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Summary 

The 15 member states of the Economic Community of West Africa States (ECOWAS), 

namely Nigeria, Niger, Benin, Togo, Ghana, Cote d’Ivoire, Burkina Faso, Mali, Senegal, 

Liberia, Sierra Leone, Guinea, Guinea Bissau and Gambia, established the West African 

Power Pool (WAPP) in 2006 to pursue the strategic goal of regional energy integration and 

effort to be self-sufficient in electricity supply in the West African sub-region. The WAPP is 

envisaged as a means to provide the citizenry of the community increased access to stable 

and reliable electricity at affordable costs. The vision and mission of the WAPP is also to 

establish an open, unified, regional electricity market in West Africa to facilitate the balanced 

development of diverse energy resources of the ECOWAS Member States for their collective 

economic benefit, through long-term energy sector co-operation, unimpeded energy transit 

and increasing cross-border electricity trade [1]. 

The synchronization of the WAPP interconnected systems is a key milestone to achieve the 

WAPP goals. Nevertheless the WAPP power system is currently operated in different 

asynchronous blocks, despite several synchronization attempts in the last years, which 

implied to resign the synchronous operation due to instability issues, such as power 

oscillations and tripping of lines due to voltage violations. In order to allow a safe, secure and 

stable operation of the WAPP network as a single synchronous interconnected system, 

operational studies have been undertaken to perform a feasibility study for synchronization of 

WAPP interconnected system and to identify suitable reinforcements. The present studies 

have reviewed the conditions of the synchronization to prepare its implementation. 

The outcome of the studies include the specifications of the additional equipment required for 

the synchronized operation and the recommendations for the adaptation of the operating 

rules and for possible additional agreements between the different interconnected utilities. 

The paper presents the approach and results of these operational studies and how identified 

operational issues have been addressed. Two different time horizons have been considered, 

namely the current scenario (2016) and the short-term future scenario (2020) considering the 

planned network developments. 
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1. INTRODUCTION 

Figure 1 shows an overview of the WAPP countries together with the main interconnection 

projects (implemented and planned). The power system of WAPP is currently operated in 

three separated unsynchronized main zones (Zone A: Nigeria, Niger; Zone B: Benin, Togo, 

Ghana, Côte d’Ivoire, Burkina Faso; Zone C: Mali and Senegal, while the power systems of 

the remaining WAPP countries are not yet interconnected and the related projects should be 

accomplished within the 2020). In the framework of the synchronization of WAPP 

Interconnected Power System, an operational study was required to identify the necessary 

updates and reinforcements to the WAPP power system in order to achieve the secure 

operation of the interconnected system considering the target years 2016 and 2020. 

 

Figure 1: WAPP map and main interconnections 

The study was performed both on the current scenario (2016 peak-load and off-peak-load) 

and in the short-term scenario (2020 peak-load and off-peak-load), with the main 

characteristics summarized in Table 1. For the year 2016, additional scenarios have been 

setup, considering the synchronization of the currently separated network and the identified 

reinforcements. 

Scenario 
PGEN 

[MW] 
PLOAD 
[MW] 

Reserve Base 
Case 

[MW] 

Reserve Reinf. 
Case 

[MW] 

Peak 2016 9468 9187 571 818 

Off-Peak 2016 7781 7557 596 917 

Peak 2020 15431 14931 928 NA 

Off-Peak 2020 11700 11364 857 NA 

Table 1: Main figures of the WAPP scenarios 

The analyses were performed according to the methodology summarized in Figure 2 and 

following described. 
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Figure 2: Stage of the analysis 

 

1. Definition of the Security Reference Level: the goal of the study was to propose the 

necessary updates and reinforcements to the WAPP power system in order to achieve 

the secure operation of the interconnected system for the years 2016 and 2020. In order 

to compare the improvements of the proposed solutions with respect to the current 

situation, the analyses were first carried out on the present system model (Base Case 

Scenario) in order to get a reference point. 

2. Execution of the analyses on the 2016 model: the initial analyses were related to the 

static security assessment. Using the outcomes of these analyses, a first list of 

reinforcements and recommendations have been provided. The dynamic security 

analyses have been performed based on the results of the static analysis and 

considering the preliminary reinforcements list. Additional reinforcements and 

recommendations have been identified as outcomes of the dynamic analyses. 

3. Execution of the analyses on the 2020 model: considering the recommendations and 

reinforcements provided in point 2 already implemented in the 2020 network model, the 

same analyses were carried out on the 2020 scenarios. The reinforcements and 

recommendations for the 2020 scenarios were the output of these analyses. The 2020 

model has been extended to additional WAPP countries (Liberia, Sierra Leone, Guinea, 

Guinea Bissau and Gambia), considering also the planned CLSG (Côte d'Ivoire, Liberia, 

Sierra Leone, Guinea) and OMVG (Organisation pour la Mise en Valeur du fleuve 

Gambia) interconnection Projects. 

