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ABSTRACT  
The quest to integrate renewable energy sources (RES) into power grids arises from the need to adopt a 
sustainable source of energy while achieving energy security. RES such as solar photovoltaic (PV) and wind 
energy systems are also called inverter-based generators (IBGs) because of their inverter-interfaced connections 
with the grid. The inverter's quick dynamic response and low short-circuit capacity (SCC) can cause distress to 
the grid and potentially result in power system stability problems. This paper has assessed the SCC and system 
strength of the Nigerian grid based on proposed IBG integrations in the northern part of the country. A short-
circuit study was conducted, system strength was evaluated using the Network Response Short Circuit Ratio 
(NRSCR), and a dynamic voltage stability analysis was performed. These studies revealed that most of the 
proposed points on the grid have low SCC but suitable for the size of IBG integration; however, some identified 
weak points may affect the stability of the grid. The results of this investigation provide valuable insights on the 
impact of IBG integration in renewable energy-rich, SCC-deficient areas of a grid. 

KEYWORDS: Renewable energy resources; Inverter-based generators, Short-circuit capacity; Solar PV; System 
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1. INTRODUCTION  
The Nigerian power grid, like many others around the world, is struggling to meet the increasing demand for 
energy due to inadequate generation. But then, the adoption of renewable energy sources (RES) has provided 
an alternative source, largely owing to its reduced marginal costs and a drive for low-carbon generation (Gordon 
et al., 2022). RES popularity has been further supported by government incentives and advancements in 
technological breakthroughs, and it is projected that Nigeria's energy mix will increasingly incorporate 
renewable energy sources, as shown in Figure 1 (International Renewable Energy Agency, 2023). 
 

 
Fig. 1. Electricity generation based on generation technology under current plans and policies 

 
Although RES technologies such as solar photovoltaic and wind energy systems, which are within a larger group 
of generators known as inverter-based generators (IBGs), are the most prevalent, their power electronics inverter 
interface may pose a challenge to the stable operation of power grids. Traditionally, synchronous generators (SGs) 
are the primary sources of short-circuit current, which ensures power grid resilience during system disturbances. 
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The large-scale integration and preference of IBGs over SGs in power systems, however, leads to low short-circuit 
current, which can make a power grid vulnerable.  The strength of the grid at a specific point in the network is 
one such vulnerability and is characterized by the size of the short-circuit capacity (SCC). IBGs are typically 
located in remote regions of an electric power grid, where they are connected to the main grid by long transmission 
lines and are not supported by SGs, which provide short-circuit services (Ekic et al., 2018). As the penetration 
level of IBGs increases in some areas and the commitment to synchronous resources falls, these areas become 
weak. The weakness is aggravated by the rapid dynamic response of the inverter controller, which responds 
quickly to any slight deviation from normal operating conditions (Mohammed et al., 2019).  Moreover, having a 
large concentration of these IBGs within an area will allow them to interact with each other, causing significant 
weak grid issues.  
System strength assessment is an essential requirement for power system operators and planners to provide 
adequate understanding of potential weak grid areas prior to the integration of an IBG. The system strength of a 
power grid with IBG is quantified by the short-circuit ratio (SCR) (North American Electric Reliability 
Corporation, 2017). It estimates how rigid the grid is to disruptions such as changing power injection or equipment 
switching. Although SCR's computation is based on the steady state parameter, it is an indicator of a bus's 
resilience to disturbance during dynamic conditions (Goud et al., 2019). SCR computation, however, does not 
consider the impact of interactions between IBGs, which can lead to inaccurate estimates of the grid's strength at 
the PoIs for IBG (North American Electric Reliability Corporation, 2017; Zhang et al., 2014). Other available 
methods, such as the weighted short-circuit ratio (WSCR) developed by ERCOT (Zhang et al., 2014) and the 
composite short-circuit ratio (CSCR) developed by GE (GE Energy, 2014), do consider the effects of IBG 
interactions on grid strength but fail to account for the electrical connections between IBGs, which can result in 
an inaccurate representation of the grid's strength at PoIs. Moreover, both the CSCR and WSCR methods mainly 
provide the combined strength of a power grid in the area where the IBGs are interconnected, but they do not 
compute the strength of the grid at each individual PoI within an area (Aldaoudeyeh et al., 2019). The network 
response short-circuit ratio (NRSCR) proposed by Sanni et al. (2022) addresses these limitations and provides a 
more accurate assessment of the grid's strength at PoIs by accounting for both the interactions among IBGs and 
their electrical connections. 
This paper presents an investigation into the impact of low SCC on system strength at the PoI when IBGs are 
integrated. The Nigerian transmission grid is used as the case study based on the proposed integration of IBGs in 
the grid. 

