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Abstract - To optimise the integration of photovoltaic electricity into an unstable power grid, it is necessary to find the
appropriate location and optimal power of the photovoltaic electricity to be injected into the power grid. The method used
consists of varying the photovoltaic power to be injected at the optimal point until an overload of one or more elements of the
grid is observed. The modelling of the electricity grid and the simulation of the injection of photovoltaic power into the grid are
carried out using NEPLAN software. For this study, the injection points of the Zagtouli, Komsilga, and Kossodo stations of the
national interconnected grid (RIN), as seen from Ouagadougou, were selected. The simulation results gave an optimal
photovoltaic power of 70 MW at the Zagtouli station, 100 MW at the Kossodo station, and 70 MW at the Komsilga station. The

results obtained in this study can be used to optimise the integration of photovoltaic power plants into the national interconnected

grid of Burkina Faso and into the national grids of West African countries based on their similarities.
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1. Introduction

In recent years, demand for electricity in West African
countries has been steadily increasing, mainly due to
demographic changes and the development of certain urban
areas. This problem is exacerbated by the unprecedented
instability of the grids, which are plagued by power cuts and
load shedding. To meet this exorbitant demand for energy,
power plants in these developing countries must rise to the
challenge. Like the rest of the world, these countries use fossil
fuels such as coal, oil, gas, and uranium to generate electricity.
With the gradual depletion of global reserves of these
conventional energy sources and, above all, the global
warming caused by their use, renewable energies are seen as
an alternative for electricity generation [1].

Thus, due to the enormous potential of solar energy in this
sub-region, the establishment and integration of photovoltaic
power plants into national grids is being prioritised in order to
tackle the energy crisis. To this end, a number of gigantic solar
photovoltaic power plants have been built, feeding into the
public electricity grids. Examples include the 33 MWp
photovoltaic power plant in Zagtouli, Ouagadougou, Burkina
Faso, the 6.5 MWp photovoltaic power plant in Praia, Cape
Verde [2], and the 50 MWp power plant in the city of Blitta,
Togo. Large-scale photovoltaic electricity injection projects
are also being considered to improve access to electrical
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energy [3]. The increase in photovoltaic installations poses the
challenge of integrating them into existing grids [4, 5]. The
challenge of feeding photovoltaic electricity into public grids
lies not only in their optimised management, but above all in
their impact in terms of disruption to these grids [6]. The main
problem associated with connecting photovoltaic generators
to the public electricity grid is that it can have various adverse
effects on the operation of the photovoltaic power plants
themselves and on the electricity grid [7].

In order to meet the requirements guaranteeing the
capabilities of the distribution grid in terms of voltage
stability, power loss reduction, reliability, and cost-
effectiveness, in short, energy quality, the optimal integration
of photovoltaic generators is essential [8, 9]. The location and
size of photovoltaic power plants play an important role in the
operation and planning of electricity grids [10].

Suboptimal integration of photovoltaic power plants can
have adverse effects on the electricity grid [23, 24]. This
study, based on an analytical approach due to the complexity
of innovative technologies, does not take into account the
protection devices of the grid under study, which may be the
subject of another study, but focuses on the optimal integration
of PV energy into a grid that is sometimes disrupted by
outages and load shedding. This article aims to determine the
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optimal power output of PV power plants to be injected
simultaneously into the three substations studied, taking into
account grid constraints. It is structured as follows: 2.
Literature review, followed by a presentation of the study grid
in the third part. The fourth part is devoted to the equipment
and methodology, the fifth part to the results and discussion,
and finally the sixth part to the conclusion.

2. Literature Review

Researchers in research studies have developed methods
to determine the optimal location for photovoltaic power
plants and the appropriate amount of power to be injected [13].
In the presence of decentralised generators, with their
locations predetermined (nodes 7, 10, and 30), Dulau et al.
(2015) presented a technique based on Optimal Power Flow
(OPF) calculation with a view to minimising fuel costs and
joule losses [14].

In a 2005 study, Momoh et al. used the Continuous Power
Flow (CPF) method and the voltage stability index to decide
which node to place photovoltaic power plants on, based on
where the voltage is degraded, in order to decide which node
to target (candidate nodes) [15].