 

2. STEADY STATE ANALYSES 

Following steady-state analyses have been performed: 

 Contingency Analysis 

 Voltage Sensitivity Analysis 

 Short Circuit Analysis 
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1.1 CONTINGENCY ANALYSIS 

The contingency analysis has been applied in order to assess the compliance of the WAPP 

system with the steady state security standards, as required in the WAPP Operation Manual 

[2]. The Contingency Analysis was performed based on a defined contingencies list 

comprising each generating unit and all network elements (lines, breakers, two and three 

winding transformers and shunts) connected to buses with rated voltage equal or above 90 

kV and monitoring the whole WAPP system with rated voltage equal or above 132 kV. In 

case, either a trip of generation or occurrence of contingencies (loss of other network 

elements) lead to network separations, the contribution of the steady state primary frequency 

control contribution was considered through the generators permanent droop. Furthermore in 

the base case it has been observed that primary reserve was not adequate in all the areas of 

the WAPP network. It was therefore proposed as an initial recommendation  to review the list 

and requirements of units under primary frequency control in order to obtain an adequate 

and well distributed reserve margin and frequency control performance (such as droop, 

dead-band and time response). 

Two different categories of critical contingencies have been identified. The first is related to 

phenomena mainly related to local violations not significantly impacting the interconnections, 

which should be further investigated by the single System Operators to address suitable 

countermeasures or local reinforcements to assure, for instance, an adequate reactive power 

support to improve voltage profiles or to handle the observed local voltage collapses (e.g. 

implementing shunt compensation or improving voltage control in power plants). A second 

list of observed contingencies has a direct impact on the interconnections and could be 

critical for the security and stability of the WAPP interconnected system. Some of the most 

critical contingencies also lead to non-convergent power-flows. This condition could be an 

indicator of potential instabilities and required further investigation carried out through 

dynamic analyses. Some of the most critical observed issues are: 

 The trip of a single 225 kV line across Mali and Senegal and belonging to the 225 kV 

RIMA (Réseau Interconnecté de Manantali) backbone causes network separations, with 

possible overloads and over/under-voltages. Voltage profiles could be improved through 

the installation of controllable reactive compensation, in addition to the already available 

fixed shunt reactors (present in most of the RIMA substations/lines), while overloads 

could be managed through installation of dedicated protections. 

 The trip of the 330 kV interconnection between Nigeria and Benin (Ikeja - Sakété) causes 

critical voltage collapses (mainly concentrated in Togo/Benin). This critical issue may be 

well solved with the completion of the coastal backbone interconnection (estimated to be 

completed in the short-term) with the operation of the 330 kV lines Sakété-Davie-Asogli 

(Ghana/Togo/Benin). 

 The trip of the 132 kV interconnections between Nigeria and Niger causes voltage 

collapses. Voltage profiles across Nigeria and Niger can be improved through the 

installation of additional controllable reactive compensation. 

 In the 2020 scenarios some reactive compensations (series and shunt) were identified to 

obtain an acceptable voltage profile even in the base case, mainly located in the areas of 

the North-Core (Nigeria, Niger, Benin, Burkina Faso) and Salkadamna/Goroubanda 

(Niger) interconnection planned projects. 

 In the 2020 scenarios, considering the significant number of new interconnections, it is 

advisable to evaluate the installation of equipment (PSTs or FACTS) in some relevant 

interconnections of the WAPP network to control power flows and manage potential loop-

flows. 



5 
 

1.2 VOLTAGE SENSITIVITY ANALYSIS 

The voltage sensitivity analysis was applied to find the best locations to install the reactive 

compensation necessary to improve the voltage control especially in N and N-1 conditions. 

The voltage sensitivities are calculated as Vi/Qj. The variation of the voltage in the i-th bus 

(   ) is evaluated by injecting 1 MVAR of reactive power in the j-th bus (   ). The set of i-th 

buses includes all the system buses with nominal voltage equal or above 90 kV. 

Starting from the results of the contingency analyses the list of the buses where voltage 

violations occurred (violated buses) was available. For such buses the sensitivities against 

reactive power injection in all system buses has been calculated. The analysis provided a list 

of candidate buses to select the best location for installing reactive compensation, as shown 

in Table 2 concerning the Mali/Senegal area, where the installation of an SVC of +/- 30 

MVAR at Matam (Senegal) 225 kV substation has been recommended. 

