transmission network used in this research is shown in Figure 2.1. It 

is worth noting that this model is based on data provided in 2019; nevertheless, it is still actual 

because the transmission system has not changed substantially since then.  

1.3 General overview of HVDC technology 

High Voltage Direct Current (HVDC) transmission consists of two types of technology, named 

based on the type of converter used. These are the Line-commutated Current Source Converters 

(LCCs) and Voltage Source Converters (VSCs) [44], [60]. LCC technology is based on a 

semiconductor-based switch called thyristor. This switch can hold AC voltage in either 

polarity, but current can only flow in one direction. On the other hand, VSC is based on an 

Insulated Gate Bipolar Transistor (IGBT). The IGBT is a fully controllable switch, and power 

can flow in both directions, which is a benefit over the LCC technology. 

Due to the bi-directional flow capability in the VSC, it is not necessary to reverse the 

DC voltage polarity of the converters to change the direction of power flow between them. The 

VSC-HVDC technology allows for the independent regulation of both active and reactive 

power flow [44], [61], [62]. Given the above advantages, all new HVDC interconnections are 

based on VSC. 

This research project, therefore, aims to provide valuable insights that can guide 

investment plans and future expansion in the nation's energy infrastructure by examining the 

deployment of HVDC within the context of the Nigerian power system. The conclusions will 

help readers better understand the technical and financial consequences of using HVDC 

technology in Nigeria. However, regardless of the choice of future electricity transmission, the 

transmission network must function well for overall system security and dependability. 

Therefore, it is necessary to analyse the use of high voltage direct current (HVDC) transmission 

within Nigeria's transmission system. Currently, HVDC is not in service, but there is an interest 

in exploring the benefit of this technology on the Nigerian HVAC transmission system [36].  
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1.4 Research objectives 
The research will study the feasibility of using HVDC transmission to mitigate some of the 

issues described in Section 1.1 (voltage profile, reliability, and stability problems) and will 

consist of the following objectives: 

1. Modelling the current Nigerian transmission system configuration using the 

Nigerian Energy System Operator (NESO) data and load flow analysis. 

2. Evaluation of network reliability (network indices and load indices) 

3. Evaluation of network stability  

4. Identification of areas that require building new HVDC lines. 

5. Economic evaluation of the HVDC project. 

 

1.5 Thesis original contributions 
1. The 330 kV transmission network model was successfully built. Two load flow studies 

were executed (summer and winter scenarios). The power flow study highlighted the 

importance of accurate data in power system studies. Some alterations were made to 

improve the model and ensure it was fit for additional research.   

2. The reliability study allowed the identification of the loads with lower reliability. These 

loads are more prone to failures than others in the system.   Two buses (Gombe and 

Yola) were chosen to investigate the effects of HVDC connections on system reliability. 

Adding an HVDC line between Azura and Gombe was the best improvement in 

reliability indices.  

3. The stability study revealed the amount of reactive power absorption needed to improve 

the voltage profile for the weak buses (Gombe and Yola). The HVDC link between 

Azura and Yola increased the system's stability. 

4. The financial advantages of employing HVDC connections on the weak buses were 

studied using net present value (NPV). The efficiency of the HVDC link between the 

two buses (Gome and Yola) was highlighted, and the economic implication of having 

the HVDC between Azura and Yola was considered more beneficial. These studies offer 

information on the benefits and financial impacts of implementing HVDC technology 

in power systems, assisting in establishing power transmission policies and well-

informed decision-making. 
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1.6 Thesis outline 
The thesis is structured in six chapters, including this introduction. The subsequent chapters 

are organised as follows.  

Chapter 2 describes the building and validating of a computer model of the Nigerian 

transmission system using the commercial software DigSILENT PowerFactory. This model 

will be used for more detailed power system studies in the next steps of this research work. In 

addition, the assumptions that were made to improve the solution and results are discussed. 

The last part of the chapter describes the results of the load flow study and its conclusions. 

Both summer and winter scenarios are described.  

In Chapter 3, the reliability analysis is carried out. The reliability indices are introduced 

first to provide common terminology, and values for different countries are listed based on the 

literature review. The results for both network indices and load indices for the existing system 

configuration identify the points in the network with low reliability and suitability for HVDC 

connection. Finally, two HVDC interconnections are described (Case 1 and Case 2), and the 

impact of HVDCs on system reliability is introduced.  

Chapter 4 studies the stability analysis of the network to determine the weakest buses 

using static voltage stability analysis. The P-V and Q-V analyses were used to carry out this 

study. The implication of the HVDC interconnections on both the PV and QV analysis was 

described. The study also investigated the impact of HVDC control modes, converter ratings, 

and reactor(s) on static voltage stability.    

Chapter 5 presents the economic analysis of having an HVDC link to the network based 

on the Net Present Value (NPV), the loss cost, and expected interruption cost parameters across 

40 years. 

Conclusions and recommendations are presented in Chapter 6. 
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2 Load Flow Analysis of the Existing Transmission 

Network 

2.1 Introduction  
 
 
The study of a power system in a standard and steady-state operation is known as load flow 

analysis [63]. More specifically, a load flow study can be defined as the flow of active and 

reactive power from generating stations to the loads through different branches of the network 

and gives steady-state solutions of the voltages at all the buses for a particular load condition 

[64]. Steady-state operation is a condition where all the variables and parameters are constant 

during observation [65].  

According to [66], [67], [68], load flow analysis is mainly used to examine the normal 

operation state. Its purpose is to check whether the system can operate safely if equipment 

overloads, or some node voltages are too low or too high. Generally, a load flow is carried out 

to determine where additional transmission lines, substations, and other infrastructure are 

required to meet rising energy demand and identify network voltage drop issues. The studies 

are performed using digital computer simulation which addresses the operation, planning, 

running, and development of control strategies [66], [67], [69], [70], [71], [72]. 

The first step in resolving load flow studies is to identify known and unknown variables 

in the system. Based on these variables, buses are classified into three types: slack buses, 

generation buses, and load buses. The Slack bus must provide a mismatch between scheduled 

generation and overall system load, including losses and total generation. Since both voltage 

magnitude and angles are specified, the slack bus is usually referred to as the reference bus or 

swing bus [73]. 

Specific input data are required to calculate load flow analysis: 

• Bus data: each bus in the power system is characterized by factors such as voltage 

magnitude, voltage angle, and type (e.g., slack bus, generator bus, load bus). The slack bus 

is a reference bus with a known voltage magnitude and angle.
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• Load data contains information on the different loads connected to the system, such as the 

active power demand (P), the reactive power demand (Q), and the power factor.  

Line parameters such as resistance and reactance are required for transmission line modelling. 

These characteristics define the impedance of the line and its effect on power flow [72], [74]. 

Using suitable mathematical techniques, calculating the load flows in all system 

elements is possible. The commonly used techniques are Gauss-Seidel, Newton-Raphson, and 

the fast-decoupled power flow methods. The Gauss-Seidel method is simple but converges 

slower, the Newton-Raphson method is iterative, and because of the quadratic convergence, 

the method is mathematically superior to the Gauss-Seidel method. In the fast decoupled 

method, the convergence is geometric, and the technique requires more iterations to converge 

compared to the Newton-Raphson power flow formulation [73], [75], [76]. Given the 

complexity of the calculation, a solution using digital computers is a standard practice for 

planning. At each bus, there are four quantities of interest to be known for further analysis: 

load or generator real power (P), load or generator reactive power (Q), voltage magnitude /V/, 

and voltage phase angle (𝛿𝛿) [77].  

Nigeria has continued to experience insufficient power supply from the national grid, 

which has limited the country's potential economic growth. The transmission system is 

characterized by poor voltage profile networks, especially in the North, with insufficient 

dispatch and control infrastructure, radial and fragile grid structure, frequent system collapse, 

and exceedingly high transmission losses [21], [78]. Hence, the grid is highly stressed and 

weak, which makes it prone to voltage instability and, eventually, voltage collapse. In this 

chapter, the load flow of the Nigerian transmission network will be assessed to evaluate the 

bus voltage profiles, real and reactive power flow, and power system losses. Therefore, running 

the load flow for the Nigerian transmission network using the commercial software 

PowerFactory will provide detailed information on the present state of the power system, that 

is, the power injected at every bus from the generators, the voltage, and losses on the 

transmission lines. It uses the Newton-Rapson method, which converges fast and is more 

accurate, so it is advantageous for large power systems [64], [72]. This information will provide 

the data for further analysis and evaluation in the reliability and stability studies of the Nigerian 

transmission network. 
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2.2 Literature review 
Several researchers have used various methods for analysis, simulation, and modelling in 

power systems. A few load flow solution techniques exist in the literature, such as Gauss-

Seidel, Newton-Raphson, Fast Decoupled Load Flow, and backward/forward sweep method. 

Some published papers and literature reviews can be found in this section.   

The Nigerian power sector planned to increase the generation capacity; however, the 

transmission link remains weak in the system. Therefore, [79] studied the 330 kV transmission 

network and introduced new lines and power stations. The analysis was carried out using the 

Newton-Raphson algorithm in ETAP. The result revealed that the network increased its 

capacity to support larger loads, with a maximum loadability of 238.4%. Other authors [80] 

and [81] studied the 330 kV network facing challenges in reactive power management and 

voltage control and used the Newton-Raphson algorithm to analyse the network. From [80], 

the result revealed that Jos, Gombe, Abuja, Maiduguri, Kano, Kaduna, and Makurdi buses 

(seven buses) are facing voltage profile violations; however, this author recommends adding 

more substations and additional lines to strengthen the network, especially in the critical buses 

like Kano, Kaduna, and Maiduguri. 

Moreover,  in [81], the analysis also revealed that the same seven buses as found by 

[80] are out of the statutory voltage limit (voltage below 0.95 pu) but found out that additional 

two buses, which include Birni-Kebbi and Okapi bus voltage are also outside the statutory 

limit. Total active power losses of 135.219 MW were also revealed. The use of shunt capacitive 

compensation and dynamic static var compensator (SVC) to improve the voltage profile was 

suggested respectively [79], [80], [81]. 

Further study by [82] performs load flow analysis on the existing electricity system in 

the Solapur District of Maharashtra State, India, using the Newton-Raphson method. The 

model was developed using MATLAB and actual data supplied by Maharashtra State 

Electricity Transmission Co. Ltd. The analysis was performed on the 220 kV lines. The study 

identified overloaded buses and used static capacitor banks for reactive power compensation 

to improve the voltage profile. Similarly, the work in [67] also identifies the weak voltage 

points in some buses on the Myanmar Power System Network in Asia. Then, it compensates 

for the weak bus voltages with series and shunt capacitors to improve the transient and steady-

state stability of the network. In the research, line compensations were applied to improve 

transmission line performance. However, the first line loading at the receiving end resulted in 
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10.85 % high voltage regulation, which was considered undesirable. Therefore, capacitor banks 

were used to compensate and improve line performance. Including shunt and series capacitors 

were employed, and the best results were obtained with a voltage regulation of 0.3005 % and 

93 % efficiency of the transmission line. 

Furthermore, the Tehran Metro’s distributed power system in Iran was studied by [83] 

using ETAP for modelling, simulation, and load flow analysis. This study presents a 

comparison of three widely used load flow techniques: Newton-Raphson (NR), Fast Decoupled 

(FD), and Gauss-Seidel (GS). The results of these three load flow methods are almost the same. 

Total generation and power losses were acquired and examined as the outcomes of the load 

flow evaluation. The results of these three load flow methods are almost the same (NR- 1354.6 

kW, FD- 1354.7 kW, and GS- 1354.6 kW). It provides insightful information about applying 

various load flow approaches in distributed power systems, focusing attention on their 

effectiveness. A load flow-based simulation was also used to determine where the distribution 

system unit (distributed generation) should be placed to optimise the load profile and reduce 

power losses in the test distribution system [83].  

Another author [84] observed that iterative approaches such as Newton-Raphson and 

Gauss-Seidel used in transmission networks are unsuitable for distribution network and load 

flow analysis.  Alternatively, a new load-flow method, a backward/forward sweep iterative 

method, was used for load-flow studies, where the branch current is calculated using the 

backward propagation, and bus voltages are computed using the forward propagation. 

Simulations are performed for scenarios with and without distribution generators (DGs). The 

simulation results of the load flow study with and without DGs were compared, and the 

researchers determined how these distributed energy resources affected the functionality of the 

microgrid. The method was found to be easy to implement, accurate, and straightforward when 

carried out with MATLAB software, and the results were verified, and fast convergence 

characteristics were obtained. IEEE standard 33 buses were analysed using with and without 

distributed generators installed as a case study [84]. 
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Table 2.1: key results summarising the literature review. 
Author Objective Method Result Recommendation Conclusion 
[79] Investigate generated 

power on the network 
and where the network 
experiences high 
voltages. 

Newton Raphson's 
method in ETAP 

Power before 
network expansion 
4948.78 MW 

Building more 
generators and 
transmission lines and 
upgrading single lines 
to double circuit lines 

More power was evacuated, and a 
maximum loadability of 238.4% was 
achieved. 

[80] & [81] Investigated the 
management of reactive 
power and voltage 
control  

Newton-Raphson’s 
method is used, and 
MATLAB software 
is utilized for 
simulation analysis. 

Identifies buses with 
voltage levels 
outside the statutory 
limit 

More substations, 
additional lines, and 
shunt capacitor 
compensation  

More power was transmitted, and the 
voltage profile improved 

[82] Power system model for 
optimal operation and 
plan for future 
expansions. 

MATLAB software 
was used to model 
and NR for load flow 
analysis 

Overload buses were 
identified.  

static capacitor banks 
for reactive power 
compensation 

Effective improvement in the voltage 
profile. 

[83] Compare load flow 
techniques, NR, FD, and 
GS, in terms of their 
numerical methods. 

ETAP software Total generation and 
power losses were 
acquired. - 

The location of distributed generation 
for load profile improvement was 
revealed, and power losses were 
minimised. 

[84] NR, FD, and GS 
iterative were compared 
with backward/forward 
sweep iterative 
techniques. 

Simulations were 
carried out in 
MATLAB software. 

Poor convergence in 
NR and GS iterative 
techniques for 
distribution power 
flow analysis 

 Recommending 
Backward/Forward 
Sweep iterative 
equations for faster 
convergence. 

Improving system performance, 
stability, and efficiency in the 
presence of DGs using 
backward/forward iterative. 

[67] Focusing on voltage 
profile maintenance and 
compensating strategies. 

Newton-Raphson 
method using 
MATLAB software 

Weak voltage points 
were identified. 

Compensated with 
shunt, series, & series 
and shunt capacitors  

Among the three compensations, 
shunt capacitive compensation is the 
best to enhance the efficiency of the 
line 
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The literature review explores load flow analysis methods, including the Newton-

Raphson method, which is widely used for solving nonlinear power flow equations in complex 

systems. The literature emphasises the need for load flow analysis and voltage regulation to 

ensure the dependability and stability of power systems. Infrastructure growth is critical for 

fixing power network issues and providing efficient power generation, transmission, and 

distribution. Overall, by integrating current knowledge with findings from the literature, the 

review can guide the current studies and give information about state-of-the-art load flow 

analysis. 

 

2.3 Load flow analysis methodology 

2.3.1 Modelling of Nigeria transmission network  

The Nigerian transmission network was modelled on DigSILENT PowerFactory using data 

from the Nigerian Electricity System Operator (NESO). The single-line diagram of the network 

is shown in Figure 2.1.  Two scenarios were considered for power flow studies: summer, the 

rainy season (June), and winter – the dry season (December).  The studies of these two 

scenarios (summer and winter) allow for verifying and confirming the accuracy and 

dependability of load flow analysis techniques and models. By comparing the outcomes of the 

two scenarios, it is feasible to confirm that the analytic procedures are functioning 

appropriately. This is significant for power system operation and planning and also allows 

researchers to investigate the impact of various scenarios on system voltages, currents, and 

power flows. 

Data used includes shunt reactors, capacitance, generators, and load data. Shunt reactors 

with a rated power of 765 MVAR were added to thirteen buses in the summer, and 975 MVAR 

was added to twelve in the winter. The apparent power (S) and reactive power (Q) for each 

load and generator were not provided, but this was calculated by assuming a power factor 

between 0.7 and 1. Appendix A.0.1 and Appendix A.0.2 show the active, reactive, and apparent 

power for the loads and generators, while some buses have no reading (NR), and Table 2.2 

shows the transmission line length. After the modelling using the actual data from NESO, the 

load flow was executed; after that, some modifications were made to make the model close to 

the data given by NESO.  
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Figure 2.1: Single-line diagram of the existing transmission network. 

 
 

Table 2.2:  Nigeria 330kV transmission line length. 
 Transmission line  

S/N From To Length (km) 
1 Afam River 45 
2 Aja  Lekki 11 
3 Aja  Alagbon 26 
4 Aja Egbin 14 
5 Ajaokuta  Geregu 11 
6 Ajaokuta Lokoja 50 
7 Alagbon  Lekki 32 
8 Alaoji Afam 25 
9 Ayede Osogbo 119 

10 Azura  Benin 20 
11 Benin T.S  Asaba 58 
12 Benin T.S Sapele 50 
13 Benin T.S Ajaokuta 195 
14 Benin T.S Delta 107 
15 Benin T.S Onitsha 137 
16 Delta Aladja 32 
17 Egbin Benin T.S 218 
18 Egbin Paras Energy 28 
19 Gwagwalada Katampe 60 
20 Gwagwalada Lokoja 140 
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21 Ganmo Jebba T.S 173 
22 Ganmo Osogbo 87 
23 Gombe Damaturu 160 
24 Gombe Yola 240 
25 Ibom Ikot Epe 75 
26 Ikeja West Oke Aro 32 
27 Ikeja West Akangba 18 
28 Ikeja West Egbin 62 
29 Ikeja West Osogbo 235 
30 Ikot Epene Alaoji 38 
31 Ikot Epene Afam 90 
32 Ikot Epene Odukpani 72 
33 Jebba G.S Jebba T.S    8 
34 Jebba T.S  Osogbo 157 
35 Jos  Makurdi  285 
36 Jos Gombe 265 
37 Kaduna Jos 197 
38 Kaduna Kano 230 
39 Kaduna Shiroro  96 
40 Kainji T.S B.Kebbi 310 
41 Kainji T.S Kanji G.S 0.47 
42 Kainji T.S Jebba T.S  81 
43 Makurdi  Ugwuaji  50 
44 New-Haven Epene 143 
45 New -Haven Onitsha 96 
46 Odukpani  Adiabor  18 
47 Oke Aro  Egbin  30 
48 Okpai Onitsha  56 
49 Olorunsogo Ayede 60 
50 Olorunsogo Ikeja West 30 
51 Omaku Egbema 86 
52 Omotosho Benin 120 
53 Omotoso Ikeja W 160 
54 Onitsha Alaoji 138 
55 Osogbo Ihovbor 251 
56 Sakete Ikeja West 70 
57 Sapele Aladja 63 
58 Sapele Delta 93 
59 Shiroro Gwagwalada 60 
60 Shiroro Katampe 144 
61 Shirro Jebba T.S 244 
62 Trans Amadi Afam 45 
63 Uguwaji New Haven 165 
64 Ugwuaji Ikot Epene  143 
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2.3.2 Load flow formulation 

The remaining generator buses are regulated or PV buses because the net real power (P) is 

specified, and the voltage magnitude (V) is controlled. Most buses in practical power systems 

are load buses. Load buses are PQ buses since they specify net real (P) and reactive power (Q) 

loads. Voltage magnitudes and angles (δi) are unknown for PQ buses, but only the voltage 

angle is known for PV buses. There are no variables to solve on the slack bus because both 

voltage magnitudes and angles (δi) are specified [73]. 