2. METHODOLOGY 
 
2.1 Power System model 
The Nigerian transmission grid system being studied is presented in Figure 2. It comprises 71 buses, including 19 
conventional generators, 43 loads, and 79 overhead transmission lines. Power transmission occurs at two 
voltage levels: 330 kV and 132 kV. Thermal power plants serve as the primary sources of conventional generation 
in the southern part of the country, whereas hydroelectric power plants dominate the northern part. The 
northern region also has abundant renewable energy resources, such as wind and solar, with available land for 
utility-scale deployment. In 2016, Nigerian Electricity Bulk Trading (NBET) Plc signed a power purchase 
agreement (PPA) with several investors (see Table 1) interested in harnessing this resource for utility-scale 
systems. Accordingly, this study incorporates renewable generation, which includes nine solar PV plants and one 
type III wind turbine generator, based on the NBET’s PPA.  
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Fig. 2. Single-line diagram of case study Nigerian transmission network. 

Table 1. Proposed solar PV and wind energy projects in northern Nigeria 

Project / Project Company Type PoI Equivalent Capacity 
(MW) 

KVK Power Limited Solar Birnin Kebbi 55 

Nigerian Solar Capital Partners Solar Gombe 100 

LR Aaron Power Solar Gwagwalada 100 

CT Cosmos Solar 

Jos 220 
 Quaint Abiba Power Solar 

Anjeed Innova Group Solar 

EN Africa Solar Kaduna 50 
Novia Scotia Power Development 
Company Solar 

Kano 130 
Oriental Renewable Solutions Solar 

Afrinegia Power Limited Solar Katampe 50 

Pan Africa Solar Solar 
Katsina 175 

Nova Solar 5 Farm Limited Solar 

Vergnet Wind (Type 3) Katsina 10 

Middle Band Solar One Solar Lokoja 100 

Total 990 
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b. Short-circuit studies  
The short-circuit current is the current at a given point in the power system during a short-circuit fault based on 
the equivalent source impedance and nearby sources of fault current. Short-circuit studies use static computational 
methods involving various factors to model the contribution of synchronous and asynchronous machines. The 
short-circuit capacity (SCC) at a bus is the short-circuit current expressed as power (Urdal et al., 2015). This 
information is also used to classify power grids without IBGs as either weak or strong. In fact, the terms “SCC” 
and “system strength” are sometimes used interchangeably (Gordon et al., 2022). Although there is no predefined 
threshold for SCC, the higher the SCC of a bus, the stronger the bus. Short-circuit analysis was conducted in this 
study using the IEC 60909 standard, which expresses the short-circuit power as shown in equation (1). It involves 
applying a balanced three-phase fault to the bus of interest first, and thereafter computing short-circuit capacity 
based on the symmetrical short-circuit current and pre-fault voltage of the bus.  

 𝑆𝑖′′ = √3𝑉𝑛𝐼𝑖′′ (1) 

where 𝑆𝑖′′ is the short-circuit capacity to be computed for bus i, 𝐼𝑖′′ and 𝑉𝑛 are the short-circuit current and the 
bus nominal voltage, respectively. 

 
c. Grid Strength Assessment 

When IBGs are integrated into a power grid, the short circuit ratio (SCR) given by equation (2) is a common 
measure used to assess the strength of the PoI and to evaluate its ability to operate under different system 
conditions. A lower SCR is associated with a weaker system, while a higher SCR indicates a strong system that 
can easily recover from major disturbances. It is defined as the ratio of the short-circuit capacity at the PoI to 
the rated capacity of the IBG. It is mathematically expressed as given in Equation (2) (Sanni et al., 2022). 