Bus Name Max Vi/Qj on 
Violated Buses 

[pu/Mvar] 

Number of 
occurrences 
on Violated 

Buses 

Mean Vi/Qj on 
Violated Buses 

[pu/Mvar] 

BAKEL  225 kV 0.001281 13 0.00127 

MATAM  225 kV 0.001621 21 0.00121 

DAGANA 225 kV 0.001580 19 0.00128 

SAKAL  225 kV 0.001264 17 0.00119 

Table 2: Candidate Buses for the Mali/Senegal area 

 

1.3 SHORT CIRCUIT CURRENTS ASSESSMENT 

The short-circuit analysis has been performed to ensure that existing and new equipment 

ratings are adequate to withstand the short circuit energy available at each point in the 

electrical system. In particular, the analysis is aimed at the evaluation of the adequacy of the 

rated short-circuit breaking current against the single phase (1-PH) and three-phase (3-PH) 

short circuits occurring in the substations belonging to the WAPP Interconnection. The 

calculation of the short-circuit levels are performed according to IEC 60909 standard [3] and 

considering the peak and off-peak conditions related to the 2016 and 2020 scenarios. The 

obtained results indicated that in all the interconnection buses the breaking capacity is 

adequate to interrupt both the maximum 3-PH and 1-PH short circuit currents. In few limited 

cases (mainly in the 2020 scenarios) the breaking capacity in some local areas could not be 

adequate. Further investigation are recommended and possible suggested solutions could 

be to install breakers with a higher breaking capacity, study different topological 

configurations or install Current Limiting Reactors (CLR). 

 

3. SMALL SIGNAL STABILITY 

The scope of this part of the study was to investigate the small signal stability of the WAPP 

system, identifying the inter-area modes, the local modes and the generators participating to 

such oscillations. These kinds of study have become more and more important in power 

system planning and operation due to the following facts: 

 large-scale system interconnections; 

 operation of system closer to transmission limits; 

 integration of new generation; 
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 regulatory requirements for enforcing small signal stability criteria. 

The analysis was focused on oscillatory modes and electromechanical oscillations affecting 

power systems that are reported in range of 0.1-2 Hz, including both local and inter-area 

oscillations and evaluating damping of oscillation modes and tuning of PSS according to the 

typical damping objectives (as shown in Figure 3). 

 

 

Figure 3: Type of electromechanical oscillation modes and damping evaluation scale. 

Several local modes were observed in each scenario (both in 2016 and 2020), having 

damping ratio less than 20% (damping target).The analysis of the participation factors for the 

local modes allowed to identify the machines in which the Power System Stabilizers (PSSs) 

should be installed or tuned. Also inter-area modes were observed but they are in most 

cases below the damping target of 5%. However, a characterization of the inter-area modes 

is useful to understand the different behavior of the network in different scenarios. 

More in details in the interconnected scenarios low frequency inter-area oscillations 

emerged. Even though the damping is acceptable, it should be stressed that in the 

interconnected operation the application of stabilizers is more important with respect to the 

non-interconnected base cases, as shown in Figure 4, comparing the oscillations after typical 

disturbances respectively in the base case (separated) and interconnected scenario. 

Furthermore the results of the small signal analysis have been used in a WAMS (Wide Area 

Monitoring System) study performed to identify the most suitable location for PMUs (Phasor 

Measurement Systems) able to provide an accurate monitoring of fast dynamic phenomena. 

 

Figure 4: Comparison of faults responses (Ghana left and Nigeria right) between base case (green) and 
interconnected peak scenario (red). 

 

4. DYNAMIC SECURITY ASSESSMENT 

This analysis evaluated the ability of the system to withstand the occurrence of critical 

contingencies to assess the proper dynamic response of the system following major faults 

and outages and for verifying the effectiveness of the defence plan. The simulated critical 

contingencies included generation losses, faults with subsequent tripping of critical lines from 
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the point of view of the system stability and separation of interconnected areas. The analysis 

of critical contingencies has been focused on the following aspects: 

 Evaluation of the adequacy of the regulators to control the system frequency (both in 
terms of contribution amount and dynamic response) and voltage. 

 Evaluation of the voltage stability, monitoring the occurrence of voltage instabilities 
during the simulations. 

 Evaluation of effectiveness of the existing defense plan. 

All the analysed cases of loss of generators were stable. In some cases in the base case 

scenarios the contingency activated the Under Frequency Load Shedding (UFLS), while in 

the interconnected and 2020 scenarios the UFLS has been never activated. In case of trip of  

lines/transformers due to three-phase short circuit not all the analysed cases were stable in 

the base case scenarios. For these cases, shown in Table 3, measures have been identified 

and proposed. Figure 4 shows the effects of the proposed reinforcements, such as Special 

protection Schemes (SPS), in a selected case through time domain simulation. 