The input and output variables of the power flow problem are:  

• the real and reactive power (voltage magnitude and phase) at each load bus (PQ buses); 

• the actual power generated and the voltage magnitude (reactive power generated and 

voltage phase) at each generation bus (PV buses).  

• the voltage magnitude and phase (the real and reactive power generated) at the slack bus. 

The equations adopted to solve the power flow problem are the real power balance equations 

at the generation/load buses and the reactive power balance at the load buses:  

 

 
𝑃𝑃𝑖𝑖 = 𝑉𝑉𝑖𝑖 � 𝑉𝑉𝑗𝑗 𝑌𝑌𝑖𝑖𝑗𝑗 cos�𝛿𝛿𝑖𝑖 –  𝛿𝛿𝑗𝑗 – 𝛾𝛾𝑖𝑖𝑗𝑗  �

𝑁𝑁

𝑗𝑗=1
=  𝑃𝑃𝑖𝑖 

𝑠𝑠𝑠𝑠      𝑖𝑖 ∈  𝑛𝑛𝑠𝑠 
(2.1) 

 
𝑄𝑄𝑖𝑖 = 𝑉𝑉𝑗𝑗 � 𝑉𝑉𝑘𝑘𝑌𝑌𝑘𝑘𝑗𝑗 cos�𝛿𝛿𝑗𝑗 –  𝛿𝛿𝑘𝑘 – 𝛾𝛾𝑗𝑗𝑘𝑘 �

𝑁𝑁

𝑘𝑘=1
=  𝑄𝑄𝑖𝑖 

𝑠𝑠𝑠𝑠      𝑖𝑖 ∈  𝑛𝑛𝑄𝑄 
(2.2) 

     where  

N is the total bus number.  

𝑛𝑛𝑄𝑄 is the list of the buses for which the reactive power is specified.  

𝑛𝑛𝑠𝑠 is the list of buses for which the active power is specified.  

𝑃𝑃𝑖𝑖 and 𝑄𝑄𝑖𝑖 are the real and reactive power injections calculated at the ith and jth bus; 𝑃𝑃𝑖𝑖 
𝑠𝑠𝑠𝑠 and  

𝑄𝑄𝑖𝑖 
𝑠𝑠𝑠𝑠 are the real and reactive power injections specified at ith and jth bus; Vi = Vi<𝛿𝛿𝑖𝑖  is the 

ith bus voltage.  

Yij =  𝑌𝑌𝑖𝑖𝑗𝑗 < 𝛾𝛾𝑖𝑖𝑗𝑗 is the [i, j] th element of the bus admittance matrix [85]. 
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2.4 Load flow results 

2.4.1 Summer result with initial network model 

A first attempt was made to calculate the load flow based on the data provided. Although the 

load flow converged, the voltage profile obtained from PowerFactory did not match the data. 

Additionally, the generator’s slack bus Egbin output power was 120 MW instead of 626 MW. 

The total generated power dropped to 4298 MW, while the expected value was 4804 MW. 

After some investigations and checks of the network, it was discovered that the shortage of 

load data totalling 520.83 MW was the reason for the drop in the slack bus output power. 

Therefore, three loads with 486.66 MW active power were added at the Aja, Alagbon, and 

Makurdi buses to balance the network, with a reactor capacity of 761 MVAR installed on 13 

buses.  

2.4.2 Winter result with the original network model  

Similar to the findings of the summer scenario, the reference generator at Egbin produced 161 

MW of active power instead of 705 MW. As a result, the total power generated was 3850 MW 

instead of 4395 MW, as given in the original data. From the investigation and checks of the 

network, it was concluded that the lack of data for some loads caused the drop in power. Hence, 

for the winter scenario, three loads with a total power of 523.95 MW were added at Aja, 

Alagbon, Lekki, and Markurdi buses to match the generation data provided by the NESO. The 

reactors were installed on 12 buses with a total capacity of 971 MVAR.  

2.4.3 Network modification 

Based on a discussion with the Nigerian Electricity system operator (NESO), network 

inspection, and practical considerations, other modifications were implemented to match the 

voltage profiles: 

i. It was observed that for summer, the voltage drops between Aja and Egbin were equal 

to 0.1 kV in simulation, whereas the original voltage drop data was 16 kV. This applied to the 

two scenarios (summer and winter scenarios). The line resistance was increased from 0.0394 

Ω/km (resistance of 330 kV double circuit line) to 2 Ω/km on the Aja to Egbin line. The increase 

in the line resistance only affects the Aja to Egbin line to match this voltage drop (16 kV). The 

value of 2 Ω/km was selected as a suitable one after a few tests of 0.1 Ω/km to 3 Ω/km were 
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carried out. As a result, the network losses increased from 131 MW to 150 MW, while the 

voltage difference between Aja and Egbin was the same as in the original data. 

ii. The voltage magnitudes at Molai and Damaturu were above 5% of the nominal value 

(366 kV and 352 kV, respectively) because they were connected to the main grid through long 

lines (160 km and 260 km, respectively) with high shunt capacitance. However, no loads were 

attached to them; therefore, disconnecting the Molai and Damaturu busbar in the DIgSILENT 

model was decided. It was applied to the two scenarios. By doing so, the voltage levels at 

Gombe and Yola improved. 

iii. Due to the disconnection of the Molai and Damaturu busbars, the capacitance provided 

by the long transmission line was removed. Therefore, the shunt reactors connected at (Gombe) 

were used to compensate for the transmission lines (used to connect the Molai and Damaturu) 

and were adjusted accordingly to maintain the system voltage level (particularly at Yola). 

iv. Furthermore, to make the voltage profile of the summer scenario close to the original 

data, the settings of the shunt reactor model in the simulation were modified. The following 

reactors were added: 15 MVAR shunts connected in parallel with three steps at Gombe, while 

at Jos and Markurdi, five 15 MVAR shunts connected in parallel with three steps were set up. 

At Yola, there was no connection to the bus. For the winter scenario, a shunt bank with five 

steps on the Yola bus was modelled, where five 5 MVAR shunts were connected in parallel as 

a shunt bank reactor. A summary of the shunt reactor’s parameters is shown in Table 2.3. The 

above modifications were also made for the winter scenario to make the network model close 

to the original data.  
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Table 2.3: Reactors parameters. 
      Rated parameters Summer Winter 

Bus No Bus Name 
Rated 
power 

(MVAR) 

Reactive 
power at 
each step 

Max No. 
of step 

Actual 
No. of 
step 

Shunt 
connected 
(MVAR) 

Output 
MVAR 

Actual 
No. of 
step 

Shunt 
connected 
(MVAR) 

Output 
MVAR 

8 Alaoji 75 75 1 0 75 0 1 75 75 
13 Benin T.S 150 75 2 2 75 155 1 75 78 
19 Gombe 150 15 10 3 15 11 1 15 5 
23 IkejaWest 0 0 1 1 0 0 Out of service 
26 Jebba T.S 75 75 1 1 75 75 1 75 77 
27 Jos 75 15 5 3 15 51 1 15 74 
28 Kaduna 250 25 10 5 25 210 1 25 66 
31 Kano 45 15 3 Out of service  45 43 
32 Katampe 65 65 1 1 65 Out of service 
35 Makurdi 70 7 10 1 7 5 2 7 36 
39 Oke-Aro 75 15 5 2 15 45 4 15 288 
44 Onitsha 75 15 5 5 15 76 1 15 77 
45 Osogbo 150 75 2 1 75 72 2 75 147 
53 Yola 5 5 1 Out of service 5 5 5 
  Total 1260         761     971 
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2.4.4 Summer results after modifications 

After the above modifications were made, the load flow simulation corresponded with the 

original data; the total reactor output power was 761 MVAR, as shown in Table 2.3. The actual 

generated power was 4804 MW, while the sum of demand was 4654.46 MW, and active power 

losses were 150 MW on the network. Table 2.4 shows the summary of the load flow after 

modifications. Load added includes Aja (162.70 MW), Alagbon (162.00 MW), and Makurdi 

(161.96 MW) for the summer scenario modification. The voltage levels of the modelled 

network were within the statutory voltage limit (0.85 pu to 1.05 pu) (load flow result), and the 

voltage percentage difference ranged from -1.02% to +1.03%) as shown in Table 2.5.  The 

voltage difference between load flow results and data provided was 0% at Aja, Gombe, Jos, 

Makurdi, and Yola and 0.01% at Alagbon. Most buses operate in the range of the desired 

voltage level as the voltages are close to 1.00 pu. The results of the load flow with HVDC will 

be presented in Chapter 4. 

 
Table 2.4: Summary of load flow results (summer). 

  NESO data Load flow result 

 
P 

(MW) 
Q 

(MVAR) 
S 

(MVA) 
P 

(MW) 
Q 

(MVAR) 
S  

(MVA) 
Generator 4298 -602 4340 4804 -298 4814 
Load 4168 955 4276 4654 1281 4828 
Losses 130  

 150  
 

Compensation   765     761   
 
 

Table 2.5: Summer voltage profile.  
     NESO Data Load flow result 
Bus 
No. Bus Volt (kV) pu Volt (kV) pu % Diff 

1 Adiabor 330 1.00 330 1.00 0 
2 Afam NR - 335 1.02 -1.02 
3 Aja 316 0.96 316 0.96 0 
4 Ajaokuta 328 0.99 330 1.00 0.01 
5 Akangba 313 0.95 316 0.96 0.01 
6 Aladja NR - 341 `1.03 -1.03 
7 Alagbon 315 0.95 315 0.96 0.01 
8 Alaoji 335 1.02 334 1.01 0.01 
9 Asaba NR  336 1.02 -1.02 
10 Ayede 320 0.97 320 0.97 0 
11 Azura NR - 333 1.01 -1.01 
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12 Birnin-
Kebbi 338 1.02 337 1.02 0 

13 Benin T. S 337 1.02 335 1.02 0 
14 Damaturu NR - - - - 
15 Delta 344 1.04 343 1.04 0 
16 Egbin 332 1.01 332 1.01 0 
17 Ganmo 330 1.00 328 0.99 0.01 
18 Geregu NR - 330 1.00 -1.00 
19 Gombe 300 0.91 299 0.91 0 
20 Gwagwalada 324 0.98 326 0.99 0.01 
21 Ibom NR - 330 1.00 -1.00 
22 Ihovbor NR - 330 1.00 -1.00 
23 Ikeja West 317 0.96 316 0.96 0 
24 Ikot-Epene 333 1.01 333 1.01 0 
25 Jebba G. S 330 1.00 330 1.00 0 
26 Jebba-T. S 331 1.00 330 1.00 0 
27 Jos 303 0.92 302 0.92 0 
28 Kaduna 314 0.95 318 0.96 0.01 
29 Kanji G. S 332 1.01 332 1.01 0 
30 Kanji T. S NR - 332 1.01 -1.01 
31 Kano 318 0.96 312 0.95 0.01 
32 Katampe 317 0.96 318 0.96 0 
33 Lekki 315 0.95 316 0.96 0.01 
34 Lokoja 327 0.99 330 1.00 0.01 
35 Makurdi 316 0.96 316 0.96 0 
36 Molai NR - - - - 
37 New.Haven 330 1.00 329 1.00 0 
38 Odukpani NR 0 330 1.00 -1.00 
39 Oke-Aro 315 0.95 314 0.95 0 
40 Okpai NR 0 0 0 0 
41 Olorunsogo 319 0.97 319 0.97 0 
42 Omaku NR 0 337 1.02 -1.02 
43 Omotosho 341 1.03 340 1.03 0 
44 Onitsha 332 1.01 332 1.00 0.01 
45 Osogbo 322 0.98 324 0.98 0 
46 ParaEnergy NR 0 332 1.01 -1.01 
47 River NR 0 336 1.02 -1.02 
48 Sakete 313 0.95 312 0.95 0 
49 Sapele 339 1.03 337 1.02 0.01 
50 Shiroro 322 0.98 332 1.01 0.03 
51 TransAmadi NR - 337 1.02 -1.02 
52 Ugwuaji 329 1.00 328 0.99 0.01 
53 Yola 300 0.91 300 0.91 0.0 
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2.4.5 Winter results after modifications 

Similarly to the summer scenario, the load flow results matched closely with the original load 

flow result of total generated power of 4395 MW with a total load demand of 4299 MW, and 

the losses on the network was 95.97 MW, with a reactor output power of 971 MVAR as seen 

in Table 2.6. The modelled voltage magnitudes were within the statutory voltage limit of 0.85 

pu to 1.05 pu, as shown in Table 2.7. The percentage voltage difference ranges from -0.01% to 

+1.00 %, and the voltage difference was reduced at Aja (0.01%), Alagbon (0%), Gombe (0%), 

and Lekki (0%), compared to the original load flow. The loads that were added to the winter 

scenario were Aja (122.95 MW), Alagbon (134 MW), Lekki (133.50 MW), and Makurdi 

(133.50 MW). The summary of the winter load flow is given in Table 2.6. 

 

Table 2.6: Summary of load flow results (Winter). 
  NESO Data Load Flow Data 

 P 
(MW) 

Q 
(MVAR) 

S 
(MVA) 

P 
(MW) 

Q 
(MVAR) 

S 
(MVA) 

Generator 3850 -206 3856 4395 -149 4397 
Load 3775 1741 4157 4299 1785 4654 
Losses 75.65  

 95.97   

Compensation   975     971   
 

Table 2.7: Winter voltage profile. 
      NESO Data    Load flow result 

Bus No Bus Volt (kV) pu Volt (kV) pu % Diff 
1 Adiabor 333 1.01 333 1.01 0.00 
2 Afam NR - 331 1.00 -1.00 
3 Aja 316 0.96 315 0.95 0.01 
4 Ajaokuta 339 1.03 341 1.03 0.00 
5 Akangba 314 0.95 316 0.96 0.01 
6 Aladja NR  343 1.04 -1.04 
7 Alagbon 314 0.95 314 0.95 0.00 
8 Alaoji 330 1.00 329 1.00 0.00 
9 Asaba NR - 334 1.04 - 
10 Ayede 320 0.97 320 0.97 0.00 
11 Azura NR - 330 1.00 -1.00 
12 Birnin-kebbi 319 0.97 319 0.97 0.00 
13 Benin 337 1.02 337 1.02 0.00 
14 Damaturu NR - - - - 
15 Delta 344 1.04 343 1.04 0.00 
16 Egbin 332 1.01 332 1.01 0.00 
17 Ganmo 331 1.00 330 1.00 0.00 
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18 Geregu NR 0.00 340 1.03 -1.03 
19 Gombe 318 0.96 317 0.96 0.00 
20 Gwagwalada 338 1.02 337 1.02 0.00 
21 Ibom NR - 335 1.01 -1.01 
22 Ihovbor NR - 338 1.02 -1.02 
23 Ikeja West 319 0.97 316 0.96 0.01 
24 Ikot-Epene 333 1.01 334 1.01 0.00 
25 Jebba G. S 332 1.01 333 1.01 0.00 
26 Jebba T. S 335 1.02 333 1.01 0.01 
27 Jos 328 0.99 328 0.99 0 
28 Kaduna 332 1.01 332 1.01 0 
29 Kanji G. S 336 1.02 336 1.02 0 
30 Kanji T. S NR - 330 1.00 1.00 
31 Kano 320 0.97 321 0.97 0 
32 Katampe 334 1.01 334 1.01 0 
33 Lekki 315 0.95 314 0.95 0 
34 Lokoja 342 1.04 342 1.04 0 
35 Markurdi 332 1.01 333 1.01 0 
36 Molai NR - 0 0.00 0 
37 New.Haven 334 1.01 333 1.01 0 
38 Odukpani NR - 333 1.01 -1.01 
39 Oke-Aro 320 0.97 323 0.97 0 
40 Okpai 335 1.02 337 1.02 0 
41 Olorunsogo 319 0.97 320 0.97 0 
42 Omaku NR - 330 1.00 -1.00 
43 Omotosho 339 1.03 339 1.03 0 
44 Onitsha 334 1.01 334 1.01 0 
45 Osogbo 326 0.99 326 0.99 0 
46 ParasEnergy NR - 332 1.01 -1.01 
47 River NR - 330 1.00 -1.00 
48 Sakete 318 0.96 317 0.95 0.01 
49 Sapele 342 1.04 340 1.03 0.01 
50 Shiroro 335 1.02 335 1.01 0.01 
51 Trans Amadi NR - 330 1.00 -1.00 
52 Ugwuaji 330 1.00 333 1.01 -0.01 
53 Yola 316 0.96 317 0.96 0 
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2.5 Conclusion 
Based on system data provided by the Nigerian Electricity system operator (NESO), a 

PowerFactory model of the Nigerian 330 kV transmission system was created, and two load 

flow scenarios were examined. The first iteration of these studies contained some discrepancies 

with the available data and some load flow violations. Therefore, assumptions and 

modifications were made to improve the results and to make the system model more accurate 

and reliable. From the load flow results, the power generated in the summer is higher than that 

generated in the winter because of the higher summer demand, driven mainly by air 

conditioners. Moreover, during the winter, the weather is stormy; this is when the distribution 

companies demand a low load due to the tripping of the weak feeders. 

The model presented in this chapter will be used to carry out specialist studies to address 

the impact of HVDC technology on the Nigerian transmission system. More specifically, 

research on system reliability and stability studies will be conducted, and the best locations for 

HVDC links will be identified.



The majority of the work presented in this chapter has been published in [9]. 
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3 Reliability Analysis 

3.1 Introduction 
 
Reliability is the ability of a system to perform its required functions under stated conditions 

for a specified period. [86]. A power system works to satisfaction if it does not fail during its 

service life; nonetheless, failures and repairs are common during a system's useful life. 

Therefore, the electric utility's objective is to provide electricity to satisfy its customers' needs 

and expectations, which is expected to be achieved at a reasonable level of reliability and as 

economically as possible [19], [34], [35], [87], [88]. 

When the total system failure is minimized, the reliability of the power network is 

expected to improve, and system operation is optimised and enhanced [89]. Facilities within 

the system to satisfy the consumer demand are adequate if all the system requirements (Load, 

voltage, var, etc.) are fully satisfied, and they are inadequate if any of the system constraints 

are violated. Moreover, power system reliability evaluation is essential for studying the current 

system, identifying weak points, and determining what enforcement is needed to meet future 

demand [35], [90].  

In practice, reliability is assessed through various indices; the most used are the System 

Average Interruption Frequency Index (SAIFI), System Average Interruption Duration Index 

(SAIDI), Customer Average Interruption Duration Index (CAIDI), and Average Service 

Availability Index ASAI [91]. SAIDI measures the length of power outages during a particular 

year, while SAIFI records the frequency. The average amount of time needed to provide service 

to the typical customer after a sustained interruption was measured by CAIDI [90], [92]. These 

typical values will be used in this research for each index provided by the IEEE Standards 

1366-2012, where the Nigerian transmission network will be evaluated using DigSILENT 

PowerFactory to provide qualitative analysis for system operation and planning [89], [91]. The 

value obtained will be used as a guide to verify if the system meets standard requirements or 

not, and the reliability index will be used to identify the low-reliability load point on the 

transmission network.  This study will evaluate the best location of high voltage direct current
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(HVDC) links in Nigeria’s transmission network to improve the voltage profile and reduce 

losses.  