 𝑆𝐶𝑅𝑖 =
x𝑆𝑖′′x
𝑃IBG,𝑖

 (2) 

where PIBG,i is the rated power of the IBG.  
However, the accuracy of the SCR only applies to a single IBG in a single PoI, as it does not account for the effects 
of interactions caused by close-by IBGs (Fernandes et al., 2015; Kim et al., 2020; Wu et al., 2018). To address 
this, a previous work by the author proposed the network response short-circuit ratio (NRSCR) (Sanni et al., 
2022), which captures the interactions among IBGs to evaluate system strength. Equation (3) shows the 
expression for computing NRSCR. 

 
𝑁𝑅𝑆𝐶𝑅𝑖 =

𝑆𝑖′′

K𝑃𝐷𝐺,𝑖 +~ [𝑃𝐷𝐺𝐶 ]𝑗,𝑖
𝑗∈𝐷,𝑗≠𝑖

O
 

(3) 

Where 𝑆FGGis the short-circuit capacity at the ith PoI; PDG,i is the rated capacity of the IBG connected at bus i; 
[𝑃𝐷𝐺𝐶 ]𝑗,𝑖 is the fraction of neighbouring IBG injection at bus j interacting with the IBG at bus i; and D is the total 
number of IBG in the network. Typically, system strength evaluated either with SCR or NRSCR classifies a system 
as strong for value greater than 3, weak for value between 2 and 3, and very weak for value less than 2. 
Although this study involves multiple IBG integrations, both the SCR and NRSCR measures are evaluated to 
provide a proper perspective on the accuracy of the latter.  
 
d. Dynamic analysis 

This study conducts dynamic simulation studies is to assess how the IBGs respond to a sudden disturbance at 
the PoIs with different system strength values. To achieve this objective, a solid three-phase short circuit fault is 
simulated in this test network, which lasts for 0.3 seconds before clearing. The response of the IBG during and 
after fault clearance is then evaluated with respect to the NRSCR values in the PoIs. This study utilized the 
industry-standard Power System Simulation for Engineering (PSS/E) software to model and simulate the Nigeria 
330 kV network. 
 
3. RESULTS AND DISCUSSION 
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This section describes the results of short-circuit studies, system strength evaluation, and dynamic analysis of 
the system response to disturbance. 
Figure 3 presents the results of the short-circuit studies conducted on the Nigerian transmission grid to assess 
the strength of the network without any IBG integration using the IEC 60909 standard. It was observed that 
buses in the southern part of the grid had significantly higher SCC values than buses in the northern region. The 
highest SCC value of 19,888 MVA was recorded at the Benin bus, while the lowest value of 378 MVA was at the 
Maiduguri bus. The reason is due to the higher concentration of synchronous generators in the south than in 
the north. Selected buses in the northern region (coloured red), including Birnin Kebbi, Gombe, Jos, Kano, and 
Katsina, are the proposed PoI for IBG integration based on the NBET PPA agreement. It is observed that these 
PoIs have very low SCC compared to most buses in the grid. This should be of concern for future integration of 
IBG into the grid in this region. 
 

 

Fig. 2. Short-circuit capacity profile of the Nigerian transmission grid. 
 