Contingency 
Vnom 

[kV] 
Area 

Not stable 
Proposed Measure BASE 

2016 
INTER 
REINF 

2020 

Ferké – Kodeni 225 
C.Ivoire/ 
B.Faso 

X X - 
Review of generator dispatching or/and 
UFLS tuning in Burkina Faso 

Katsina – 
Gazaoua 

132 
Nigeria/ 
Niger 

X X - 
Include also capacitor banks trip in the 
load-shedding. 

B.Kebbi – Dosso 132 
Nigeria/ 
Niger 

X - - - 

Ikeja – Sakete 330 
Nigeria/ 
Benin 

X - - - 

Bakel - Kayes 225 
Mali/ 
Senegal 

X X - 
Installation of out-of-step relay, which 
can separate Mali and Côte d’Ivoire 
control areas. 

B.Kebbi – Kainji 330 Nigeria X X - 
Installation of a SPS (intertrip relay 
able to open 3WT at B.Kebbi) 

Kaduna - Kano 330 Nigeria X X X 
Installation of a SPS (intertrip relay 
able to open 3WT at Kano) 

Ferke – Bouake2 225 C.Ivoire X X - 
Installation of a SPS (intertrip relay 
able to open 2WT at Ferké) 

Kossou - Bouake2 225 C.Ivoire X X - 
Installation of a SPS (able to disconnect 
part of the generation at Taabo and 
Kossou power plants) 

Kossou – Taabo 225 C.Ivoire X X - 
Installation of a SPS (able to disconnect 
part of the generation at Taabo and 
Kossou power plants) 

Goroubanda - 
Salkadamna 

330 Niger NA NA X 
Installation of a SPS (able to disconnect 
part of the generation at Salkadamna 
power plant) 

Kodeni 2WT 
225/ 
150 

B.Faso NA NA X 
Include also capacitor banks trip in the 
load-shedding. 

Table 3: List of critical contingencies and proposed measures 

Without Remedial Measures With Remedial Measures 

Frequency: 
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Voltage: 

  

Figure 5: Example of plots of the dynamic analysis (trip after fault of 225 kV line Ferké – Bouake2 in Côte 

d’Ivoire) 

 

5. TRANSIENT STABILITY 

The transient stability analysis performed in this study was aimed at calculating the Critical 

Clearing Time (CCT) for each interconnection. In order to focus on the system transient 

(rotor-angle) stability [4], the following hypothesis have been adopted. 

 UFLS schemes or any other protection means (e.g. out of step relays) have not been 

simulated in order to focus the natural system behavior 

 The dynamic behavior of motor models has not been considered since their stall 

would hinder the simulation of the angular instability. 

For each interconnection the most critical disturbance for the angular stability on the corridor 

has been identified. Focusing on transient stability, the critical disturbances examined did not 

result in system separation or large areas splitting related to the interconnection under 

analysis. The CCT is defined by the first generator losing synchronism with respect to 

system average angle (angle deviation beyond 180 degrees), as shown in the example of 

Figure 6. The CCTs was calculated in a range of 10 milliseconds if CCT is less than a 

second or in a range of 100 milliseconds alternatively. 

The estimated CCT values were comprised in a wide range between 0.2 s and 12 s (values 

over 1 s are not significant for real cases, since they are widely over the protection 

intervention time). Considering a typical breaker failure time of 200-300 ms the list of 

identified cases with lower CCT shall be further investigated to assure a proper protection 

intervention time. 

 

Figure 6: Example of plots from the CCT analysis (angle monitored in a critical generating unit with a fault 
at Ferké 225 kV, Côte d’Ivoire, cleared with tripping of 225/90 2WT) 
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6. UFLS HARMONIZATION 

The Under Frequency Load Shedding (UFLS) plan is one of the typical remedial actions 

implemented in the power systems and is considered part of the Defence Plan. The UFLS is 

designed to quickly and automatically balance the system in case of large generation deficits 

occurring after the loss of generation or network separations. The contingencies or the 

sequence of events typically leading to such unbalances are classified as extreme 

contingencies/events. In case of occurrence of these kinds of contingencies, the spinning 

reserve is not sufficient for controlling the frequency decay and then disconnection of loads 

have to be operated. In case of interconnected areas the principle of mutual support is 

generally implemented for guaranteeing the stability of the whole system. The mutual 

support is realized both in terms of generation through the sharing of the primary reserve and 

in terms of load shedding by sharing the amount of load disconnected. 