This research will offer important information about implementing HVDC technology 

in Nigeria's transmission system by carefully analysing variables, including load points and 

system indices. The overall goal is to assist in constructing a more stable and reliable power 

system that can satisfy the country's expanding demand for energy while assuring a steady and 

adequate supply of electricity. 

3.2. Reliability performance in various countries   

The reliability indices for some countries are discussed briefly in this section, based on results 

from the literature review. These results provide a reference and illustrate the different 

performances of power systems in various world regions. 

In Algeria, the Commission for Electricity and Gas Regulation CREG uses SAIFI, 

SAIDI, and AIT to describe the state of operation of the electrical power supply system and 

consumer equipment. Table 3.1 gives an overview of the transmission grid achievements for 

the reliability indices for 2011-2014 [93]. 

 
Table 3.1: Values of reliability indices in Algeria. 

Indices 2011 2012 2013 2014 
SAIFI (number/yr/customer) 1.82 2.3 1.8 1.4 
SAIDI (min/yr/customer)  81 77 59 45 
AIT (min/yr) 47 77 45 39 

 
Table 3.2 shows the value of the indices obtained in the transmission system in some 

European countries from 2007 to 2010. The United Nations Interim Administration Mission in 

Kosovo (UNMIK) has the highest Energy Not Supply (ENS), and Croatia has the highest 

Average Interruption Time (AIT). According to the Council of European Energy Regulators 

(CEER), ‘‘ENS provides a better indication of an interruption on EHV/HV than the indices 

SAIFI or SAIDI’’ [94]. 
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Table 3.2: AIT and ENS indices for transmission system. 
AIT (h/yr) (Transmission) 
Country/year 2007 2008 2009 2010 
Croatia 18.8 19.5 54.6 25.4 
Serbia  -  - 3.89 24.73 
UNMIK 714 690 771 230 
ENS (MWh/a) (Transmission) 
Croatia 630 666 1840  - 
Serbia  -  - 2508  - 
UNMIK 11470 11166 11462  - 

In Australia, the National Electricity looked at the performance relative to a target set 

for 2004/05, and the average reliability achieved over the previous five years is given in Table 

3.3. From the table, overall performance in Australia during 2004/2005 was similar to or better 

than the targets established for interruption frequency and duration. However, some regions 

may have somewhat exceeded their targets. 

Table 3.3: Australia target and actual indices for 2004/2005 [95]. 

Energy 
Australia 

SAIDI (hrs) 
Target 

SAIDI 
(hrs) 

Actual 

SAIFI 
Target 

SAIFI 
Actual 

Central Coast 4.38 3.8 3 2.7 
Maitland 4 4.1 4 2.7 
Muswellbrook 4.03 3.65 4 2.6 
Newcastle 1.67 1.97 2 1.3 
Sydney East 0.48 0.57 1 0.4 
Sydney North 2.07 2.85 2 1.9 
Sydney South 0.83 0.93 1 0.8 

A reliability simulation was carried out on Electrical Transient Analyzer Program 

(ETAP 16.0.0) software on Maharashtra 400 kV and 765 kV transmission systems in India, 

and the SAIFI and SAIDI for some of the lines are presented in Table 3.4 [56]. This index 

created a reliability assessment framework during transmission planning to ensure system 

security, robustness, and reliability [96]. 

Table 3.4: SAID and SAIFI in India. 

Name of Line SAIDI 
(hrs/month) 

SAIFI 
(interruption/month) 

Aurangabad-Boisar 1 78.767 1.500 
Aurangabad-Boisar 2 94.613 1.167 
Bhableshwar-Aurangabad 0.272 0.167 
Bhableshwar- Padghel 1 0.402 0.500 
Bhableshwar- Padghel 2 0.572 0.330 
Bhableshwar- ParaliPG1 16.298 1.500 
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In Oman (Western Asia), the calculated system reliability indices SAIFI, SAID, AIT, 

and ENS were used to measure future targets to improve the transmission system performance. 

The results obtained for three years are shown in Table 3.5 [97].   

Table 3.5: ENS, AIT, SAIFI, and SAIDI for Oman. 
Indices 2006 2007 2008 
ENS(MWh/yr) 1995 2028 2080 
AIT (min/yr) 96.91 93.66 79 
SAIFI 
(interruption/month)  - 0.02 0.094 

SAIDI (hrs/month)  - 2.12 19.98 

The reliability indices of Nairobi are given in Table 3.6. They were measured over a 

year following IEEE Standard 1366-2003 [98] and compared to Nairobi South and Nairobi 

West; Nairobi North Country had the highest SAIDI and SAIFI values, indicating longer and 

more frequent power outages. Nairobi South had the lowest SAIDI and SAIFI values of the 

three regions, indicating more reliability regarding interruption duration and frequency. 

Table 3.6: Nairobi County power reliability indices for the year 2020. 
Country SAIDI SAIFI CAIDI 
Nairobi North Country 13.1 5.1 2.6 
Nairobi South Country 10.7 3.6 3 
Nairobi West Country 10.7 4.8 2.2 

In the United Kingdom, National Grid Electricity Transmission (NGET) measured the 

transmission system reliability and the reliability of supply between 2017 and 2020, and the 

system performance report is given in Table 3.7 [99], [100]. The national electricity 

transmission system remained steady during these periods despite variance in the stated 

reliability numbers. This consistency indicates that the system's high level of reliability has 

been maintained throughout time due to the lack of significant performance changes. In 

2018/2019 and 2019/2020, the 99.999967% reliability percentage remains constant. 

Table 3.7: Reliability of supply for the national electricity transmission system. 
Year Reliability 
2017/2018 99.999975% 
2018/2019 99.999967%  
2019/2020 99.999967% 
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Table 3.8: Egypt reliability indices for transmission system and sub-transmission 
networks. 

Index 2002/2003 2003/2004 2004/2005 2005/2006 
SAIFI (interruption/month) 0.09 0.12 0.09 0.06 
SAIDI (hrs/month) 1.85 1.44 0.62 0.53 
SARI (minutes) 21 12.3 7 9.50 
SISI (minutes) 16.84 10.1 - 12.31 

The reliability of the electricity supplied by the Egyptian Transmission Company 

through a list of predetermined delivery points to the transmission system and sub-transmission 

networks was assessed in terms of SAIFI, SAIDI, System Average Restoration Duration Index 

(SARI), and System Average Interruption Severity Index (SISI). The results are given in Table 

3.8. These values were utilised to pinpoint the network's weak points and provide pertinent 

advice for reinforcement and extension plans [101]. 

On the other hand, a distribution system reliability study was conducted on Nigeria's 

distribution network to create a system planning strategy as one of the primary mitigation 

techniques for increased distribution network protection and reliability. The reliability 

assessment of a 33 kV feeder that supplies power to Kaura-Namoda, Zamfara State, Nigeria, 

was examined using the reliability index SAIFI, SAIDI, CAIDI, and ASAI as tools.  

The results are 18.699 interruptions per year, 30.13 hours per year, 1.61 hours, and 

99.66%, respectively [102]. The results of this research are expected to be different since the 

transmission network's reliability was only assessed. 

Overall, [103] provides reference values for the network reliability indices, shown in 

Table 3.9 to provide a reference, although this standard may not be applied in all countries 

under consideration.  

Table 3.9: Reliability indices compared with the IEEE standard 1366 [103]. 

Index SAIDI 
(h/yr) 

SAIFI 
CAIDI (h) ASAI % 

(interruption/yr) 
IEEE Standard 1366 1.5 1.1 1.36 99.9999 
India 0.27 0.17 1.62 - 
Algeria 45 1.4 - - 
Egypt 1.27 0.09 14.11 - 
Kenya 11.5 4.5 2.6 - 
USA 4.08 1.49 2.05 99.91 
UK 1.5 0.8 1.67 99.96 
Australia 0.93 0.8 1.16 - 
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Table 3.9 summarizes the reliability results from the literature. Reliability indices for 

the USA, UK, and Australia are also included [103] to provide a reference with Western 

countries. It is worth observing that Egypt's reliability is close to that of other Western 

countries. In contrast, for different regions in the African continent, reliability is generally 

much lower.  

According to these countries, the literature review shows that reliability is essential in 

power system planning, and the countries use different indices to measure their reliability, 

which is independent. However, it is challenging to study because a lot of data is required, and 

fault data could be one of the most difficult tasks to obtain. 

3.3. Evaluation techniques 
Reliability evaluation of a complete power system, including generation, transmission, and 

distribution, is often not conducted due to the system size. Therefore, the reliability of 

transmission systems and distribution network segments is assessed independently [25].  

A single reliability technique does not exist, but the approach and resulting formulae depend 

upon the problem and the assumptions made [104].  

Reliability models can be divided into two categories, namely deterministic (absence 

of randomness) and stochastic (random) models. Deterministic models are usually expressed 

in terms of differential equations, together with the initial and boundary conditions, which 

precisely predict the development of a system. In contrast, stochastic models are given by 

random variables whose outcomes are uncertain and can only compute the probability 

distribution of possible outcomes [105].  

Stochastic modelling is a mathematical technique that considers random variables and 

probabilistic events. Unlike deterministic models with predetermined outcomes, stochastic 

models use random variables to simulate various scenarios. These models are essential for 

determining systems' behavior, evaluating risk, and making valuable decisions. Stochastic 

models provide probability distributions that characterise the likelihood of various outcomes, 

which help to inform decision-making. This modeling technique is beneficial when evaluating 

the probability of system reliability under multiple circumstances. Random variables are used 

as inputs in a stochastic simulation model, producing random outputs. The outputs can only 

be regarded as estimations of the genuine features of a model due to their randomness. 

Therefore, in a stochastic simulation, output measures must be treated as statistical estimates 

of the actual characteristics of the system. By making assumptions about the random 
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component of a model, stochastic models allow the validity of the hypotheses to be tested 

statistically [106], [107], [108], [109]   

This method is thought to be more suitable due to the higher accuracy of the results that 

can be obtained. As a result, a reliability assessment based on statistical analysis methods will 

be more appropriate for this research [110]. Based on the data provided by the Nigerian 

transmission system operator, a stochastic model will be used, and the statistical analysis 

method will be adopted.  

3.4 Reliability indices 
The results of the reliability evaluation are referred to as "reliability indices" [111]. These 

indices produce load point and system indices (frequency and energy indices). The load point 

indices measure the expected number of outages and their duration for individual customers. 

In contrast, the system indices measure the system's reliability as a whole and can be used to 

compare the effects of different design and maintenance strategies on the system’s reliability 

[65], [112]. These indices work better together than separately. The load-point indices reveal 

the reliability of specific buses, while the system indices evaluate the overall sufficiency [35].  

Reliability indices typically consider aspects such as the number of customers, the 

connected load, the duration of the interruptions or faults measured in seconds, minutes, hours, 

or days, the amount of power (kVA) interrupted, and the frequency of interruptions or faults 

[92]. The main reliability indices will be defined in the next sections.  

3.4.1 Load point indices  

The load point indices measure the expected number of outages and the duration of these 

outages for individual customers on each bus bar. The load indices are the areas of the system 

that are inadequate and prone to interruptions. The load point indices considered in this research 

are Load Point Interruption Frequency (LPIF) and Load Point Interruption Time (LPIT). These 

load point indices can be used to identify weak points in a system and are helpful for a system 

designer [65], [113] and they are defined as follows: 

 LPIF =  �𝐹𝐹𝐹𝐹𝑘𝑘
𝑘𝑘

             Unit: 1/yr                                       (3.1) 

 LPIT = � 8760 ∗  𝑃𝑃𝐹𝐹𝑘𝑘             Unit: h/yr
𝑘𝑘

                                       (3.2) 

where 𝐹𝐹𝐹𝐹𝑘𝑘 is the frequency of occurrence of contingency k and 
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 𝑃𝑃𝐹𝐹𝑘𝑘 is the probability of occurrence of contingency k. 

3.4.2 System indices 

These provide a measure of global adequacy that can be used to compare the performance of 

one system to that of another and are used to track the performance of a region or a circuit. 

These reliability indices are commonly used to quantify the performance of the systems [113], 

[114]. In this research, SAIFI, SAIDI, CAIDI, and ASAI are used to measure the performance 

of the network:  

• SAIFI: System Average Interruption Frequency Index (interruptions/year). This index 

measures the number of interruptions customers experience each year with the total 

number of customers on the network [95], and it is expressed as follows: 

 
SAIDI =  

∑ACIFi  ∗ Ci
∑Ci

           Unit: interruption/yr 
                     (3.3) 

 
where ACIFI  is the Average Customer Interruption Frequency, and 𝐶𝐶𝑖𝑖 is the number of 

customers supplied by load point 𝑖𝑖 (customers on a particular bus bar).  

• SAIDI: this stands for System Average Interruption Duration Index (hours per year). This 

index captures the duration of power outages each year [91] and is measured in time units, 

often minutes or hours. A high SAIDI value is alarming since it suggests that consumers 

are experiencing lengthy periods of power interruptions, which is not good news [115]. 

This is given in equation 3.4 [95]. SAIDI is the average time each customer was without 

electricity each year.  

 
SAIDI =  

∑ACITi  ∗ Ci
∑Ci

           Unit: h/yr 
                                    (3.4) 

where 𝐴𝐴𝐶𝐶𝐴𝐴𝑇𝑇𝑖𝑖  is the Average Customer Interruption Time. 

• CAIDI: Customer Average Interruption Duration Index (h). This index expresses the 

average time required to restore service, and the expression is given in equation 3.5 [116].  

 
CAIDI =  

Sum of customer interruption duration
Total number of customer

=  
SAIDI
SAIFI

   𝑢𝑢𝑛𝑛𝑖𝑖𝑡𝑡:ℎ 
(3.5) 
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• ASAI: Average Service Availability Index; this represents the fraction of time that a 

customer is connected during the defined calculation period, as shown in the expression in 

equation 3.7. It is often calculated in percentages, and a better value for ASAI is having 

more than three 9’s [91], [116]. 

 ASAI =  1 −  ASUI (%)                                       (3.6) 

where   
ASUI =  

∑ACITi  ∗ Ci
∑Ci  ∗ 8760 

 
                                      (3.7) 

    

3.5 Reliability analysis methodology 

The reliability of the Nigerian transmission system was carried out in PowerFactory (PF). In 

this project, forced outage data was obtained from the Nigerian Electricity System Operator 

(NESO), which consists of the time of occurrence of a fault, duration of fault (hr), and 

restoration time. The connected load at each bus bar was also provided in MW, but the number 

of connected customers was not given. Therefore, the number of customers connected at each 

bus bar was calculated, as shown later. The data was used to compute the reliability indices 

(SAIDI, SAIFI, CAIDI, and ASAI) using equations 3.1 to 3.7. 

3.5.1 Network model and HVDC model 

The first step in the reliability assessment was to build a model of the Nigerian transmission 

network (Figure 2.1), which includes electrical parameters and reliability data provided by the 

Nigeria Electricity System Operator (NESO). Where data were lacking, assumptions were 

made to calculate the number of customers connected to each busbar. The load flow results are 

presented in Chapter 2. Additionally, a generic HVDC model was built separately (Figure 3.1) 

– this model will then be connected to the network at the locations with lower reliability, as 

explained in a later section.  

Outage data consists of the time of occurrence of a fault, fault duration in hours, and 

restoration time. The total connected load at each bus bar was also provided in MW, but the 

number of connected customers was not given. Because this quantity is required for reliability 

assessment, the number of customers connected at each bus bar was calculated as shown in 

section 3.5.3. 
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Initially, the network was modelled using the data provided by the NESO to calculate 

the reliability, and based on the reliability result, the HVDC location was determined. The 

HVDC was modelled and then connected to the network to test for reliability improvement.  

3.5.2 Repair Duration (RD) and Failure Frequency (FF) computation 

The data provided by the NESO for the reliability study include the time of occurrence of faults 

(including planned and unplanned outages), the restoration time, the number of outages (NO), 

and the fault duration (FD). This data was provided for each month in 2019 (January to 

December) and for each line. The FD and the NO, however, could not be applied directly in 

the study but were used to determine the Mean Time to Repair (MTTR), also known as Repair 

Duration (RD), and the Failure Frequency (FF), as required by PF to run the reliability analysis.  

It was necessary to calculate two intermediate quantities: the Total Fault Duration, TFD 

(i.e., the cumulative fault duration across the entire year), and the Total Number of Outages, 

TNO (i.e., the cumulative number of outages in the whole year). Once TFD and TNO were 

known, each line's MTTR and FF were obtained according to the equations below [65], [88]. 

These were determined using the following equations: 

 
Repair duration(RD)   =

Total fault duration (TFD) 
Total no of outages (TNO)

       unit: hr 
(3.8) 

   
 

Failure frequency(FF) =
Total no of outages(TNO)

Line length
     unit: 1/(yr. km) 

(3.9) 

3.5.3 Number of customers' computation 

The reliability indices SAIFI and CAIDI are evaluated based on the number of customers 

interrupted. Since NESO did not provide the number of customers, some assumptions were 

made based on the literature review. According to [117], the average number of residential 

customers connected to an 11/0.415 kV distribution transformer of 500 kVA in Nigeria is 268. 

In typical operation, the transformer does not always operate at full load conditions. In this 

study, it is assumed that the transformer is 80% loaded.  

Based on the above, the following rating is assigned to each customer:   

 
𝑆𝑆𝐶𝐶𝐶𝐶𝑠𝑠𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =  

500 ×  0.8 
268

 =  1.49 kVA  
                                    (3.10) 

The number of connected customers (𝑁𝑁𝑂𝑂𝐶𝐶𝐶𝐶 ) on a load bus bar is then calculated using the 

following equation:  
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𝑁𝑁𝑂𝑂𝐶𝐶𝐶𝐶 =  

Load(MVA)
Scustomer (kVA)

 
                                    (3.11) 

The NESO only provided the active power demand for each load. The apparent power of each 

load was calculated in Appendix A.0.1. The number of connected customers for Aja was 

calculated using equation 3.12, as shown below:  

 
𝑁𝑁𝑂𝑂𝐶𝐶𝐶𝐶 =  

202.76 ×  106 VA 
1.49 ×  103 𝑉𝑉𝐴𝐴

 =  136082 
                                    (3.12) 

The same approach was applied at all busbars for both scenarios (summer and winter), with the 

resulting number of connected customers shown in Table 3.10. 