The SCC value at the proposed PoIs shows that it ranges from 571.77 MVA at Gombe to 1805.67 MVA at Lokoja. 
These SCC values are used to evaluate the system’s strength using SCR and NRSCR metrics. Table 1 presents the 
results of the SCR and NRSCR values computed using Equation (2) and (3), respectively, with the rated power 
output of the IBGs. It is observed that the result of the SCR estimates is generally higher than that produced by 
NRSCR. While the rated power at the PoIs ranges from a minimum of 50 MW at Kaduna and Katampe to 220 
MW at Jos, SCR identified all the PoIs as strong (i.e., > 3), with Kaduna (SCR = 29.44) as the strongest. This is 
contrary to the NRSCR measure which suggests Katampe (NRSCR = 19.01) as the strongest, while the buses at 
Kano (NRSCR = 2.05) and Katsina (NRSCR = 1.93) are identified as weak and very weak, respectively. Moreover, 
both measures identified Katsina as the weakest PoI. This confirms the suggestion that the SCR metric is 
unsuitable as a metric of choice in a multi-IBG-penetrated power grid. Furthermore, the PoIs at Kano, Katsina, 
Kaduna, Gombe, and Jos all have NRSCR values less than 10, with Kano and Katsina posing a potential concern 
for the grid due to their closeness and interaction between the two PoIs. All other buses have NRSCR values 
greater than 10 and may not be of concern to the grid.  

 Table 4. System strength evaluation result for IBG integrated Nigerian transmission grid 

PoI 
Short-circuit 
power at PoI 

(MVA) 

Rated Power 
injection of IBG 

(MW) 
SCR NRSCR 

Kano 735.01 130 5.65 2.09 

Katsina 650.33 185 3.51 1.96 

Kaduna 1472.13 50 29.44 7.31 

Gombe 567.77 100 5.68 2.94 

Birnin kebbi 664.41 55 12.08 12.08 

Gwagwalada 1581.97 100 15.82 13.48 

Katampe 1415.51 50 28.31 19.01 
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Lokoja 1805.67 100 18.06 16.49 

Jos 1085.71 220 4.94 3.23 
 
To confirm the validity of result and presence of interaction based on the system strength values indicated in 
Table 1, a dynamic simulation is conducted to assess the dynamic voltage stability of the Nigerian power grid. A 
credible disturbance by way of a three-phase fault is simulated at the Shiroro bus for 300 ms, and the Shiroro-
Jebba transmission line is tripped to clear the fault. Figure 4 illustrates the voltage response of the PoIs in relation 
to the system strength, which is evaluated using NRSCR. The simulation is conducted first with all the IBGs 
connected (Scenario A). Thereafter, the simulation is repeated by disconnecting the IBG at Kano (scenario B). 
For scenario A, it is observed that the bus voltages in Kano, Katsina, Kaduna, Gombe and Jos displayed some 
transients during fault conditions. The response can be attributed, among other things, to the proximity of the 
two weakest buses (Kano and Katsina), to the fact that the short-circuit power of these buses is low in 
comparison to the rated capacities of the IBGs, and to the fact that the control action of the IBG power electronic 
systems at these PoIs interacts with one another in an attempt to maintain a stable system operation. This 
demonstrates that the IBG voltage controller's quick dynamic response has a significant impact on grid stability 
in locations with low SCC. In contrast, Birnin Kebbi, Gwagwalada, Katampe, and Lokoja buses' voltage responses 
did not experience similar transients, despite Katampe and Gwagwalada's nearness to the fault location.  
In scenario B, where the generator at Kano was disconnected, none of the PoIs experienced any transients during 
the fault as recorded in scenario A. This confirms that the absence of interactions among multiple IBGs at a weak 
PoI is will not impact grid operation negatively.  
 

  

Fig. 3. voltage response to system disturbance 
 
4. CONCLUSION 
The existence of low SCC in the Nigerian transmission grid and its impact on system strength when integrated 
with IBGs has been examined. Without IBG, the short circuit studies indicates that the most buses in the northern 
part of the grid are weak. With the integration of IBGs, the system strength measured by NRSCR shows that 
some of the proposed PoI based on the NBET PPA are not entirely weak, with some strong PoIs. However, the 
presence of few buses with NRSCR value less than 3 may be a source of concern in ensuring operational stability. 
Dynamic voltage stability analysis shows that PoIs with system strength less than 10 may require close attention 
and adequate planning to integrate IBGs. In this regard, this study will help the system operators and the concern 
stakeholders to have the knowledge of the system strength for immediate and future system planning.  
Nevertheless, additional studies will be required to establish a threshold NRSCR value to differentiate a weak 
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grid condition and a strong grid. Future studies will investigate the impact of IBG integration on frequency 
stability of the grid. 
 