In order to realize the sharing of the UFLS the coordination in the choice of the following 

quantities needs to be considered among the interconnected areas:  

o Number of stages  

o Threshold of the stages 

 Frequency based  

 Derivative based  

 Frequency and derivative based 

o Amount of load shed at each stage 

This coordination is necessary for all the stages that can be activated when the system is 

Interconnected. Simulations have been performed to determine harmonized settings for 

three stages of UFLS which may be adopted in the WAPP system. The proposed settings 

are listed in Table 4. These settings are preliminary and based on a limited amount of 

significant simulations. In order to design an exhaustive setting a dedicated study should be 

performed. 

 
AREA f1 

[Hz] 
df1 

[Hz/s] 
t1 
[s] 

LS1 
[pu] 

f2 
[Hz] 

df2 
[Hz/sec] 

t2 
[s] 

LS2 
[pu] 

f3 
[Hz] 

df3 
[Hz/sec] 

t3 
[s] 

LS3 
[pu] 

NIGERIA 49.5 0.3 0.15 0.1 49 0.2 0.15 0.15 48.7 0.05 0.15 0.3 

BENIN 49.5 0.3 0.15 0.1 49 0.2 0.15 0.15 48.7 0.05 0.15 0.3 

NIGER 49.5 0.3 0.15 0.1 49 0.2 0.15 0.15 48.7 0.05 0.15 0.4 

TOGO 49.5 0.3 0.15 0.1 49 0.2 0.15 0.15 48.7 0.05 0.15 0.3 

GHANA 49.5 0.3 0.15 0.1 49 0.2 0.15 0.15 48.7 0.05 0.15 0.3 

COTE IVOIRE 49.5 0.3 0.15 0.1 49 0.2 0.15 0.15 48.7 0.05 0.15 0.3 

BURKINA FASO 49.5 0.3 0.15 0.1 49 0.2 0.15 0.15 48.7 0.05 0.15 0.15 

MALI 49.5 0.3 0.15 0.1 49 0.2 0.15 0.15 48.7 0.05 0.15 0.3 

SENEGAL 49.5 0.3 0.15 0.1 49 0.2 0.15 0.15 48.7 0.05 0.15 0.2 

Table 4: Proposed harmonized UFLS stages (2016 scenarios) 

 

7. BACK-TO-BACK HVDC ALTERNATIVE LINK 

A back-to-back HVDC (High Voltage Direct Current) link at Sakété (Benin) 330 kV substation 

has been investigated as alternative solution to be considered in case the criticalities 

observed in the past in the Nigerian power system [5] (in particular generation deficit and 

lack of primary reserve) cannot be successfully solved. 
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If the critical issues in the Nigerian power system will not be properly addressed with suitable 

reinforcements, the HVDC link is the best technical way to ensure stable and reliable 

interconnected system operation. On the other hand an effective resolution of the 

deficiencies in the WAPP power system, with the implementation of the recommended 

measures to fill the gap with the WAPP operational manual [2] may lead to a stable and 

reliable interconnected system also without the HVDC link. 

The impact of the HVDC link at Sakété into the WAPP interconnected network has been 

assessed through simulation analysis. The results of the performed analysis show that both 

the current available technology – namely Voltage Source Converter (VSC) [6] and Line 

Commutated Converter (LCC) – are feasible from a technical point of view (adequate short 

circuit ratio). The advantages and disadvantages of the available technologies, as well as the 

cost estimated for both options have been deeply assessed, including the required solutions 

of a power transfer capacity of 300 MW extendible to 600 MW. 

It is important also to underline that in the future scenarios (2020) the Nigerian power system 

should be interconnected not only through the current single interconnection line (Ikeja – 

Sakété 330 kV), since new interconnections are planned, such as the North Core Project. 

The installation of the back-to-back at Sakété is compatible with future new AC (or DC) links, 

but it is important to take into account that in the nearly future similar issues related to the 

new interconnections could be addressed. 

 

CONCLUSIONS 

This paper presented a summary of the approach and main findings of the operational 

studies conducted in the framework of the analyses for the synchronization of the WAPP 

interconnected power system, considering the target years 2016 and 2020. 

The study implemented different analyses according to the developed methodology aimed at 

identifying the most critical issues which can jeopardize the system stability and security, 

which are pre-conditions for a reliable system synchronization. 

Based on the results of the analyses a list of reinforcements and recommendations have 

been identified and further evaluated through simulations. 

Some specific topics require further dedicated studies, such as the UFLS harmonization and 

a detailed protection coordination study, which could be addressed by the WAPP Working 

Groups currently under establishment. 
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