 

Table 3.10: 𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵  for the two scenarios. 
  Summer Winter 
Bus P (MW) S (MVA)   𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵  P (MW) S (MVA) 𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵  
Aja 162.70 202.76 136082 123.41 123.41 382826 
Alagbon 162.00 178.52 119811 135.03 143.99 96638 
Alaoji 414.70 426.69 286372 330.60 403.17 270584 
Ayede 208.01 209.47 140581 230.0 237.04 159090 
Birnin-
kebbi 198.00 198.02 132899 187.0 202.15 135669 

Benin T. S 132.92 179.60 120536 170.90 195.43 131164 
Ganmo 80.03 80.00 53691 122.0 122.61 82291 
Gombe 154.01 156.89 105299 116.0 153.28 102872 
Ikeja West 1135.0 1152.56 773529 1102.0 1305.86 876417 
Jebba T. S 14.05 14.07 9443 21.00 22.14 14856 
Jos 80.02 101.81 68331 54.0 67.18 45089 
Kaduna 176.0 176.00 118121 102.0 102.00 68456 
Kano 277.0 277.00 185906 199.0 199.00 133557 
Katampe 465.0 482.83 324047 381.10 390.90 262352 
Makurdi 161.96 208.11 139673 135.23 135.23 90758 
New Haven 100.0 101.19 67913 170.00 230.22 154507 
Onitsha 141.5 152.13 102104 168.0 196.37 131792 
Osogbo 167.0 195.09 130930 162.60 198.04 132915 
Sakete 226.0 228.00 153018 54.0 59.68 40055 
Sapele 64.14 79.94 53652 74.40 74.91 50278 
Shiroro 61.60 61.80 41479 88.0 88.57 59444 
Yola 73.05 77.49 52008 42.0 52.50 35233 
Lekki 0.00 0.00 0 135.03 135.03 90624 
Total 4654.46 4939.98 3315425 4303.30 4838.73 3547467 
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3.5.4 HVDC model and control 

The model of a VSC-HVDC was built in PowerFactory based on typical values found in some 

literature. The VSC-based technology was chosen because it represents the future of HVDC 

interconnectors. In the rest of the research, this technology will be called ‘HVDC’ to simplify 

the notation. This model will be integrated into the network, depending on the locations 

informed by the reliability and stability study. The baseline model will be maintained, while 

other parameters, such as the power set point and the line length, will be adapted for the 

location(s) under study. 

An overview of the model is shown in Figure 3.1. A bipolar configuration was adopted 

because it is the most common [69], [118]. The bipolar configuration consists of two 

independent DC circuits, where each circuit can draw half of the rated power. The ground 

return electrode carries minimal current in this configuration (compared to the monopolar one), 

which is not shown in  Figure 3.1 for simplicity. One advantage of the bipolar configuration, 

in the context of this study, is that it can operate by delivering part of the rated power in the 

event of maintenance or outage of one of the two lines, as the other half of the system continues 

to supply power. A bipolar topology was considered for this model because it is widely used 

for long-distance HVDC transmission projects, particularly where high power transfer capacity 

is required [70].  

 

Figure 3.1: VSC-HVDC single-line diagram. 

 

Different HVDC control modes govern and manage the functioning of HVDC transmission 

networks. These control modes aim to preserve the HVDC system’s reliable and effective 

functioning while achieving specific goals [119]. One of the goals is to keep the voltage and 

current within acceptable parameters to avoid instability. The objectives also include 

controlling the power transferred between interconnected grids to maintain a balanced power 

system and satisfy demand. The control scheme regulates the active power flow from the AC 

grid to the DC grid and manages the DC voltage to maintain a defined reference level. It also 

delivers the necessary reactive power to the alternating current mains. This control system 
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comprises two controllers: one for regulating DC voltage and one for managing current flow 

[120]. 
The DC voltage control can be explained with the equations below. The reference 

currents ( 𝐴𝐴𝑑𝑑 , 𝐴𝐴𝑞𝑞 ) are achieved by the DC voltage controller from the reference real power and 

reference DC voltage, as given below. 

 
𝐴𝐴𝑑𝑑∗ =  �

𝑃𝑃∗

𝑉𝑉𝑠𝑠
� + 𝐾𝐾𝑣𝑣 ( 𝑉𝑉𝑑𝑑𝑑𝑑∗ −  𝑉𝑉𝑑𝑑𝑑𝑑) 

                                    (3.13) 

 𝐴𝐴𝑞𝑞∗ =  0                                      (3.14) 

 
where 𝑃𝑃∗ is the reference real power to be transmitted across the HVDC, 𝑉𝑉𝑠𝑠 is the supply 

voltage, 𝐾𝐾𝑣𝑣  is the proportional gain constant, and 𝑉𝑉𝑑𝑑𝑑𝑑∗  is the reference DC voltage. Reference 

reactive current (𝐴𝐴𝑞𝑞) is taken as zero to maintain the unity power factor.  

The reference currents (𝐴𝐴𝑑𝑑∗ , 𝐴𝐴𝑞𝑞∗ ) from the DC voltage controller are fed into the AC 

controller, which provides reference voltages (𝑉𝑉𝑑𝑑∗,𝑉𝑉𝑞𝑞∗) to the PWM block. The operation of the 

current controller is expressed as follows in the Laplace domain:  

 𝑉𝑉𝑑𝑑∗ =  𝑉𝑉𝑑𝑑 − �𝑅𝑅 ⋅  𝐴𝐴𝑑𝑑 +  𝑠𝑠𝑠𝑠 ⋅  𝐴𝐴𝑞𝑞� − (𝐾𝐾𝑠𝑠 + 𝐾𝐾𝑖𝑖/𝑠𝑠) ( 𝐴𝐴𝑑𝑑∗ −  𝐴𝐴𝑑𝑑)                                     (3.15) 

 𝑉𝑉𝑞𝑞∗ =  𝑉𝑉𝑞𝑞 − �𝑅𝑅 ⋅  𝐴𝐴𝑞𝑞 +  𝑠𝑠𝑠𝑠 ⋅  𝐴𝐴𝑞𝑞� − (𝐾𝐾𝑠𝑠 + 𝐾𝐾𝑖𝑖/𝑠𝑠) ( 𝐴𝐴𝑞𝑞∗ −  𝐴𝐴𝑞𝑞)                                      (3.16) 

In this work, the sending end converter was set to control the DC voltage (Vdc) either with the 

reactive power (Q) or the phase angle (Cos∅2) while the receiving end converter was set to 

control the active power (P) and either the voltage magnitude (Vac) or reactive power (Q). As 

a result, four different variable combinations can be identified for each converter (Vdc-Q, P-

Vac, P-Q, and Vdc- Cos∅2). This led to the definition of four HVDC control modes to be used 

in this project:  

I. Vdc-Q/P-Vac: the sending end converter controls Vdc and Q; the receiving end converter 

controls P and Vac. 

II. Vdc- Cos∅2/P-Vac: the sending end converter controls Vdc and Cos∅2 while the receiving 

end converter P and Vac. 

III. Vdc- Cos∅2//P-Q: the rectifier controls Vdc and Cos∅2 and the inverter controls P and Q. 

IV. Vdc-Q/P-Q: the rectifier controls Vdc and Q, while the inverter reference output is P and Q 

[121].  

The main electrical parameters for the HVDC model are listed in Table 3.11 [122]. The DC 

voltage level was ±500 kV based on values for other global HVDC systems [123].  
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Table 3.11: Electrical parameters of the HVDC model in PF.  
Parameters Values 
Rated DC voltage ±500 kV 
Converter-rated power 500 MVA 
Rated AC voltage 330 kV 
Topology Bipolar 
Short circuit impedance 10% 
Copper losses 25 MW 

The model of an HVDC (Figure 3.1) was built separately to be integrated into the Nigeria 

transmission system. For reliability studies,  control mode I  (Converter 1 controlled in Vdc−Q 

mode, Converter 2 controlled in P−Vac mode) was used [121]. This fixed control mode is 

sufficient because the power flow is unidirectional in the system under consideration, as shown 

in Figure 3.1. When this model is deployed, Converter 1 is connected to the sending end (with 

voltage Vs), while Converter 2 is connected to the receiving end (with voltage Vr), where the 

loads are located [124], [125], [126]. 

PF does not allow input reliability values for some components, such as the converters. 

Therefore, the overall HVDC reliability was modelled in the AC line connecting the sending 

end to the converter transformer. Since this component is modelled in series to the rest of the 

system, failure of the AC line will result in overall HVDC failures, thus allowing it to represent 

the intended behaviour correctly. This approach may need to be revised for future and more 

detailed reliability studies.  

The main electrical parameters for the HVDC model are given in Table 3.11, and the 

primary control and reliability parameters are listed in Table 3.12 [122].  

 

Table 3.12: Control and reliability parameters of the HVDC model in PF. 
Parameters Values 
dc voltage setpoint 1 pu 
ac voltage setpoint 1 pu 
Reactive power setpoint        0 MVAR 
Active power setpoint (to be set based on the location) 
Failure frequency 3 (1/yr) 
Repair duration 5 hours 

 

3.6 Reliability study results  

This section presents the reliability study results, starting with the reliability indices for the 

overall network and then describing load point indices at various locations.  
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3.6.1 System indices  

SAIDI, SAIFI, CAIDI, and ASAI were used to evaluate the transmission network's reliability. 

These parameters were calculated according to equations 3.3 - 3.6. The results are summarized 

in Table 3.13. During the winter, SAIDI is equal to 0.872 hr/yr, thus indicating a better 

performance than in the summer. This result can be explained by observing that, generally, the 

faults are cleared earlier in the winter (dry season) than in the summer (rainy season) when the 

weather is stormy and windy. Also, during the summer, power interruptions are more 

prolonged due to increased demand and the vulnerability of transformers or overhead lines. 

High temperatures and sudden peaks in energy demand also contribute to more extended 

downtime and higher SAIDI values. 

The summer has a higher value of SAIFI (0.811 vs 0.404 in the winter), which means 

that the frequency of interruptions is higher. It can be explained by observing that heavy storms 

will cause trees to fall and land on transmission lines, posing leakages to the earth. When this 

occurs, transmission lines will trip and cause a short circuit because transmission lines run for 

several kilometres, and many of these lines are in forest areas [127]. This situation is aggravated 

by observing that isolators and fuses fail more often during the summer than winter, thus 

increasing overall system failure. In summer, electricity demand increases; this stresses the 

networks and increases the likelihood of interruptions due to weather conditions like 

thunderstorms and high temperatures. 

A CAIDI value of 2.16 implies that there was no supply of electricity for 2.16 hours 

every day for the whole year; this means that, on average, it takes 2.16 hours to restore the 

power supply whenever there is an interruption or system failure. This value can be explained 

by observing that SAIDI and SAIFI are used numerators and denominators for CAIDI 

calculations. As the number of customers experiencing prolonged outages decreases, the 

denominator (SAIDI) of the CAIDI index decreases relative to the value of the numerator 

(SAIFI), and the overall index rises [128]. This result indicates that interruptions last longer in 

the winter than in summer. They occur less frequently (0.4037 interruptions/yr), increasing the 

average duration of interruptions per interruption event (CAIDI) in the winter. The value of 

ASAI was 99.98% for both scenarios. Although this number appears high, it is still below the 

standard value of  99.9999% [116]. 
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Table 3.13: Base case reliability indices result for the Nigerian transmission system. 

Index SAIDI  SAIFI  CAIDI  ASAI  
(h/yr) (interruption/yr) (h) % 

Summer 1.441 0.811 1.779 99.983 
Winter 0.872 0.404 2.160 99.989 

3.6.2 Manual calculation 

In this section, system reliability indices were calculated manually and compared with the PF 

results. This process was carried out to confirm the simulation results' validity and demonstrate 

that, for radial feeders, reliability can be calculated easily by applying the formulae presented 

in Section 3.3. The summer scenario was used for this validation. 

To manually calculate system indices, the following data is required: TNO, TFD, and 

𝑁𝑁𝑂𝑂𝐶𝐶𝐶𝐶 . The values used are summarized in Table 3.14, and detailed calculations will be carried 

out in the following subsections. It was assumed that three radial feeders possess low reliability 

compared to the rest of the system, which is highly interconnected. The three radial feeders are 

labelled as A, B, and C in Figure 3.2. As a result, the indices of each radial feeder were 

calculated, and the results were combined and compared with the results obtained from PF.  

 

 
Figure 3.2: Single-line diagram of the Nigerian 330 kV transmission network 

highlighting the radial feeders (A, B, C). 
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Table 3.14: Line data for manual reliability (summer scenario). 
Line TNO TFD (h/a) 𝐍𝐍𝐎𝐎𝐎𝐎𝐎𝐎 

Jos ↔ Gombe 2 0.50 Gombe: 105299 
Gombe ↔ Yola 6 2.99 Yola: 52008 

Birnin Kebbi ↔ Kanji 4 17.14 Birnin Kebbi: 132899 
Sakete ↔ Ikeja West 10 14.82 Sakete: 153018 

• SAIFI calculation   

The SAIFI calculation for each radial feeder was carried out below, where the symbol ‘↔’ 

indicates a line. It is worth noticing that for the radial feeder C, the calculation requires 

considering the total line length of the load from Yola to Jos, and this is why there is an 

additional term compared to the other two feeders:  

 ASAIFI = NOCC,Sakete × NOSakete↔Ikeja                                     (3.17) 

 ASAIFI = 153018 × 10 = 153018  (interruption/yr)                                     (3.18) 

 BSAIFI = NOCC,BirninKebbi × NOBirninKebbi↔Kanji                                     (3.19) 

 BSAIFI = 132899 × 4 = 531596  (interruption/yr)                                                        (3.20)                       

 CSAIFI = NOCC,Gombe × NOJos↔Gombe

+ NOCC,Yola × NOJos↔Gombe  

+ NOCC,Yola ×  NOGombe↔Yola 

                                                       (3.21)                       

 CSAIFI = 105299 × 2 + 52008 × 2 + 52008 × 6

= 626662 (interruption/yr) 

                                                       (3.22)                       

SAIFI is then calculated by adding the terms calculated above (equation 3.18, 3.20, and 3.22) 

and dividing by the total number of customers (Tc) from Table 3.10:  

 SAIFI =
ASAIFI  +  BSAIFI + CSAIFI

TC
                                     (3.23) 

 
SAIFI =

(153018 +  531596 +  626662)
3315425

= 0.811 interruption/yr 

(3.24) 

• SAIDI Calculation 

Similarly to the approach described in the previous section, three intermediate quantities are 

calculated based on the NOCC and the FD:  

 ASAIDI = NOCC,Sakete × FDSakete↔Ikeja                                     (3.25) 
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 ASAIDI = 153018 × 14.82 = 226773 (h/yr)                                     (3.26) 

 BSAIDI = NOCC,BirninKebbi × FDBirninKebbi↔Kanji                                     (3.27) 

 BSAIDI = 132899 × 17.14 = 227789 (h/yr)                                     (3.28) 

 C𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = NOCC,Gombe × FDJos↔Gombe

+ NOCC,Yola × FDJos↔Gombe

+ NOCC,Yola × FDGombe↔Yola 

                                    (3.29) 

 C𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 105299 × 0.5 + 520081 × 0.5 +

520081 × 2.99 =  234157 (h/yr)  

                                    (3.30) 

SAIDI is determined by adding all the terms above (equations 3.26, 3.28, and 3.30):  

  SAIDI =
ASAIDI + BSAIDI + 𝐶𝐶SAIDI

TC
   (h/yr)                                     (3.31) 

 

SAIDI =
(226773 + 227789 + 234157)

3315425
= 1.442 (h/yr)    

                       (3.32) 

• CAIDI and ASAI calculation  

Applying equations 5 and 6, respectively, CAIDI and ASAI were determined and are obtained 

in equations 3.33 and 3.35, respectively:  

 CAIDI =
SAIDI
SAIFI

 =
1.442
0.811

= 1.778  (h)                                     (3.33) 

 ASAI = 1 −  
SAIDI
 8760

    (%)                                     (3.34) 

 ASAI =    1 −  
1.442
 8760

  =  0.999835 =  99.9835%                                     (3.35) 

It is worth noticing that the reliability indices are calculated by PF based on RD, FF, 

and the NOCC, while in the manual calculation, FD, NO and NOCC  were used.  

A summary of the results and the difference between the PF results and manual calculation is 

presented in Table 3.15. One can observe that the calculated numbers are very close to the ones 

obtained in the simulation, thus confirming the hypothesis that the radial feeders mainly 

contribute to the poor reliability performance of this network and give confidence in the 

simulation results. 
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Table 3.15: Comparison of results according to PF and manual calculation. 

Index SAIDI  
(h/yr) 

SAIFI 
(interruption/yr) 

CAIDI  
(h)  

ASAI 
% 

PF results 1.441 0.811 1.779 99.9832 
Manual calculation 1.442 0.811 1.778 99.9835 

Difference 0.001 0 0.001 0.0003 

3.6.3. Load point indices for the radial feeders. 

After calculating network reliability indices, LPIs were obtained through PF to identify the 

weakest load busbars. These loads are located at the end of the radial feeders studied in the 

previous sections. The LPIs at Gombe, Yola, Birnin Kebbi, and Sakete bus bars were higher 

than in the rest of the system, such as Ikeja and Kaduna, as shown in Table 3.16. The LPIF 

(1/yr) at Gombe is very close to 2 – this threshold indicates that a load is subject to frequent 

interruptions. Thus, the investigation of the LPIF and LPIT results shows differences in the 

frequency and length of disruptions at the various sites. Compared to Birnin-Kebbi and Sakete, 

Gombe often has fewer, shorter disruptions, whereas Yola typically sees more frequent, shorter 

interruptions. The longer duration and higher frequency of interruptions in Birnin-Kebbi and 

Sakete indicate regions where the reliability of the electrical supply should be improved. 

Figure 3.3 – Figure 3.5 shows in detail the LPIs for the feeders under consideration: 

the loads indicated in red are the ones where LPIs are greater than 2. It is worth observing 

that nearby loads may sometimes have very different performances. For example, LPIs at 

Ikeja are close to zero, while at Sakete, they are higher than 10 (Figure 3.3). This is because 

Ikeja is interconnected to the rest of the system by several lines, as shown in Figure 3.2, while 

a single line connects the load at Sakete, making it prone to outages. Similar considerations 

apply to the radial feeder loads shown in Figure 3.4 and Figure 3.5.  

Table 3.16: LPI values for the four loads with the lowest performance in the network. 
Load point 
interruption Gombe Yola Birnin-Kebbi Sakete Ikeja Kaduna 
LPIF (1/yr) 1.987 7.988 3.999 10.003 0.001 0.001 
LPIT (h/yr) 0.497 3.487 17.136 14.824 0.000 0.001 
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Figure 3.3: LPI results for radial feeder A. 

 

 
Figure 3.4: LPI results for radial feeder B. 

 

 
Figure 3.5: LPI results for radial feeder C. 

 
3.6.4. Comparison with other countries 

The comparison of the reliability results in Table 3.9 with the Nigerian power transmission 

reliability, summer scenario of Table 3.13 shows that: 

- In terms of SAIDI, the Nigerian transmission system experiences more power outages than 

India, Egypt, and Australia. On the contrary, the Nigerian transmission system performance 

appeared more reliable than Algeria's.  

-  The high SAIFI value indicates more faults than in Algeria, India, Egypt, and Australia. It 

further produces an overall negative impact on CAIDI, decreasing both reliability and customer 

supply.  
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3.7 Impact of HVDC on reliability indices 

The reliability results overall indicated that the weakest points of the transmission system are 

the radial feeders. However, it was determined that the attention should focus on radial feeder 

C (Figure 3.5) as it is the longest and has two load busbars (Yola and Gombe). 

In this section, the impact of HVDC on reliability is presented for two cases: Case 1 is 

the Azura-Gombe HVDC connection, and Case 2 is the Azura-Yola connection. In both cases, 

Azura was the sending end busbar, and it was selected because of the presence of a large 

generator and the distance from the loads.  The HVDC length was 1020 km and 1025 km for 

Cases 1 and 2, respectively. The HVDC parameters shown in Table 3.12 were adopted in both 

cases: it is worth noticing that a rated power of 500 MVA was used even if the loads are smaller 

at these busbars, given future system expansion.  

