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Introduction

• The synchronization of the WAPP (West African Power Pool) interconnected
systems is a key milestone to achieve the WAPP goals in terms of stable and
reliable access to electricity at affordable costs and establishment of an open,
unified, regional electricity market in West Africa

• 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, since the overall
performance of the interconnected power system has been mainly impacted
by lack of adequate frequency control and voltage support and poorly damped
inter-area oscillations.

• 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 paper presents the approach and results of the 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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Introduction
The study was part of a Project aimed at providing technical assistance for the WAPP
Integration activities in order to identify possible additional equipment or reinforcements
required in the system for a successful synchronization. The main project phases are:
• Review the operating rules in the WAPP Interconnected countries and their actual

application;
• Update, populate and calibrate the existing system model, including the dynamic

models of the generators on the basis of their actual behavior. The information has
been collected and then completed by an on-field measurement campaign, to
ascertain notably the parameters of the generators;

• Perform static and dynamic system simulations to identify the possible additional
equipment or reinforcements required in the system, and to optimize the settings of the
equipment, object of this paper;

• Propose adaptations to the existing operating rules for a reliable joint system operation
in normal and disturbance condition;

• Prepare the necessary documentation for the implementation of the proposed
adaptations;

• Review the necessary competences for the interconnected operation of the WAPP
system, identify the needs for competence development and provide a knowledge
transfer on the results of the synchronization studies;

• Develop and implement a complete package of procurement services for the equipment
to be installed.
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Introduction
The study was performed on:

• the current scenario (2016 peak-load and off-peak-load)

• the short-term scenario (2020 peak-load and off-peak-load)

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

WAPP map and main interconnections

Main scenarios characteristics
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Developed Methodology

• Definition of the Security Reference Level

• Execution of the analyses on the 2016 model 

• Execution of the analyses on the 2020 model
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Steady-State Analysis

• Following steady-state analyses have been performed
– Contingency Analysis

– Voltage Sensitivity Analysis

– Short Circuit Analysis

• Short circuit currents assessment was 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
– The obtained results indicated that in all the interconnection buses the

breaking capacity is adequate

– In few limited cases (mainly in the 2020 scenarios) the breaking capacity in
some local areas was not adequate. Further investigation are
recommended and possible suggested solutions has been analysed (e.g.
install breakers with a higher breaking capacity, study different topological
configurations or install Current Limiting Reactors)
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Steady-State Analysis – Contingency Analysis
• The contingency analysis assesses the compliance of the WAPP system with the

steady state security standards, as required in the WAPP Operation Manual.
• Contingencies list comprises each generating unit and all network elements with

rated voltage equal or above 90 kV

• In the base case it has been observed that primary reserve was not adequate

and it was proposed as 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.

• Two different categories of critical contingencies have been identified.
o 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

o 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.
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Steady-State Analysis – Sensitivity Analysis

Bus Name Max dVi/dQj on 

Violated Buses

[pu/Mvar]

Number of 

occurrences on 

Violated Buses

Mean dVi/dQj 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

• Voltage sensitivity analysis to find the best locations to install the reactive

compensation necessary to improve the voltage control.
• Starting from the results of the contingency analyses the list of the buses

where voltage violations occurred (violated buses) was available and 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.

Candidate Buses for the Mali/Senegal area (selected Matam ss. for installation of an SVC)
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Small Signal Stability Analysis
• Performed to Identify the inter-area modes, the local modes and the generators participating to

such oscillations
• 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.

• The results of the small signal analysis have been also 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.

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

Left: fault and trip of Prestea – Riviera 225 kV 
Ghana – C.Ivoire interconnection line

Right: fault and trip of Ikeja – Sakete 330 kV
Nigeria – Benin interconnection line
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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.

• 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 after a fault not all the analysed cases were stable
in the base case scenarios. For these cases measures have been identified and
proposed. The figure shows effects of the proposed reinforcements, such as Special
protection Schemes (SPS), in a selected case through time domain simulation.

Fault and trip of FERKÉ – BOUAKE2 225 kV line (Cote d’Ivoire) which separates the system in 2 islands
Left: without any reinforcements  Right: with SPS (intertrip relay of 225/90 transformer at Ferké) 
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Transient Stability
• The transient stability analysis performed in the study was aimed at calculating the Critical

Clearing Time (CCT) for each interconnection.
• For each interconnection the most critical disturbance for the angular stability on the

corridor has been identified.
• 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 in Figure.
• The estimated CCT values were comprised in a wide range between 0.2 s and 12 s.
• 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: fault at bus FERKE 225 kV (Cote d’Ivoire) 
cleared with tripping of transformer FERKE 225/90. 
Critical unit: OUAGA G2 GEN (Burkina Faso)
With clearing time 1.4s stable, with 1.5s unstable 
=> CCT = 1.4s
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UFLS Harmonization

• 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.
• In order to design an exhaustive setting a dedicated study should be performed.
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Back-to-back alternative link

• A back-to-back HVDC (High Voltage Direct Current) link between Nigeria and Benin

networks (330 kV) has been investigated as alternative solution to be considered in case
the criticalities observed in the past in the Nigerian power system (in particular
generation deficit and lack of primary reserve) cannot be successfully solved.

• 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 may lead to a stable and reliable interconnected system also

without the HVDC link.
• The results of the performed analysis show that both the current available technology –

namely Voltage Source Converter (VSC) 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.
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Conclusion

• 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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Conclusion

Thank you for the Attention