ACKNOWLEDGEMENT  
The lead author received support from the Tertiary Education Trust Fund (TETFund) through the Academic Staff 
Training and Development (AST&D) Grant of the Federal University Oye-Ekiti, Nigeria.  
 
REFERENCES 

Aldaoudeyeh, A. M., Wu, D., & Jiang, J. J. (2019, August). Identification of Critical Branches for Improving Weak 
Grid with Large-scale Integration of Inverter-based Resources. 2019 IEEE Power & Energy Society General 
Meeting (PESGM). https://doi.org/10.1109/pesgm40551.2019.8974106 

Ekic, A., Fischer, A., Eisenbeisz, A., Lind, G., Aldaoudeyeh, A. M., & Wu, D. (2018, September). Impact Analysis 
of Power Network Structure on Grid Strength. 2018 North American Power Symposium (NAPS). 
https://doi.org/10.1109/naps.2018.8600573 

Fernandes, R., Achilles, S., & MacDowell, J. (2015). Report to NERC ERSTF for Composite Short Circuit Ratio 
(CSCR) Estimation Guideline. 

GE Energy, C. (2014). Minnesota Renewable Energy Integration and Transmission Study (Final Report). 
http://www.minnelectrans.com/documents/mrits-report.pdf 

Gordon, S., Bell, K., & Hong, Q. (2022). Implications of reduced fault level and its relationship to system 
strength: a Scotland case study. CIGRE Session 2022. 

Goud, R. D., Rayudu, R., Mantha, V., & Moore, C. P. (2019, September). Impact of Short-circuit Ratio on Grid 
Integration of Wind Farms-A New Zealand Perspective. 2nd International Conference on Large-Scale Grid 
Integration of Renewable Energy in India (RE Grid Integration Conference India 2019). 

International Renewable Energy Agency. (2023). Renewable Energy Roadmap: Nigeria. 

Kim, D., Cho, H., Park, B., & Lee, B. (2020). Evaluating Influence of Inverter-based Resources on System 
Strength Considering Inverter Interaction Level. Sustainability 2020, Vol. 12, Page 3469, 12(8), 3469. 
https://doi.org/10.3390/SU12083469 

Mohammed, O. O., Otuoze, A. O., Salisu, S., Ibrahim, O., & Rufa’i, N. A. (2019). Virtual synchronous generator: 
an overview. Nigerian Journal of Technology, 38(1), 153–164. 

North American Electric Reliability Corporation. (2017). Integrating Inverter-Based Resources into Low Short 
Circuit Strength Systems. 
https://www.nerc.com/comm/PC_Reliability_Guidelines_DL/Item_4a._Integrating _Inverter-
Based_Resources_into_Low_Short_Circuit_Strength_Systems_-_2017-11-08-FINAL.pdf 

Sanni, S. O., Akorede, M. F., & Olarinoye, G. A. (2022). Strength assessment of electric power systems 
containing inverter-based distributed generation. Electric Power Systems Research, 207. 
https://doi.org/10.1016/j.epsr.2022.107825 

Urdal, H., Ierna, R., Zhu, J., Ivanov, C., Dahresobh, A., & Rostom, D. (2015). System strength considerations in a 
converter dominated power system. IET Renewable Power Generation, 9(1), 10–17. 
https://doi.org/10.1049/iet-rpg.2014.0199 

Wu, D., Li, G., Javadi, M., Malyscheff, A. M., Hong, M., & Jiang, J. N. (2018). Assessing Impact of Renewable 
Energy Integration on System Strength Using Site-Dependent Short Circuit Ratio. IEEE Transactions on 
Sustainable Energy, 9(3), 1072–1080. 

Zhang, Y., Huang, S. H. F., Schmall, J., Conto, J., Billo, J., & Rehman, E. (2014). Evaluating system strength for 
large-scale wind plant integration. IEEE Power and Energy Society General Meeting, 2014-
Octob(October), 1–5. https://doi.org/10.1109/PESGM.2014.6939043  