Table 3.17 presents the values of system indices for Case 1 and Case 2, together with 

the results for the original network, referred to as Case 0 (Base Case). For Case 2, there was an 

improvement of 1.371 h/yr on the average time (SAIDI) when customers were without 

electricity in the year. Case 2 has the lowest SAIDI, indicating the shortest average interruption 

time compared to 1.418 h/yr for Case 1 and for Case 0 when there was no HVDC link on the 

network (1.441 h/yr). Additionally, the frequency of interruption (SAIFI) and the service 

available to the customers during the year (ASAI) are improved for Case 2 by 0.62 

interruption/yr and 99.9843%, respectively, compared to the base case and Case 1. The SAIFI 

also indicates the lowest interruption frequency. Only the average time to repair (CAIDI) was 

improved for Case 1, with 1.980 hours, compared to Case 2, with 2.204 hours. To determine 

CAIDI, SAIDI is divided by SAIFI. In contrast to Cases 0 and 1, SAIDI decreased in Case 2, 

but SAIFI reduced much more sharply. Considering the decrease, the Case 2 CAIDI result was 

higher since SAIFI decreased more than SAIDI did. The combined effect of lower SAIFI and 

SAIDI values is why Case 2's CAIDI is larger than the other cases. However, the best 

performance was obtained for Case 0 with 1.779 hours. 

Table 3.17: Reliability results without HVDC and with HVDC link on the network  
(Summer scenario). 

 

Index SAIDI 
(h/yr) 

SAIFI  
(interruption/yr) 

CAIDI 
(h) 

ASAI % 

Without HVDC links (Case 0) 1.441 0.811 1.779 99.9832 

HVDC between Azura - Gombe (Case 1) 1.418 0.716 1.980 99.9838 

HVDC between Azura - Yola (Case 2) 1.371 0.622 2.204 99.9843 
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Table 3.18: LPI results for Case 1. 
 

 
 

 
 

Table 3.19: LPI results for Case 2. 
Load point interruption 

Case 2 
Gombe Yola Birnin- Kebbi Sakete 

LPIF (1/yr) 0 0 3.999 10.003 
LPIT (h/yr) 0 0 17.136 14.824 

 

In conclusion, the simulation results show that for Case 2, the system has a better SAIDI, 

SAIFI, and ASAI. The LPIs were calculated and compared with Case 0 for both cases, with 

results summarised in Table 3.18 and Table 3.19. One can notice that the LPI improves at the 

busbars close to where the HVDC is connected, and in particular, Case 2 effectively zeroed the 

LPI for both Gombe and Yola loads, thus confirming its superior performance to Case 1. It is 

also worth noting that the HVDC does not affect other loads. This is expected from the previous 

analysis, as it has been demonstrated that the LPIs at the end of each radial feeder are 

determined by the reliability of the line they are connected to.  

The results above indicate the positive influence of HVDC on network reliability and load 

indices.  

3.8 Conclusion 
The reliability analysis for the Nigerian transmission system was studied based on data 

provided by the Nigeria Electricity System Operator (NESO) for both the summer and winter 

of 2019. Given that the network configuration has not changed substantially since then, the 

results of this work can still be considered up to date. An HVDC model was developed using 

data retrieved from the literature, as currently, no HVDCs are used in Nigeria. 

The data provided by the NESO were used to build a summer and a winter scenario in 

PF. Reliability studies were conducted, and system and load indices were obtained. Manual 

calculations were carried out to demonstrate that the reliability of the radial feeders is not 

affected by the rest of the system, which is highly meshed. This finding simplifies the analysis 

for systems with a similar configuration, mainly when not all system data are available. 

Based on the results of the reliability data, two locations were identified to test the 

impact of the HVDC connection on system reliability. The reliability study results indicated 

improved overall system reliability in both cases. The reliability- study results improved the 

overall system reliability in both cases. In particular, adding an HVDC line between Azura and 

Load point interruption 
Case 1  

Gombe Yola Birnin- Kebbi Sakete 

LPIF (1/yr) 0 6.000 3.999 10.003 
LPIT (h/yr) 0 2.990 17.136 14.824 
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Yola (referred to as Case 2) provided the best results, both in terms of system indices and load 

indices. The next step of this study is to repeat a similar assessment for system stability and to 

assess the impact of HVDC interconnections on stability indices.



This chapter is based on the work published in [133]. 
 
 

 
                  52 

 

 

 

4 Stability Analysis  

4.1 Introduction 

 
Power systems are more unstable than ever due to increased electricity usage and the difficulty 

and expense of constructing new transmission lines. However, due to the strained working 

conditions of networks, modern power systems have been compelled to operate close to their 

stability limits, which results in voltage instability or collapse [129], [130]. The transmission 

lines had to run close to their load limits to accommodate the demand for electricity in areas 

with high load densities due to the impossibility of installing new generating units and 

economic and environmental constraints [131]. This situation is expected to worsen owing to 

increased forecasted demand [132]. 

The availability of a stable and reliable electricity grid is a crucial driver of economic 

growth and societal change, particularly in developing economies such as Nigeria. In this 

context, power system planning is essential for making informed decisions about energy 

investment for future grid development  [34], [133]. While waiting for such developments, 

electricity providers in Nigeria must increase the use of existing transmission facilities due to 

the constantly growing load demand [134]. The northern part of the country is mainly affected 

by poor voltage profiles due to insufficient dispatch and control infrastructure, radial and 

fragile system topology, frequent system collapse, and exceedingly high transmission losses. 

The country's generation stations are spread out, and unacceptable voltage drops on the network 

are observed with long-distance electricity transmission. As a result, voltage collapse could 

result from even minor disruptions [26], [36], [135]. Consequently, studying voltage stability 

is crucial for a safe and dependable power supply. 

In general terms, power system stability is the ability of an electric power system to 

regain a state of operating equilibrium after being subjected to a physical disturbance [136], 

[137]. Stability analysis allows identifying a power system operation that provides energy to 

consumers at an acceptable voltage and frequency with the lowest possible cost [138], [139]. 
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Within the broad range of stability studies, this chapter focuses on static voltage stability 

analysis to evaluate the voltage stability and loadability margins under the current and future 

demand levels. Static analysis will offer insightful information to determine the voltage 

magnitude at different points and the increased load demand on the power system. This 

information is critical for ensuring the voltage levels remain within acceptable limits and 

preventing voltage collapse. The research aims to evaluate the system's steady-state voltage 

stability under various operating situations and locate important voltage collapse points. The 

static voltage stability analysis is conducted to identify the weak areas regarding the system's 

reactive power shortage and ascertain the crucial contingencies of voltage stability margins 

[140]. 

Various approaches are used in static voltage stability analysis, including modal 

analysis, optimization method, continuation load flow method, Power-Voltage (PV) curves, 

and Reactive–Voltage curves (QV) method (also known as nose curves). The nose curve, 

employed in voltage stability analysis, indicates the critical condition in which the system is 

working at its highest loading point before voltage collapse [141]. A further increase in load 

beyond the nose point or critical point will result in voltage instability [142].   

PV and QV curves are among the most popular static voltage stability analysis methods, 

and they are adopted in this work [1]. A PV curve graph shows the relationship between active 

power (P) and voltage magnitude (V) at each busbar. In contrast, the QV curve is a graphic 

representation of the relationship between the reactive power (Q) injected into or consumed by 

a power system and the corresponding voltage (V) at each busbar [143]. The ability of PV and 

QV curves to accurately give information such as power limits, critical voltage, and stable and 

unstable operation areas has made them become practical tools for static voltage stability 

analysis [129], [142], [143]. More specifically, these curves allow the identification of weak 

busses with the tendency to experience voltage instability or a limited ability to maintain a 

steady voltage level under certain operating conditions. Weak buses are characterized by 

having low voltage magnitude, often close to the voltage collapse point [144].  

A voltage magnitude less than 0.95 pu is considered to have a low voltage magnitude.  

It should be noted that the maximum statutory voltage limit for operation for assessing the 

over-voltage degree is 1.05 p.u level. Similarly, the minimum statutory voltage limit for 

operation has been set at 0.95 p.u [145]. Generally, Power system components are designed to 

operate at maximum efficiency within a specific voltage tolerance range. To ensure reliable 

transmission system operation, a per unit (pu) value of 0.95, which is in line with 95%, 
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represents a balance between efficiency and safety. It ensures conformity to grid codes and 

conforms to industry requirements [146], [147]. 

This work aims to conduct a voltage stability analysis on the Nigerian transmission 

network using a detailed computer model and applying PV and QV analysis. Next, the impact 

of an HVDC on system stability was assessed. This analysis used data from the Nigeria 

Electricity System Operator (NESO). PF was chosen for this research due to its versatility and 

capability to conduct numerous power system studies[148]. The research presented in this 

paper is part of a larger project to investigate the impact of HVDC connections on various 

power-system performance measures, which include reliability and voltage profile. Previous 

work using this model can be found in [9], [36].  

4.2 Literature review  

Given the continuous growth in demand and the difficulties related to developing new 

transmission lines, numerous researchers have investigated using power electronic equipment 

to improve power system stability. Power electronics are gaining popularity due to the 

improved performance and reduced cost observed in the last decade. In [130],  a new line 

voltage stability index (BVSI) was used to identify weak lines and buses on various loading 

conditions and network configurations. Different loading conditions using IEEE benchmark 

models (the 14-bus, 30-bus, 118-bus test systems). An analytical approach was applied to 

determine the optimal location of reactive power compensation placement, which was used to 

improve system voltage stability with current and increased demand [130].  

PowerFactory software was used by [149] to conduct a case study for the IEEE-14 bus 

system to identify the weak bus in a system. The FACTS device can be added to the weak bus 

using two traditional methods, PV and QV curve analysis. Both methods compared the study 

of Static Var Systems (SVS) at different buses. So, the PV and QV curves detect the weak bus 

zone and give a better position for SVS placement, preventing the system from collapsing 

voltage. For stability improvement, SVS is connected to bus 13 and bus 25 MVAR, with 45 

MVAR each. Thus, system-critical scalable demand and load margin are improved. For SVS 

placement, bus 13 and bus 14 are the optimal locations to improve the system stability and 

transmission power capacity and reduce losses [149]. 

The work presented in [150] used a Multi-Criteria Decision Making (MCDM) method 

on IEEE 14-bus, IEEE 30-bus, and IEEE 118-bus test systems to improve the voltage stability 

of the test system. The method optimises the allocation of the FACTS controller according to 
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increasing the loading margin, reducing voltage deviation, and reducing active power losses. 

With this objective, optimal SVC location was presented among the weakest buses. However, 

it was revealed that in the event of contingencies, SVC on buses does not enhance the state of 

overloaded lines [150].  

The impact of HVDC was further studied, and the research shows that VSC-HVDC 

stabilizes the AC voltage as AC loads continuously change [144]. Since the AC transmission 

line creates reactive power while being lightly loaded, the connected VSC-HVDC initially uses 

it to maintain the AC voltage. VSC-HVDC generates reactive power to support the AC system 

as the connected loads increase. Continuous reactive power support from VSC-HVDC 

improves the voltage stability margin. The reactive power of VSC-HVDC supports capability 

and then maximizes the reactive power when the transmission network voltage is low. The 

VSC-HVDC stabilizes AC voltage as the AC loads continuously change but keeps active power 

transmission constant [144]. 

Another paper studies the effect of an HVDC link on the transient stability of an 

interconnected power system. This study applied a three-phase ground fault to the network at 

a different location [151]. The faults were cleared by opening the respective transmission lines, 

and the critical clearing time for each fault in a particular operating condition of the power 

system was observed. Without HVDC, the clearing time is longer than with HVDC, and the 

system loses synchronism. The study was repeated, and the system's behavior was studied by 

observing the rotor angles of the synchronous machines. The results show that after the 

inception of the HVDC link, the system did not lose synchronism when the fault was cleared, 

and the clearing time was improved significantly [151].  

The study by [152] further examines how changing the active power flow through VSC-

HVDC improves voltage stability for power systems with VSC-HVDC links [152]. Different 

load scenarios were researched, and a comparison between the decrease and increase of active 

power transmission using VSC-HVDC was investigated to better understand the voltage 

stability improvement. According to the research, reducing DC power enables the VSC-HVDC 

to support the voltage when the power supply is disrupted and when the VSC-HVDC link is 

under heavy load. Since the disturbance lowers the voltage at the bus, reactive power injection 

into the bus is required to raise the voltage because the VSC cannot generate reactive power 

when it is severely loaded. It was demonstrated that the voltage at the bus increases when 

reactive power is injected into the bus simultaneously. It was concluded that if the VSC-HVDC 

link is heavily loaded and a power system disturbance occurs, a decrease in DC power still 

allows the VSC-HVDC to support the AC voltage [153]. 
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A further instance of the impact of HVDC on stability was investigated using PV and 

transient analysis [153]. The investigation was carried out when the network was only a high 

voltage alternate current (HVAC) and a hybrid of VSC-HVDC and LCC-HVDC. The 

maximum loading point (MPL) and the voltage magnitude were used to determine the impact 

of the hybrid network. The maximum loading point with HVAC was 3168.25 MW, with the 

highest voltage magnitude on bus 12 (0.94321 pu), and two buses (7 & 5) had the lowest 

voltage magnitude of 0.8028 pu. With LCC- HVDC, the MPL was 3234.37 MW for all buses 

(active power), with the same bus (bus 12) having the highest voltage magnitude of 0.9532 pu 

and bus 7 with the lowest voltage profile of 0.8572 pu. When VSC-HVDC was connected, the 

MLP was 3226.11 MW, bus 12 had a voltage magnitude of 0.9415 pu, and bus 7 possessed the 

lowest voltage profile with 0.8069 pu. The response of the speed and rotor angle of the network 

was carried out under a transient fault situation; the investigation shows that VSC-HVDC 

reduced the system oscillation better than the HVAC and LCC-HVDC with a speed of 1.001 

pu, and a steady state operation was achieved 7 seconds after perturbation. It also reduced the 

first swing oscillation from 1.001pu to 0.9997 before reaching a steady state of operation about 

8 seconds after perturbation. The HVAC system was the least damped of the three cases, with 

a speed of 1.0 pu at rest but increasing to 1.002 pu more than the rest before settling in about 

10 seconds. This investigation demonstrated that the VSC-HVDC improved the voltage and 

transient stability of the hybrid HVAC-VSC-HVDC system [153]. 

Both a VSC-HVDC and a conventional AC transmission line were considered for 

reinforcement in a transmission system that was significantly loaded [154]. The first alternative 

allowed for more power transfer and enhanced the stability of the power system while lowering 

the demand for generators to produce reactive power [154]. With a VSC-HVDC link connected 

between two weak points, the voltage magnitude increased to 0.93 pu, and with the AC 

transmission line, the voltage magnitude was around 0.85 pu [154]. 

The impact of the HVDC system on the power system stability was carried out using 

the application of Location Marginal Price (LMP) [155]. This was used to select and manage 

the overloaded lines on the IEEE 14-bus network. Five lines were considered for optimal 

locations based on LMP. HVDC was used to replace each line and determine which would 

impact the network. Based on the power flow study, the graph of voltage, angular speed, active 

power (P), and reactive power (Q) was plotted against time (T) for each line when the load 

flow was executed. The results from the graph reveal that only one out of the replaced HVDCs 

possessed small perturbation, and the time (T) of stability was less than others (10 seconds). 

This was when stability was achieved on the network [155]. 
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The motivation for performing a stability study is to develop and propose an effective 

solution to enhance the stability limits of the Nigerian transmission system. This will increase 

the system loading and the reactive power margin (RPM). The security margin estimates how 

much the demand can increase before the system collapse is reached. Consequently, increasing 

the security margin will reduce the risk of system collapse and allow for future system 

expansion. 

4.3 Stability analysis methodology 

4.3.1 Stability analysis of two buses 

A review of the stability of a power system with two buses is provided here to review 

fundamental concepts related to this topic. More detailed background information can be found 

in [156].  

Assuming the transmission line is lossless (R=0), the line impedance is expressed as Z= jX, 

where X is the line reactance. Based on [157] and [158], the equations below are used to 

determine the maximum power (Pmax) and the critical voltage (𝑽𝑽𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄) of the system, 

respectively. 
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                 (𝑝𝑝𝑢𝑢)                                       (4.2) 

where 𝑃𝑃𝐶𝐶𝑚𝑚𝑚𝑚 (MW) is the maximum power, V1 (pu) is the sending end voltage at the initial 

condition, and ∅2 (𝐹𝐹𝑡𝑡𝑟𝑟) is the angle between voltage and current. 𝑉𝑉𝑑𝑑𝐶𝐶𝑖𝑖𝐶𝐶  (pu) is the critical 

voltage. Equation 4.1 is typically called the maximum system load or loadability limit. If the 

load is increased beyond the loadability limit, the voltages will decline uncontrollably [159]. 

Therefore, voltage stability analysis is essential to determine the system’s critical voltage point 

and the collapse margin. These parameters will be determined using the PV and QV curves 

described in the next section. But 𝐶𝐶𝐶𝐶𝑠𝑠 ∅  = power factor (p.f) of the circuit. Therefore, the 

power factor and the phase angle are determined using equations 4.3 and 4.4 respectively: 

 p. f =  Cos∅2 =  
P2
Q2

                                        (4.3) 

 tan∅2 =  
𝑄𝑄2
𝑃𝑃2

                                        (4.4) 
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3.2 Numerical example and simulation results 

From a two-bus system, the sending end voltage is 330 kV with the active and reactive power 

of 170.9 MW and 98.8 MVAR, respectively, at the receiving end. The reactance of the line is 

0.331 Ω, and the line length is 218 km. The maximum power and the critical voltage are 

calculated below.  

The phase difference  ∅2  is determined using equation 4.4, as shown below: 

 tan∅2 =
98.8

 170.9
= 0.5547                                      (4.5) 

 ∅2 = 29.02°                                      (4.6) 

Therefore, the maximum power, which can be transferred to the receiving end, and the critical 

voltage can be calculated from equations 4.1 and 4.2:  

 
P𝐶𝐶𝑚𝑚𝑚𝑚 =

1
2
∗

3302

72.158 �
1

0.8745
− 0.5547� =  444.31 MW 

                     (4.8) 

 V𝑑𝑑𝐶𝐶𝑖𝑖𝐶𝐶 =  
1

√2 ×  √1 +  0.4851
   = 0.5802 pu    (4.9) 

The voltage obtained when the maximum power is reached is the critical voltage (0.5802 pu), 

corresponding to the maximum load point (444.31 MW). An increase above this value leads to 

system collapse. Consequently, voltage stability is crucial for determining the critical voltage 

point and collapse margin, which can be determined using the PV curve. 

The transmission line was assumed to be lossless, with a resistance of 0.001 Ω/km and 

a reactance of 0.331 Ω/km. The two-bus system was solved using PowerFactory (PF), and the 

load flow stopped converging at 444.30 MW. As the load increases, the voltage decreases until 

a critical voltage of 0.5827 pu is reached [158]. The comparison result from the manual 

calculation and PF calculation is given in Table 4.1. The comparisons aim to verify that the 

simulation model is appropriately implemented and provides reliable results. 

Table 4.1: Result comparing manual calculation and PF results. 
  Pmax (MW) Vcrit (pu) 

Manual calculation 444.31 0.5802 
PowerFactory result 444.30 0.5827 
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4.3.3 PV and QV curves 

After building the network model, as explained in Section 4.3.4, PV and QV calculations were 

executed. The adopted power-voltage (PV) and reactive voltage (QV) curves were used to 

determine the weak buses on the Nigerian Power Network. The calculation was executed using 

the data provided by the Nigeria Energy System Operator (NESO). The data provided by the 

NESO for the stability study includes the active power (P) in megawatts (MW) for each load 

and generator. Generation and demand data were provided for each month of 2019 (January to 

December).  

Based on the data provided by NESO, a load flow analysis was carried out to ensure 

system stability, as described in Chapter 2. Once the initial load flow had been computed, the 

PV and QV curves were obtained by gradually increasing the loads' active and reactive power 

demands. It is worth noting that active power demands were changed by keeping the reactive 

power demands fixed when computing the PV curves.  

Conversely, reactive power values were modified when the active power was fixed and 

the QV curve was computed. After changing the load conditions, the load flow analysis was 

repeated for each load level. The new steady-state conditions are calculated based on the 

updated load conditions, including voltages and power flows. The corresponding voltage 

magnitudes and active power values are recorded as the load flow analysis is repeated for 

different load levels.  

A graph yields the P-V curve, with voltage magnitude on the Y-axis and active power 

on the X-axis, by plotting voltage values against active power levels. The resulting curve 

depicts how the system voltage varies with changes in active power demand. A similar process 

generates the QV curve, with reactive power values plotted on the X-axis and voltage 

magnitudes plotted on the Y-axis. PV and QV curves were plotted at each busbar [158]. 

4.3.4 Network model and HVDC model 

To carry out the static stability analysis, a model of the Nigerian transmission 330 kV network 

of Figure 2.1 was used using the electrical and stability data provided by the NESO. The 

stability data, such as the reactive power for each load and generator, was calculated (Appendix 

A.0.1 and Appendix A.0.2).  

An HVDC model Figure 3.1 was added to the transmission system model for the weak 

buses identified by the PV and QV studies. The model of an HVDC was built separately to be 

integrated into the Nigerian transmission system. The model used for the voltage stability 
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analysis was adopted from Chapter 3. The adopted model is described in more detail in Chapter 

3. The impact of HVDC on system stability was assessed using the control modes described in 

Chapter 3. 

4.4 Stability results 

4.4.1 Static voltage stability analysis of the Nigerian transmission system  

The first case study used the summer scenario, with no HVDC connected to the network. This 

case was used to identify the system's weak bus(es). The same analysis was repeated for the 

winter scenario. Following the identification of the weak bus, an HVDC was connected to the 

system, and the impact of the HVDC on stability was examined. 

4.4.2 PV analysis - Base case results 

The PV analysis was carried out by increasing the real power (MW) transfer from the 

generators to the loads, as described in (section 4.3.3). The PV curves obtained for six busbars 

(Gombe, Jos, Kaduna, Kano, Makurdi, and Yola) are shown in Figure 4.1. These busbars were 

chosen because they are the ones that reach the nose point or critical point first, as seen in Table 

4.2. For the summer scenario, the initial network demand is 4654 MW. The load flow stops 

converging when demand reaches the critical value of 5399 MW: at this condition, all six buses 

show a voltage magnitude below 0.95 pu (below the statutory voltage limit).  

When the network demand is 5399 MW, Yola (the red dashed line) is identified as the 

critical bus, reaching the nose point at a voltage magnitude of 0.66 pu. This result can be 

explained by observing that Yola lacks voltage regulation equipment and is located at the end 

of a radial feeder. Gombe (the purple dashed line), too, reaches the nose point at 0.69 pu. Other 

buses (Jos, Kaduna, Kano, and Makurdi) also have voltage drops of 0.81 pu, 0.94 pu, 0.90 pu, 

and 0.92 pu, respectively, when the load increases. These values are summarised in Table 4.2. 

Kaduna is the bus with the highest critical voltage for both the summer case (0.94 pu) and the 

winter case (0.97 pu). The lowest critical voltage during summer and winter are observed at 

Yola, with values of 0.66 pu and 0.64 pu, respectively. Based on the PV analysis, it is concluded 

that Yola and Gombe are the two weakest busbars as both reach the nose point earlier than Jos, 

Kaduna, Kano, and Makurdi.  

The critical demand during the winter scenario is 5223 MW, and the Yola and Gombe 

buses are the weakest, with 0.64 pu and 0.68 pu, respectively. Jos, Kano, and Makurdi buses 

have voltage drops of 0.86 pu, 0.93 pu, and 0.92 pu, respectively. These results are included in 
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Table 4.2.  Table 4.2. indicates that, in general, the voltage levels are higher in the winter due 

to lower load levels than in summer. Therefore, the summer scenario will be considered the 

one that provides the most conservative results for stability analysis.   

Table 4.2: Voltage magnitude for the weak buses. 
  Summer Winter 

Bus Load flow 
voltage (pu) PV (pu) QV (pu) Load flow 

voltage (pu) PV (pu) QV (pu) 

Gombe 0.91 0.69 0.5 0.95 0.68 0.46 
Jos 0.92 0.81 0.75 0.99 0.86 0.78 
Kaduna 0.96 0.94 0.93 1.00 0.97 0.96 
Kano 0.95 0.9 0.91 0.97 0.93 0.93 
Makurdi 0.96 0.92 0.92 1.01 0.92 0.89 
Yola 0.91 0.66 0.41 0.95 0.64 0.35 

 

 
 

Figure 4.1: PV curve showing the buses that hit the nose point first. 
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The QV analysis was carried out next to evaluate the impact of reactive power variation on 
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Kaduna and Makurdi show 0.84 pu / -619 MVAR and 0.78 pu / -538 MVAR for critical voltage 

and reactive power, respectively, while Kano and Jos show 0.55 pu / -204 MVAR and 0.76 pu, 

/ -140 MVAR, respectively. Gombe and Yola show 0.66 pu / -54 MVAR and 0.61 pu /-42.57 

MVAR respectively. In this work, positive reactive power corresponds to capacitive loads, 

while an inductive element absorbs negative reactive power. 

 The bus distance from the generator is essential in relation to the capability of the load 

to absorb reactive power. Kaduna load can absorb high reactive power to maintain the system 

stability since it is close to the Shiroro generator. Nevertheless, its voltage magnitude is 0.93 

pu (Table 4.2), which is still below the statutory voltage limit of 0.95 pu. Makurdi bus shows 

a similar pattern. The weakest busbar is the point(s) of the lowest reactive power margin. 

The results are summarized in Table 4.2, where the six buses with the least voltage 

magnitude (pu) on the network are shown. Kaduna bus has the highest voltage magnitude in 

both scenarios, 0.93 pu during the summer and 0.96 pu during the winter. The lowest QV values 

during summer and winter are observed at Yola, with values of 0.41 per unit and 0.35 per unit, 

respectively. 

 

 
 

Figure 4.2: QV curves for the weak buses.  
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Table 4.3: Summary of Load flow/PV and QV result (Base Case). 

Base 
Case 

Generator    Load     Losses   
Reactor Critical 

bus 

Critical 
voltage 

(pu) MW MVAR MW MVAR MW MVAR MVAR 
Load 
flow 4804 -298 4654 1281 150 -2338 759 - - 

PV 5663 331 5399 1486 264 -1873 725 Yola 0.66 
Gombe 0.69 

QV 4844 109 4654 1281 190 -1890 718 Yola 0.50 
Gombe 0.41 

 
4.4.4 Active and reactive power analysis 

Table 4.3 presents additional results in relation to load flow, PV, and QV analysis for the base 

case (no HVDC in the network). This table illustrates generated power, load demand, line 

losses, and reactor output. The sum of active power absorbed by the loads and line losses equals 

the generated power. The sum of the load reactive power, the line reactive power, and the 

reactor's output are the same as the generated reactive power.  

As a result of load increase during the PV analysis, generated power, load demand, and 

line losses increased by 18%, 16%, and 76%, respectively. From the QV analysis, the generated 

power increased slightly by 0.83% and line losses by 27% due to higher current. More reactive 

power (759 MVAR) is required during the load flow analysis to balance and control the voltage 

at the bus because the loads are inductive. The static stability study showed that the 

transmission system's radial feeders are the weakest link because they have a single point of 

supply. Specifically, both PV and PQ analyses indicate that Yola and Gombe are critical buses, 

and these two bus bars are now considered for the HVDC connection. In the previous studies, 

namely, the load flow and reliability study of this network [9], [36], these two buses were 

identified as having the lowest voltage magnitude and reliability, respectively.  

4.5 Impact of HVDC on stability analysis 

4.5.1  Impact of HVDC on PV analysis 

The impact of HVDC on PV analysis is presented using the same cases as Chapter 3: 

• Case 1: the HVDC is connected between Azura and Gombe. 

• Case 2: the HVDC is connected between the Azura bus and Yola. 
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The Azura bus has been chosen as the sending end in both cases because of the presence of a 

more significant generator and its distance from the loads.  The load flow results and PV results 

are summarized in Table 4.4 (Case 1) and Figure 4.4 (Case 2). 

The power generated for Case 1 is 4784 MW, while for Case 2 is 4788 MW. These 

results are slightly lower than the base case (4804 MW, as shown in Table 4.3). This is partly 

due to a slight decrease in line power loss when the HVDC is in service (21 MW and 17 MW, 

respectively, for Cases 1 and 2).  

Table 4.4 reveals that the critical demand improved to 8480 MW, while    Table 4.5 

shows a critical demand of 8329 MW. The increase equals 3081 MW and 2930 MW, 

respectively, compared to the base case (5399 MW) in Table 4.3. the generated power was 

improved by 123% compared to the base case. For Case 2, the generated power was enhanced 

by approximately 119%.  

Figure 4.4 shows the PV results for Cases 1 and 2, respectively. Yola's critical voltage 

improved from 0.66 pu to 0.98 pu for Case 1 and 1 pu for Case 2. Gombe critical 0.91 pu for 

Case 2. As expected, voltage improves most at the buses connected by the HVDC. For example, 

in Figure 4.1, the voltage magnitude remains constant (1.00 pu) for the Yola bus throughout 

the load variation, while the Gombe bus voltage magnitude dropped from 0.99 pu to 0.91 pu 

as the power increased. Both Figure 4.3 and  

Figure 4.4 clearly illustrates the significant increase in system loadability when the 

HVDC is connected. The outcome load flow when HVDC is connected and PV results are 

summarized in Table 4.4 and     Table 4.5 for Cases 1 and 2, respectively. The results above 

overall indicate that both Case 1 and Case 2 lead to increased system voltage stability.  

Table 4.4: Case 1 HVDC connected between Azura-Gombe. 

 
Generation 

(MW) 
Load 
(MW) 

Losses 
(MW) 

Critical 
bus 

Critical voltage 
(pu) 

Load flow 4784 4654 129 - - 

PV study 10690 8480 2210 Kano 0.72 
 

    Table 4.5: Case 2 HVDC connected between Azura-Yola. 

 
Generation 

(MW) 
Load 
(MW) 

Losses 
(MW) 

Critical 
bus 

Critical voltage 
(pu) 

Load flow 4788 4654 133 - - 

PV study 10475 8329 2146 Kano 0.71 
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4.5.2 Impact of HVDC on QV analysis 

The impact of HVDC on QV analysis is presented in this section for the two cases considered 

above. Figure 4.5 shows the results for Case 1 and Case 2. The Yola bus improved from 0.91 

pu (red curve) to 1.01 pu (blue curve), while the reactive power margin (RPM) improved from 

-43 MVAR to -306 MVAR. The critical point did not improve, but it slightly degraded from 

0.61 pu to 0.62 pu because power systems’ load demand might change during the day and 

throughout the season (change in load patterns). However, for Case 2, an improvement is 

experienced on the Gombe bus. The operating point improves from 0.91 pu (purple curve) to 

0.99 pu (green curve), while the reactive power margin improves from -54 MVAR to -448 

MVAR. The critical point of collapse improved from 0.67 pu to 0.61 pu. This implies that the 

collapse point is further away, with 0.61 pu, and therefore, the loadability of the bus is 

increased. The power transmission capacity, load margin, and losses were all improved for 

both Case 1 and Case 2. 

 

 
Figure 4.3:  PV curves for the base case and for Case 1. 
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The impact of HVDC on the QV analysis is summarized in Table 4.6 and Table 4.7 for 

Cases 1 and 2, respectively. It shows that Yola voltage improved from 0.91 pu (base case) to 

1.01 pu with a critical point of 0.62 pu. Gombe voltage improved from 0.91 pu (base case) to 

0.99 pu with a critical point of 0.61 pu, respectively. 

 
 

Table 4.6: Case 1 HVDC link on Gombe bus. 
  Operating point  Critical point 
Bus QV (pu) MVAR  QV (pu) MVAR 
Gombe 1 0.02  0 0 

Yola 1.01 0  0.62 -306 
 

 
Table 4.7:  Case 2 HVDC link on Yola bus. 

  Operating point critical point 
Bus QV (pu) MVAR QV (pu) MVAR 
Gombe 0.99 0 0.61 -448 

Yola 1 0.02 0 0 
 
 
 

 
 

Figure 4.4: PV curves for the base case and for Case 2. 
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4.6 Impact of HVDC with different control modes 
The next step of this analysis investigated the impact of various HVDC control modes on the 

transmission network. Case 1 results are only presented as they are representative of both cases. 

The four control modes were defined in Chapter 1 and are summarized below and referred to 

as follows:  

I: Vdc−Q/P−Vac,  

II: Vdc−Cos∅2/P−Vac,  

III: Vdc−Cos∅2/P−Q,  

IV: Vdc−Q/P−Q. 

4.6.1 Load flow results with different control modes 

The load flow analysis was performed for each control mode, and the results are recorded in 

Table 4.8. The generated power was slightly lower for all different control modes, and this 

remained constant between 4787- 4788 MW compared to when there was no HVDC on the 

network (4804 MW). The power generated with I and II is the same, resulting in the same 

 
Yola, Case 1;   Gombe, Case 2. 

Yola, no HVDC;  Gombe, no HVDC 
 

Figure 4.5: VQ curves for the base case, Case 1 and Case 2. 
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losses. The losses on these modes (I and II) are lower than those without HVDC. Similarly, 

control modes III and IV have the same generated power (4787 MW) and losses.  

Yola and Gombe have bus voltages of 0.91 pu without HVDC, while with HVDC, the 

bus voltages for the two buses remain comparatively steady, around 0.99 -1.03 pu for the 

control modes (I, II, III, and IV). This suggests an improvement in voltage stability. In general, 

power and losses for the four control modes are very similar; therefore, it can be concluded 

that the controller did not significantly affect the load flow analysis results.  

 

Table 4.8: Load flow result with each control mode (HVDC connected). 
   Generation losses Bus Voltage 
 

Control mode 
MW 

MV
AR MW MVAR 

Yola (pu) Gombe (pu) 

- Without HVDC 4804 -298 150 -2338 0.91 0.91 
I Vdc−Q/P−Vac 4788 -497 133 -2560 1.00 0.99 
II Vdc−Cos∅2/P−Vac 4788 -497 133 -2560 1.00 0.99 
III Vdc−Cos∅2/P−Q 4787 -517 132 -2574 1.03 1.01 
IV Vdc−Q/P−Q 4787 -517 132 -2574 1.03 1.01 

 

The voltage magnitude across the network was measured with each control mode, and 

Table 4.9 summarizes the improved voltage. Bus voltages at buses like Gombe, Jos, and Yola 

rise from 0.91 pu in the base case (without HVDC) to a statutory voltage limit, which shows 

an improvement in voltage stability. Therefore, HVDC implementation significantly improves 

bus voltages, bringing them closer to the statutory voltage limit, ranging from 0.96 pu to 1.03 

pu (Appendix A.0.3). 

Table 4.9: Load flow results summarised improved voltage for different control modes. 

Bus 
Load flow Without 

HVDC (pu) I (pu) II (pu) III (pu) IV (pu) 
Gombe 0.91 0.99 0.99 1.01 1.01 

Jos 0.91 0.96 0.96 0.97 0.97 

Makurdi 0.96 0.98 0.98 0.98 0.98 

Yola 0.91 1.00 1.00 1.03 1.03 
 

4.6.2 PV and QV result with different control modes 

Table 4.10 shows the PV and QV analysis results for different control modes. The generation 

output remains constant across all modes, with a value of 10475 MW for control modes I and 

II and 8298 MW for control modes III and IV. Therefore, a much higher system loadability can 

be achieved with control modes I and II, which means that critical demand can be increased. 
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It was observed, however, that no significant changes to the QV calculation resulted 

from using any of the control modes compared to the base case. This is because, during the QV 

calculation, the generator power is constant. In contrast, the reactive power is adjusted, and the 

active power flow is unaffected by the reactive power flow, which oversees voltage 

management and stability. The generated power was 4784 MW and -556 MVAR with all 

control modes, and the losses were 129 MW and -2594 MVAR, supplying the same load of 

4654 MW and 1281 MVAR. The critical bus for the QV calculation remains the same as that 

of the PV calculation (Kano and Yola), while the critical voltage is shown in Table 4.10.  

Utilizing different control modes improved the analysis of PV and QV. It was observed 

that control modes I and II resulted in an increase of 2930 MW in the critical demand with 

Kano as the critical bus. This indicates a higher power demand than in the base case. 

Furthermore, the critical voltage for both PV and QV improved, reaching 0.73 pu and 0.55 pu, 

respectively. This suggests an overall improvement in the system's performance. 

Similarly, control modes III and IV increased the critical demand by 1963 MW 

compared to the base case and improved critical voltage for both PV and QV analysis, with 

0.68 pu and 0.54 pu, respectively, at the Yola bus. The critical voltage for both PV and QV 

slightly improved, indicating a better voltage condition than the base case. The PV and QV 

analysis points to changes in critical demand and enhancements in voltage performance (higher 

critical voltage) in the control modes. 

 

TABLE 4.10: PV and QV analysis results with different control modes - Case 1. 
    PV QV 

Control 
mode 

Critical 
bus 

Critical 
demand  

Critical 
voltage Critical voltage 

(MW) (pu) (pu) 
Without 
HVDC Yola 5399 0.66 0.41 

I Kano 8329 0.73 0.55 
II Kano 8329 0.73 0.55 
III Yola 7362 0.68 0.54 
IV Yola 7362 0.68 0.54 
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4.7 Converter rating 
In this section, different converter ratings were tested on the network. Case 2 was sufficiently 

studied because of the length of the DC line (1025 km) and the improvement of the voltage 

stability (0.71 pu) of the particular case. The considered rated power includes 400 MVA, 500 

MVA, and 800 MVA with 5% losses of the converter-rated power. The load flow and PV 

analysis of the network were calculated. The effect of converter rating was noticed on the 

generators and the system losses, as seen in Table 4.11. The converter rating did not affect the 

voltage during the load flow calculation. However, during the PV calculation, a few bus 

voltages dropped (as the load increased, bus voltages dropped). At Akangba, Ayede, Ikeja-

West, Kano, Oke-Aro, and Sakete buses, with converter ratings of 400 MVA, the voltage 

dropped is higher than with converter ratings of 500 MVA and 800 MVA, as shown in Table 

4.12.  

The study revealed that as the converter rating rises from 400 MVA to 800 MVA in the 

load flow analysis, the power losses decline while the generation and load values are mostly 

constant. Similar trends are visible in the PV Analysis. The power losses diminish, and the 

generation and load values remain steady as the converter rating rises. The PV data demonstrate 

that the voltage magnitude at various bus stations can be affected by the presence of HVDC 

systems with differing ratings. The effect varies according to the HVDC rating. 

Overall, decreasing power losses in the system is achieved by raising the converter 

rating. This shows that electricity transmission efficiency can be increased by using higher-

rated converters. 

Table 4.11: Result with different converter ratings. 
  Load flow PV Analysis 
Power rating 

(MVA) 
Generation 

(MW) 
Load 
(MW) 

Losses 
(MW) 

Generation 
(MW) 

Load 
(MW) 

Losses 
(MW) 

400 4790 4654 135 10487 8329 2158 
500 4789 4654 134 10475 8329 2147 
800 4784 4654 130 10469 8330 2140 
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Table 4.12: PV calculation (Voltage drop result for each converter rating). 
  No HVDC  400 MVA 500 MVA 800 MVA 
Bus V(pu) V(pu) V(pu) V(pu) 
Aja 0.96 0.92 0.96 0.96 
Akangba 0.96 0.67 0.96 0.96 
Alagbon 0.96 0.91 0.96 0.96 
Ayede 0.96 0.67 0.96 0.96 
Gombe 0.91 0.91 0.99 0.99 
Ikeja West 0.96 0.67 0.96 0.96 
Jos 0.92 0.85 0.96 0.96 
Kano 0.95 0.73 0.96 0.96 
Katampe 0.96 0.90 0.97 0.97 
Makurdi 0.96 0.89 0.98 0.98 
Oke-Aro 0.95 0.59 0.95 0.95 
Olorunsogo 0.97 0.78 0.97 0.97 
Osogbo 0.98 0.85 0.98 0.98 
Sakete 0.95 0.62 0.95 0.95 

 
 
4.8 Discussion   

The weak bus is often placed electrically and physically farthest from the generator in a radial 

transmission system, with a generator supplying several loads along the transmission line and 

with insufficient reactive power. This was identified from both PV and QV analyses performed 

on the Nigerian transmission network. The identified weak buses on the network are Gombe, 

Jos, Kaduna, Kano, Makurdi, and Yola, which are located far from the generator, with the buses 

hitting the nose point first and with low reactive power margin assessed from the PV and QV 

curve respectively (section 4.4.2)  

The weakest buses were identified in terms of voltage magnitude and voltage critical 

point, which determined the best location for HVDC. Gombe and Yola were the points 

considered for testing the best HVDC location on the network because they have the lowest 

critical voltage. During the PV analysis, Gombe was considered the best location due to the 

positive outcomes in voltage improvement on the buses from 0.69 pu to 1.00 pu for Gombe 

bus and 0.66 pu to 0.98 pu for Yola bus with generated power of 10690 MW (Figure 4.3). 

Furthermore, in the QV analysis, Yola bus was considered the best position for the HVDC 

location as the marginal reactive power was achieved when the HVDC was connected to the 

Yola bus from -54 MVAR (purple curve) to -448 MVAR (green curve) with an improvement 

on the critical voltage from 0.67 pu to 0.61 pu. The operating point improved from 0.91 pu to 

0.99 pu on Gombe bus and 1.00 pu on Yola bus (Figure 4.5). 
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It was also concluded from the impact of the control mode variation that the HVDC 

control does not have much effect on the load flow analysis but is significant for PV analysis. 

The effects are felt on the generated power and critical demand where controllers I and II have 

a higher power generated than controllers III and IV (Table 4.9). The PV analysis also revealed 

that as the load increases, the voltage drop is higher with controllers I and II than with 

controllers III and IV (Table 4.10). The study observed that a converter rating of 500 MVA has 

a higher generating power on the network compared to another converter rating studied on the 

network, while controller I (Vdc-Q/P-Vac) has a higher generating power.  

4.9 Conclusion 

In this chapter, the stability analysis study was conducted for Nigeria's transmission system, 

based on data provided by the Nigeria Electricity System Operator - NESO during the summer 

of 2019 using the PowerFactory (PF) software. An HVDC model was developed and 

introduced to existing Nigeria High Voltage Alternating Current (HVAC) for investigation. 

Ongoing research on HVDC is being conducted to address gaps in Nigeria's power system. 

Through the provided data by the NESO, scenarios were established in the PF environment and 

analysed accordingly. Stability simulation studies were carried out using PV and QV analysis 

to determine weak buses on the network.  

The two connections, Azura-Gombe (Case 1) and Azura–Yola (Case 2), were chosen 

to investigate the effect of the HVDC link on system stability with established indices from PV 

and QV analyses. The findings of the stability studies showed an increased improvement in 

overall system reliability in both situations. However, based on the QV analysis, the most 

sensitive bus was determined for the best location of HVDC, and the introduction of an HVDC 

line between Azura and Yola (referred to as Case 2) revealed better performance, both in terms 

of voltage profile and the reactive power margin (RPM). The amount of reactive power to be 

absorbed for the bus to operate at a voltage profile of 0.99 pu for Gombe and 1.00 pu for the 

Yola bus with an improved critical point of 0.61 pu and reactive marginal point of -448 MVAR 

was obtained. HVDC appears to be a promising initiative for the Nigerian Power System 

network to address the challenges of losses and instability experienced by the Nigerian 

Transmission Grid. The next steps of this work will include an economic analysis.  
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5 Economic Analysis 

5.1 Introduction  
 
 
In planning a power project, it is essential to find economically viable and technically equal 

options so that financial resources can be allocated and recovered as efficiently as possible 

[160]. The economic viability of power projects is crucial in the rapidly changing energy 

market, necessitating thorough analysis to meet rising energy demands and promote sustainable 

solutions [161]. By evaluating various options' benefits, drawbacks, and risks, stakeholders 

make well-informed decisions that will guarantee the effective use of available funds and 

energy's long-term durability and reliability [162]. 

 As energy becomes an essential input, utilities are under pressure to enhance the quality 

of their supply. The capacity to meet demand is hampered by ongoing worries about financial 

stability, operational effectiveness, and long-term viability [163]. Nigeria's growth depends on 

its ability to produce enough power, which affects industry and promotes economic 

independence and development [164]. 

Therefore, an HVDC emerged as a feasible and valuable option with the potential to 

solve the country's rising electricity consumption [165], [166]. Consequently, there is a need 

for an economic study to evaluate the HVDC connection and investment. The identification 

and selection of government investment that will substantially improve the general well-being 

of consumers and the nation will be aided by economic analysis of HVDC projects [167]. The 

study is essential to understand the economic implications and potential advantages of having 

HVDC investments [168]. These investments typically entail financial commitments [163], 

significantly driven by equipment costs and the construction process  [169]. Therefore, an 

economic study of power systems evaluation and investment is required to make a wise 

investment decision for power system management [168]. 

Many businesses choose to protect themselves from outages by purchasing expensive 

generators and facilities, which raises production costs and causes environmental pollution. 

Hence, unreliable power supply and outages have a sizeable economic cost and contribute to 

greenhouse gas (GHG) emissions [21], [165], [166]. However, this also gives more attention 
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to the economic analysis of HVDC technology for power transmission systems. Therefore, the 

discussion of financial effects on HVDC links in the HVAC Nigeria transmission network is 

the focus of this chapter.  

Discounted cash flow analysis helps determine the present value of expected future 

cash flows using a discount rate. Investors widely use this technique to evaluate whether a 

project's projected future cash flows exceed the initial investment's value. A DCF analysis can 

be applied to value various assets, and it is commonly used in the investment industry and 

corporate finance management. The opportunity should be considered if the calculated DCF 

value exceeds the current investment cost. However, if the calculated value is lower than the 

cost, it is not an excellent opportunity to pursue. To perform a DCF analysis, an investor must 

estimate future cash flows and the asset's ending value, such as equipment or other assets 

[170], [171]. Furthermore, DCF analysis, extending beyond simple cash flow analysis, 

accounts for the time value of money and the associated risks of project investment. It 

evaluates project performance through metrics like Net Present Value (NPV), Internal Rate of 

Return (IRR), and Benefit-Cost (B/C) ratios[172], [173]. 

 The selection of the appropriate method depends on the specific context, objectives, 

and available data for the economic analysis. However, in this study, the NPV method is 

considered because it considers the time value of money [174]. The current worth of a project's 

cash flows at the required rate of return, as compared to the initial investment, is known as net 

present value (NPV). Practically, NPV is a way to figure out how much money is invested in 

a project. Evaluating if the predicted financial gains outweigh the present-day investment is 

necessary. This requires reviewing all anticipated returns from the investment and translating 

those returns into financial terms [169], [175], [176]. Generally, the net present value (NPV) 

is calculated by adding the discounted yearly cash flows, which are characterised by 

discounting future cash flows [172], [177]. 

The NPV of an investment is the difference between the present value of benefits (cash 

inflows) and the present value of costs (cash outflows) over the investment's economic life. A 

viable investment usually has a positive NPV, which means that the present value of benefits 

exceeds the present value of costs [178]. NPV tool was chosen to carry out this analysis and 

identify various alternative options for a transmission link. It is used to confirm an investment's 

long-term financial viability. 

This chapter provides some elements for the economic analysis of HVDC links between 

Azura generating station to Gombe load (Case 1) and the link to Yola (Case 2) load bus in the 

present Nigeria HVAC transmission network. This economic consideration will have a crucial 
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role in identifying the worth of investing in this transmission technology as the economic 

calculation function will be used to analyse the costs and benefits of network expansion using 

NPV [65], [172], [179]. 

5.2 Literature review 

In-depth research has recently been concentrated on the economic analysis of HVDC networks, 

and to assess the HVDC technology's financial viability and cost-effectiveness in various 

power transmission scenarios, researchers have carried out a series of significant analyses. The 

results in [180] provide crucial information on the price differences between HVAC and HVDC 

transmission lines. When the transmission line distance is greater than 800 km, it is seen that 

the substation expenses for AC systems outweigh those for DC systems. In contrast, when an 

overhead transmission line is longer than 600 km, the cost of the transmission lines for DC 

systems is cheaper than for AC systems. These findings highlight the cost dynamics, power 

losses, and voltage drops in both AC and DC systems, emphasising the value of performing 

cost assessments in high-voltage transmission systems. These observations help us better 

understand cost factors and offer advice for choosing and implementing transmission 

technology [180]. 

The work presented in [181] carried out the techno-economic comparison of HVAC 

and HVDC for a 4000 MW power station 878 km from the load centres in Pakistan. The authors 

assessed the economic viability of both transmission networks using the Discounted Cash Flow 

(DCF) method. A unique Excel/Microsoft-based system was created to examine the effects of 

numerous input elements on economic comparison. The results showed that compared to 

HVAC, a VSC-HVDC bipolar transmission system offered a more affordable, effective, and 

black-start-capable option than HVAC. The VSC-HVDC system's NPV, computed at 2361.7 

M$, was lower than that of HVAC, which shows the financial benefits of HVDC for long-

distance power transmission [181]. 

In [40], the study of HVDC links was conducted in New York, where the HVDC project 

was conducted from upstate New York (Hudson Valley) to southeast New York (Mohawk 

Valley).  It is intended to have a nominal voltage of 400 kV and a rated power flow capacity 

of 1200 MW. The research revealed that 9.72 M$ reduced consumer payment, and the producer 

net profit increased by 27.45 M$. It suggests that constructing the HVDC link will benefit 

generator owners more financially than load customers as the revenue from the transmission 
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congestion is reduced by 10.89 M$. Hence, the total annual benefit revealed from the economic 

analysis was 26.28 M$ [40].  

The economic assessment of the Low-Frequency AC (LFAC) transmission and HVDC 

transmission system was carried out for a large offshore wind farm in Korea  [182]. A wind 

farm capacity of 600 MW and 900 MW with distances from 25 km to 100 km from the onshore 

grid was investigated. The economic analyses of the two separate transmission systems are 

compared and examined, and the results demonstrate that the LFAC transmission system 

provides more significant financial benefits than HVDC over distances up to about 60 km for 

the 600 MW wind farm. It also offers substantial economic benefits for the 900 MW wind farm 

up to about 110 km  [182]. 

The analysis carried out by [183] compares the cost implication of HVAC, HVDC, gas-

insulated transmission Line (GIL), and hybrid HVDC for offshore wind power in Guangdong 

Province in Eastern China by studying the capital costs, operation and maintenance costs, and 

loss costs [183]. It was revealed that while the cost of AC-type and GIL transmission 

technology is generally influenced by expenses linked to the transmission lines and 

compensation, the capital cost of DC-type transmission technology is mainly influenced by 

investments in converters. The report also revealed that the capacity of the transmission line 

and the offshore distance significantly impact capital costs. Compared to the HVAC and 

HVDC transmission concepts, the GIL electrical transmission concept's economic costs are 

much higher [183]. 

The study by [184] proposes a VSC-HVDC transmission link to connect Herat province 

in the west of Afghanistan, which has potential renewable energy, to Kabul, the country's 

capital and primary load centre. A techno-economic study of HVDC versus HVAC technology 

was conducted to assess the feasibility and effectiveness of the proposed transmission system. 

The project proposes to carry 1000 MW of power at 500 kV voltage through a 640-kilometer 

stretch. The active power, reactive power, and corona losses were estimated as technical 

characteristics, and the discounted cash flow (DCF) approach was used to evaluate both 

systems economically. Technically and financially, HVDC was established as an alternative 

for bulk power transmission over large distances with lower losses. The findings show that 

implementing the HVDC transmission project is technically and economically possible and can 

contribute to the country's energy security and economic stability [184]. 

Overall, many studies on the economic evaluation of HVDC transmission were 

retrieved from the literature. These studies offer insightful information about the advantages of 

HVDC technology and its financial viability. They emphasize how HVDC technology for long-
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distance power transmission is affordable, financially viable, and has several other economic 

benefits. 

5.3 Economic analysis methodology 

In this chapter, the economic assessments of the HVDC link on the Nigerian network will be 

carried out using the NPV technique. The economic analysis will be presented for the three 

cases described in Chapter 3:  

• Case 0 (Base Case) - when no HVDC is on the network. 

• Case 1- a connection between Azura and Gombe 

• Case 2 - a connection between Azura and Yola  

In earlier studies, such as the load flow, reliability analysis [9], [36], and stability study, these 

two buses were recognised as having the lowest voltage magnitude, lowest reliability, and 

weakest bus, respectively, on the network. 

The HVDC model has been described in Chapters 1 and 3. For the economic analysis, data was 

obtained from NESO, and some assumptions of cost were made based on the works of 

literature.  

The NPV is calculated by summing up all the present values of the projected cash flows. 

Projects with positive net benefits are seen as viable, and those with higher net present values 

(NPV) and those with lower NPVs are deemed less profitable. In other words, the project with 

a higher NPV indicates more incredible expected calculated net benefits from the investment 

[185], [186]. The economic benefit of HVDC installed in the cases (Case 1 and 2) is then 

evaluated. 

The cost of the convert stations is approximately 400 M$, and the overhead lines cost 

is estimated to be 150 M$ [184]. The economic factors that are impacted by the nation's 

economy and are subjected to periodic change are considered while evaluating transmission 

line costs [169]. Thus,  an assumption of an 18% interest rate is considered in this work [187] 

with a technical life expectancy of 40 years, which is estimated according to the previous 

project that was commissioned [188], [189]. The CfL and EIC for the first year were manually 

calculated, and the results for CfL, EIC, and NPV were run for 40 years.  

To carry out the economic analysis, the investment cost (IC), annual maintenance cost, 

scrap values (SV), cost for losses (CfL), and expected interruption cost (EIC) are required, and 

this is discussed in the section below.  
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5.3.1 Economic analysis 

Economic factors like investment, inflation, and interest rates affect the transmission 

line's life cycle costs; hence, these components must be evaluated [169]. Therefore, a realistic 

estimate of this investment, including the cost of these components, is necessary. Thus, the data 

for expenses for the investment were obtained from a literature search  [181], [184], [190]. The 

USD ($) is used in the research because PF adopts this unit. Hence, the Nigerian currency, 

Naira (#), is converted to $. 

To carry out the economic analysis, the investment cost (IC), annual maintenance cost, 

scrap values (SV), cost for losses (CfL), and expected interruption cost (EIC) are required, and 

they are discussed below.  Mathematically, NPV is calculated as follows: 

 NPV =  TIC +  DAC (5.1) 

where TIC is the total investment cost, and DAC is the discounted annual cost. 

• Investment cost (IC) 

The component and total investment cost (TIC) for VSC-based HVDC transmission systems 

is shown in Table 5.1. The components are substations/converter stations and overhead 

transmission lines. The cost of the HVDC equipment is given in equation 5.2. 

 TIC =   CSc  +  OTSc (5.2) 

 

where CSc and OTSc are the cost of the substation and overhead transmission system (lines 

and poles), respectively [181].  The data given in Table 5.1 is adapted from some pieces of 

literature. 

• Annual maintenance cost 

This is the expense incurred to maintain and keep the installation in the best working condition, 

estimated at 6 M$ [184]. 

Table 5.1: Data used for economic analysis. 
Total investment cost (TIC) 550 M$ 
Scrap value 8 M$ 
Life span 40 years 
Interest rate 18% 
Energy tariff 0.15 $/kWh 
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• Scrap values (SV) 

This gives the estimated worth of the HVDC equipment when it is no longer productive or 

economically viable. It was determined using the declined balance method and assuming the 

deprecation rate of 10% per year [191]. The expression is given in (5.3), and the result is shown 

in Appendix A.0.4. 

Scrap value = Total investment cost – (depreciation rate at the end of the life span of the asset) 

 SV =  TIC −  (10% of the asset value for its lifespan) (5.3) 

• Cost for losses (CfL) 

These are the costs for the losses on the line, which are calculated using (5.4) [65] based on the 

energy tariff [190].  

 CfL =  Tariff rate (ET) × Line losses  (Ll) ×  hours in year (Hy) (5.4) 

CfL is the cost for losses in $; ET is the energy tariff in $/kWh; Ll is the losses on the line 

evaluated in Chapter 2 (Table 2.4); Hy is the year's hours.  

• Expected interruption cost (EIC) 

On a monetary basis, it plays a crucial role in making an optimal investment decision [192]. It 

represents the projected expenses incurred due to a system's failure, breakdown, or 

unavailability, and it is measured in $/yr [65]. To evaluate EIC, the following data is required: 

load point energy not supplied (LPENS) MWh/yr, total fault duration (TFD), which has been 

calculated in Chapter 3, and the active power (P) of the interrupted load, which was given by 

the Nigeria Electricity System Operator (NESO). The LPENS and EIC were calculated using 

equations 5.5 and 5.6 respectively.  

 LPENS = Total Fault Duration (TFD) × Active power (P)                     (5.5) 

 EIC = ∑(LPENS × ET)                                       (5.6) 

5.4 Economic analysis results 

The results of the economic analysis are presented and discussed in this section. The manually 

calculated results for the CfL and EIC for the first year are presented, and the results for CfL, 

EIC, and NPV were simulated for 40 years. 
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5.4.1 Manual calculation 

This section manually calculated CfL and EIC for the first year using equations 5.4, 5.5, and 

5.6, respectively. 

• Cost for losses (CfL) 

The cost for losses on the network for the first year is calculated, and the calculation requires 

energy tariff (ET), line losses (Ll) (from Chapter 2), and hours in the year (Hy). This was 

calculated as shown in equation 5.7 below: 

 CfL =  ET × Ll x Hy = 0.15 × 150 × 8760 

=  197.1 M$   

(5.7) 

• Expected interruption cost (EIC)  

To calculate the EIC, the load point energy not supplied (LPENS) for each interrupted load is 

required; the calculation requires the total fault duration (TFD), calculated in Chapter 3, and 

the active power NESO provided for each interrupted load. The LPENS and total expected 

interruption cost (TEIC) for Birni-Kebbi were calculated as shown in equations 5.9 and 5.11, 

respectively below: 

 LPENSBirni−Kebbi = TFDBirni− Kebbi × PowerBirni− Kebbi (5.8) 

 LPENSBirni−Kebbi = 17.14 × 198 = 3394     MWh/y (5.9) 

This shows that for the Birnin-Kebbi load, with a total of 132899 customers (chapter 3), the 

energy not supplied is 3394 MWh/yr. The same was calculated for other buses with 

interruption, as shown in Table 5.2. 

Table 5.2: Total load point energy not supplied (TLPENS). 

Loads Interrupted TFD (h/yr)  Power (MW) LPENS (MWh/yr)  
Birni-Kebbi 17.14 198 3394 

Sakete 14.82 226 3349 
Yola 3.49 73 225 

Gombe 0.5 154 77 
Kano 0.1 277 28 

  TLPENS 7103 
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The TEIC on the network for the first year is calculated as shown in equation 5.11 below: 

 TEIC = TLPENS × ET = 7103 × 0.15 $/yr (5.10) 

 TEIC = 1065450  $/yr =  1.07 M$/yr (5.11) 

5.4.2 Simulation results 

The simulation result for the network for the 40 years is presented in this section. The summary 

of the economic analysis result of the network is given in Table 5.3 - Table 5.5; the cases are 

evaluated based on the CfL, EIC, and NPV across 40 years.  

 Table 5.3: Summary of the economic analysis result (Case 0). 
Investment (K$) 0 
Annual cost (K$) 0 

Depreciation Value (K$) 0 
CfL(M$) 8028 
EIC (M$) 44 

 
Table 5.4: Summary of the economic analysis result (Case 1). 

Investment (M$) 521 
Annual cost (M$) 37 

Depreciation Value (K$) 8.99 
CfL(M$) 1116 
EIC (M$) 6.9 
NPV (M$) 1681 

 
 

Table 5.5: Summary of the economic analysis result (Case 2). 
Investment (M$) 521 
Annual cost (M$) 37 

Depreciation Value (K$) 8.99 
CfL (M$) 1146 
EIC (M$) 6.7 
NPV (M$) 1711 

 
Since there is no investment of an HVDC in Case 0, the result for CfL and EIC was 

only recorded for 40 years (Table 5.3). For Cases 1 and 2, the investment value decreases from 

550 M$ (Table 5.1) to 521 M$ (Table 5.4) because of factors such as wear and tear and 

deterioration over a period, inflation rate, and time for money [193]. However, the analysis for 

Cases 1 and 2 is within the same network; therefore, the investment cost, annual cost, and 

depreciation value remain constant for the two cases (Table 5.4 and Table 5.5). As a result of 

the HVDC link on the network, the CfL and EIC values for Cases 1 and 2 were reduced 
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compared to Case 0. Case 2 has a higher CfL compared to Case 1, amounting to 1146 M$, 

because the generated power in Case 2 is higher (4788 MW as revealed in the stability analysis 

in Chapter 4 -     Table 4.5) than the power generated in Case 1 (4784 MW, Table 4.4), thus 

resulting in a higher loss of 133 MW in Case 2.  

It was also revealed that Case 0 has the highest EIC of 44 M$ because there was no 

HVDC, while the EIC of Case 2 (6.7 M$) is lower than Case 1 (6.9 M$). It suggested that Case 

2 has a potentially lower impact from interruptions. Similarly, because Case 0 has no HVDC 

investment, there is no NPV value.  Case 2 has a higher NPV of 1711 M$ than Case 1 with 

1681 M$.  

5.4.3 Economic impact 

The economic analysis tables, Table 5.3 - Table 5.5, reveal some key findings as they 

demonstrate how the use of HVDC significantly reduced costs associated with losses. This 

means that energy losses decrease and efficiency increases using HVDC technology. Due to 

the marginally higher generated power in Case 2, the cost of losses is marginally higher than 

in Case 1. The fact that Case 1 and Case 2 perform better than Case 0 shows that HVDC is 

essential for reducing energy losses. 

The EIC represents the estimated financial impact of interruptions. The EIC has 

significantly decreased because of adopting HVDC technology, and the cost of losses has also 

been reduced. This shows that HVDC improves the system's stability and reliability, reducing 

downtime and related economic losses. From the NPV results, Case 2 NPV is more significant 

than Case 1, which indicates that Case 2 produces a better net benefit over its lifespan of 40 

years, and it is economically viable, resulting in better financial returns than Case 1. 

5.4.4 Socioeconomic impact 

The results provide a basis for conducting a socioeconomic analysis by considering the factors 

of net present value (NPV), cost for losses, and expected interruption cost. The socioeconomic 

impact of Case 0 substantial loss costs is significant. These losses will put a financial strain on 

businesses, raise consumer electricity bills, and cause interruptions in the energy supply. Using 

HVDC increases economic effectiveness, improves reliability, and may even result in a more 

efficient and dependable energy supply by significantly lowering loss-related costs.  

The socioeconomic effects include increased electricity transmission sector 

performance, decreased financial losses, and increased energy efficiency. High EIC in Case 0 
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can have adverse socio-economic consequences. Frequent interruptions can disrupt industries, 

impact productivity, and cause inconvenience to consumers. The lower EIC in Cases 1 and 2 

indicate improved reliability, reduced disruptions, and enhanced socio-economic stability. 

Lower predicted interruption costs are a sign of improved system reliability and stability. With 

the HVDC link on Case 2, the projects perform better and are more resilient, which would lead 

to fewer disruptions.  

The higher NPV values in Case 2 compared to Case 1 point to better economic 

consequences. It demonstrates that Case 2 is more likely to produce investment profits, with 

Case 2 offering a higher net benefit, suggesting a greater possibility for economic returns and 

benefits throughout the 40-year lifespan. It is an economically viable investment, potentially 

leading to socioeconomic growth, job creation, and increased access to reliable energy. The 

result of the socioeconomic impact is out of the scope of this work; however, it may be a subject 

of future work.  

5.5 Conclusion 
In this chapter, an economic analysis study was conducted to connect HVDC to Nigeria's 

transmission network based on a reliability and stability analysis study. The analysis was 

carried out to connect the HVDC at two locations identified as weak buses, Azura-Gombe 

(Case 1) and Azura-Yola (Case 2). The HVDC technology improves the effectiveness and 

reliability of the power transmission networks, reducing energy losses and producing financial 

benefits in both Cases. However, the highest NPV is seen in Case 2, which, in turn, indicates 

higher economic performance compared to Case 1. This made Case 2 preferred over Case 1. 

The analysis carried out in this chapter was limited in scope due to the lack of data. Therefore, 

more extensive investigations will be required for a thorough assessment.   
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6 Summary of contributions and recommendations 

for future work 

6.1 Conclusion 
 
 
The research analysed the Nigeria 330 kV transmission system using the Nigeria Electricity 

System Operator (NESO) data. The study identified Gombe and Yola buses as the weakest 

buses on the network. As a result, they suffer from voltage deviation, low reliability, and weak 

conditions. 

Adopting HVDC technology enhanced the system's reliability, stability, and economic 

performance. Two different HVDC interconnections were studied. The HVDC link between 

Azura and Yola (Case 2) improved performance overall. More specifically, the reliability result 

indicates that Case 2 provides the best results in both system indices (Table 3.17) and load 

point indices (Table 3.19). Regarding stability analysis, Case 2 is also preferred to Case 1 

because it increased the network's performance regarding voltage profile and RPM (Table 4.7). 

Furthermore, with the economic analysis, the highest NPV is seen in Case 2 (Table 5.5), which, 

in turn, indicates higher financial performance compared to Case 1. The results suggest that 

HVDC technology can improve efficiency, loadablity, and reliability, and reduce energy losses, 

leading to favourable financial outcomes for the Nigerian transmission network. 

6.2 Research contributions  
This research has investigated High voltage direct current (HVDC) use within the Nigerian 

transmission system, considering technical and economic evaluation. The following is a 

summary of this research's contributions and accomplishments. 

1. Load flow: The Nigerian transmission network was modelled considering two scenarios, 

summer (the rainy season) and winter (the dry season).  The studies of these two scenarios 

allow for verifying and confirming the accuracy of load flow analysis techniques and models. 
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The model was established, and the model was ensured it matched the load flow results, and 

areas affected by voltage violations were identified.  

2. HVDC model: an HVDC model with different control modes was built for different power 

system studies. Reliability data was included, and various control modes were defined.  

3. Reliability study: The network's reliability was evaluated using the SAIDI, SAIFI, CAIDI, 

and ASAI methods in both summer and winter scenarios, which utilized different reliability 

metrics. The reliability research offered information about how well the transmission 

network performed, suggesting potential areas to enhance the system's reliability and 

reduce outages. Two locations (Case 1: Azura-Gombe and Case 2: Azura-Yola) were 

identified to test the impact of HVDC connections on system reliability. The results showed 

that both cases significantly improved overall system reliability regarding system and load 

indices.  

4. The voltage stability analysis provided insights into the weak busbars in the Nigerian 330 

kV network and highlighted the need for measures to improve voltage stability. Based on 

the base case results, which included load flow, PV, and QV analyses without HVDC 

connection, Gombe and Yola were identified as the critical buses. The loadability of the 

network increased dramatically by 123% in Case 1 and 119% in Case 2 when HVDC was 

introduced to the network. Also, the RPM improved from -43 MVAR to -306 MVAR in 

Case 1, while Case 2 improved from -54 MVAR to -448 MVAR, and the critical point 

improved from 0.67 pu to 0.61 pu. This implies that the collapse point is further away with 

0.61 pu, increasing the loadability. 

5. According to an economic study, HVDC technology benefits the Nigerian transmission 

system. Case 2 has the highest net benefit during the 40-year lifespan. Costs are decreased, 

system stability and reliability are increased, and a greater possibility of financial gain 

exists. In addition, the socioeconomic effects of HVDC deployment may support consumer 

and enterprise prosperity by improving economic growth and stability. 

6.3 Recommendations for future work 

There are a few recommendations for future research based on the findings of this work:  

• In this research, a conventional point-to-point HVDC system that has only two converter 

stations was used. The benefits of building multi-terminal HVDC systems and their 

sustainability from an economic viewpoint can be carried out as part of future work.  
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• Further research could focus on using HVDC technology to integrate renewable energy 

sources into Nigeria's power system. Research how HVDC can help smoothly integrate large-

scale renewable energy projects, like solar and wind farms, into the transmission network. 

• Additional economic studies can be carried out as future work to investigate how HVDC 

developments might affect local business prospects, job growth, and overall economic 

expansion. This is to comprehend the more significant effect of HVDC development on 

communities, industry, and economic development. 
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Appendix A 

 
Appendix A.0.1: Active, Reactive and Apparent power of each load. 

    SUMMER WINTER 

 Load Power 
Factor 

P 
(MW) 

Q 
(MVAR) S(MVA) P 

(MW) 
Q 

(MVAR) S (MVA) 

Aja 0.8 162.7 121 202.76 123.41 0 123.41 
Alagbon 0.91 162 75 178.52 135.03 50 143.99 
Alaoji 0.97 414.7 100.46 426.69 330.6 230.76 403.17 
Ayede 0.99 208 24.74 209.47 230 57.34 237.04 
Bernin Kebbi 1.00 198 2.76 198.02 187 76.78 202.15 
Benin T. S 0.74 132.9 120.8 179.6 170.9 94.79 195.43 
Ganmo 1.00 80.00 0 80.00 122 12.22 122.61 
Gombe 0.98 154 30.00 156.89 116 100.19 153.28 
Ikeja West 0.98 1135 200.41 1152.56 1102 701 1305.86 
Jebba-T. S 1.00 14.00 1.41 14.07 21.00 7.01 22.14 
Jos 0.79 80.00 62.98 101.81 54 39.96 67.18 
Kaduna 1.00 176 0 176 102 0 102 
Kano 1.00 277 0 277 199 0 199 
Katampe 0.96 465 130 482.83 381.1 86.98 390.9 
Makurdi 0.78 161.96 130.69 208.11 135.23 0 135.23 
New Haven 0.99 100 15.47 101.19 170 155.25 230.22 
Onitsha 0.93 141.5 55.88 152.13 168 101.67 196.37 
Osogbo 0.86 167 100.84 195.09 162.6 113.05 198.04 
Sakete 0.99 226 30.11 228 54.00 25.41 59.68 
Sapele 0.8 64.1 47.77 79.94 74.4 8.73 74.91 
Shiroro .001 61.6 5.01 61.8 88.00 10.30 88.57 
Yola 0.94 73.00 26.00 77.49 42.00 31.50 52.5 
Lekki 1.00 - - - 135.03 0 135.03 

Total  4654.46 1281.33 4939.97 4303.3 1902.94 4838.71 
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Appendix A.0.2: Reactive power for generator. 

 Generator P(MW) 
Power 
Factor ∅ tan ∅ Q(MVAR) 

  Afam 363.00 1.00 0.01 0.01 3.17 
  Azura 290.00 0.89 0.46 0.50 144.95 
  Delta 338.00 0.94 0.35 0.37 124.99 
  Egbin 626.29 0.96 0.27 0.28 175.06 
  Geregu 566.00 0.97 0.25 0.26 144.41 
  Ibom 103.50 0.62 0.90 1.25 129.82 
  Ihovbor 108.00 0.96 0.29 0.30 32.14 
  Jebba G. S 346.00 0.94 0.34 0.36 122.97 
  Kanji G. S 280.00 0.96 0.27 0.28 77.04 
  Odukpani 315.70 0.88 0.49 0.53 168.65 
  Olorunsogo 341.60 1.00 0.08 0.08 27.32 
  Omaku 58.30 0.96 0.28 0.29 16.79 
  Omotosho 314.40 1.00 0.06 0.06 18.51 
  Paras Energy 64.10 0.98 0.21 0.21 13.67 
  River 152.00 1.00 0.00 0.00 0.00 
  Sapele 159.30 0.85 0.56 0.63 100.35 
  Shiroro 313.00 0.76 0.71 0.85 266.62 
  Trans Amadi 65.20 0.99 0.16 0.16 10.19 
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Appendix A.0.3: Load flow results for the improved voltage for different control modes. 

Bus 
Without 
HVDC I (PU II (pu) III (pu) 

IV 
(pu) 

Adiabor 1.00 1.00 1.00 1.00 1.00 
Afam 1.02 1.02 1.02 1.02 1.02 
Aja 0.96 0.96 0.96 0.96 0.96 
Ajaokuta 1.00 1.00 1.00 1.00 1.00 
Akangba 0.96 0.96 0.96 0.96 0.96 
Aladja 1.03 1.03 1.03 1.03 1.03 
Alagbon 0.96 0.96 0.96 0.96 0.96 
Alaoji 1.01 1.01 1.01 1.01 1.01 
Asaba 1.01 1.01 1.01 1.01 1.01 
Ayede 0.97 0.97 0.97 0.97 0.97 
Azura 1.01 1.01 1.01 1.01 1.01 
Birni-Kebbi 1.02 1.02 1.02 1.02 1.02 
Benin G. S 1.01 1.01 1.01 1.01 1.01 
Delta 1.04 1.04 1.04 1.04 1.04 
Egbin 1.01 1.01 1.01 1.01 1.01 
Ganmo 0.99 0.99 0.99 0.99 0.99 
Geregu 1.00 1.00 1.00 1.00 1.00 
Gombe 0.91 0.99 0.99 1.01 1.01 
Gwagwalada 0.99 0.99 0.99 0.99 0.99 
Ibom 1.00 1.00 1.00 1.00 1.00 
Ihovbor 1.00 1.00 1.00 1.00 1.00 
Ikeja west 0.96 0.96 0.96 0.96 0.96 
Ikot-Epene 1.01 1.01 1.01 1.01 1.01 
Jebba G. S 1.00 1.00 1.00 1.00 1.00 
Jebba- T. S 1.00 1.00 1.00 1.00 1.00 
Jos 0.91 0.96 0.96 0.97 0.97 
Kaduna 0.96 0.97 0.97 0.98 0.98 
Kanji G. S 1.01 1.01 1.01 1.01 1.01 
Kanji T. S 1.01 1.01 1.01 1.01 1.01 
Kano 0.95 0.96 0.96 0.96 0.96 
Katampe 0.96 0.97 0.97 0.97 0.97 
Lekki 0.96 0.96 0.96 0.96 0.96 
Lokoja 1.00 1.00 1.00 1.00 1.00 
Makurdi 0.96 0.98 0.98 0.98 0.98 
Molai 0.00 0.00 0.00 0.00 0.00 
New-Haven 0.99 1.00 1.00 1.00 1.00 
Odukpani 1.00 1.00 1.00 1.00 1.00 
Oke-aro 0.95 0.95 0.95 0.95 0.95 
Okpai 0.00 0.00 0.00 0.00 0.00 
Olorunsogo 0.97 0.97 0.97 0.97 0.97 
Omoku 1.02 1.02 1.02 1.02 1.02 
Omotosho 1.03 1.03 1.03 1.03 1.03 
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Onitsha 1.00 1.00 1.00 1.00 1.00 
Osogbo 0.98 0.98 0.98 0.98 0.98 
Paras Energy 1.01 1.01 1.01 1.01 1.01 
River 1.02 1.02 1.02 1.02 1.02 
Sakete 0.95 0.95 0.95 0.95 0.95 
Sapele 1.00 1.00 1.00 1.00 1.00 
Shiroro 1.01 1.01 1.01 1.01 1.01 
Trans Amadi 1.02 1.02 1.02 1.02 1.02 
Ugwuaji 0.99 1.00 1.00 1.00 1.00 
Yola 0.91 1.00 1.00 1.03 1.03 
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Appendix A.0.4: Scrap value calculation. 
Year Investment cost depreciation rate at 10% 

1 550000 55000 
2 495000 49500 
3 445500 44550 
4 400950 40095 
5 360855 36085.5 
6 324769.5 32476.95 
7 292292.55 29229.255 
8 263063.295 26306.3295 
9 236756.9655 23675.69655 
10 213081.269 21308.1269 
11 191773.1421 19177.31421 
12 172595.8278 17259.58278 
13 155336.2451 15533.62451 
14 139802.6206 13980.26206 
15 125822.3585 12582.23585 
16 113240.1227 11324.01227 
17 101916.1104 10191.61104 
18 91724.49935 9172.449935 
19 82552.04941 8255.204941 
20 74296.84447 7429.684447 
21 66867.16002 6686.716002 
22 60180.44402 6018.044402 
23 54162.39962 5416.239962 
24 48746.15966 4874.615966 
25 43871.54369 4387.154369 
26 39484.38932 3948.438932 
27 35535.95039 3553.595039 
28 31982.35535 3198.235535 
29 28784.11982 2878.411982 
30 25905.70783 2590.570783 
31 23315.13705 2331.513705 
32 20983.62335 2098.362335 
33 18885.26101 1888.526101 
34 16996.73491 1699.673491 
35 15297.06142 1529.706142 
36 13767.35528 1376.735528 
37 12390.61975 1239.061975 
38 11151.55777 1115.155777 
39 10036.402 1003.6402 
40 9032.761798 903.2761798 

 
Depreciation rate 

total 541870.5144 

 Scrap value 

(Investment cost – Depreciation 
rate total) = 8129. 
Approximately 8000 

 