In order to demonstrate the influence of photovoltaic
power plants on greenhouse gas emissions and fuel costs, L.
Yingchen et al. (2010) used the optimisation technique based
on the interior point method in their study, with the location
of the photovoltaic power plants being chosen in advance [16].
Y. Zhu et al. (2007), with a view to minimising total network
losses, formulated the Optimal Power Flow (OPF) in the
distribution network in the presence of photovoltaic power
plants using the quadratic programming method for resolution
[17]. Harrison et al. (2022) developed a method based on OPF
in the distribution network with photovoltaic power plants
considered as negative loads [18].

In order to solve the Optimal Power Flow (OPF) problem,
the distributed and Parallel OPF (DPOPF) algorithm was
proposed by Lin et al. (2013) in the presence of photovoltaic
power plants in the transmission network [19].

Other authors have presented the Particle Swarm
Optimisation (PSO) technique to determine the optimal
location and size of different types of photovoltaic power
plants in distribution networks [20]. In order to determine the
optimal location and size of photovoltaic power plants,
Masoud (2013) proposed a multi-objective optimisation
(minimisation of active losses and number of photovoltaic
power plants) based on the non-linear programming technique
[21]. A hybrid method combining Genetic Algorithms (GA)
and PSO was presented by Moradi et al. (2012) with a view to
determining the optimal location of photovoltaic power plants
in a distribution network with different objective functions,
such as improving the voltage profile, the voltage stability

247

margin, and minimizing losses [22]. Mohammedi et al. used a
multi-objective approach to define the optimal location and
power to be injected into the distribution network using the
NSGA-II (Non-dominated Sorting Genetic Algorithms I1)
method [23].

In the search for the best location and adequate power to
inject with the objective function of minimising active losses
in the network, Benyagoub et al. (2018) studied the optimal
decentralised integration of sources based on genetic
algorithms subject to technical and safety constraints [24].

In the literature, studies focusing on the optimal
integration of decentralised generators are widely discussed.
This integration is much more relevant to distribution
networks. It reveals, through the various methods used, that
the electrical parameters of these networks are impacted when
the number of connected decentralised sources becomes
significant. If these sources are introduced in an optimal
manner in terms of size and location, they considerably reduce
active losses in the network.

In Burkina Faso, located in West Africa, where this study
is being conducted, the electricity supply is provided by
thermal power plants, hydroelectric power plants, and
electricity imports from neighbouring countries, Cote d’Ivoire
and Ghana. Burkina Faso aims to inject nearly 650 MW into
its electricity grid by 2030.

Currently, electricity from three photovoltaic power
plants is fed into the interconnected national grid: the Zagtouli
photovoltaic power plant, with a maximum capacity of 33
MW, the Ziga photovoltaic power plant, with a maximum
capacity of 1.1 MW, and the Nagréongo plant, with a
maximum capacity of 26 MW, representing a total capacity of
60.1 MW currently injected, which is only about 9% of the
planned capacity. This study focuses on optimising the
simultaneous injection of photovoltaic electricity at the
injection points of three substations of the RNI in Burkina
Faso, located in West Africa.

The main objective of this study is to determine the
maximum power of photovoltaic electricity that can be
injected simultaneously at the injection points of the Zagtouli,
Kossodo, and Komsilga stations of the Ouagadougou network
without causing a major failure across the entire RNI.

3. Presentation of the Grid

The electrical network covered by this study is the
National Interconnected Network (RNI) as seen from
Ouagadougou, the capital of Burkina Faso, a West African
country. The location of the photovoltaic energy injection
points on this interconnected network has been chosen in
advance. The electrical diagram of the Ouagadougou city grid,
with the injection points, is shown in Figure 1.
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Fig. 1 Single-line diagram of the grid as seen from Ouagadougou

The RNI, as seen from Ouagadougou, consists of seven
(07) power stations, namely: Zagtouli, Komsilga, Ouaga 1,
Ouaga 2, Kossodo, Patte d’Oie, and Ouaga 2000. In addition
to being interconnection stations, Ouaga 1, Ouaga 2, Kossodo,
and Komsilga are thermal power stations, while Zagtouli has
a photovoltaic power station and two 225 kV lines from Cote
d’lvoire and Ghana.

The Zagtouli station has three buses: 225 kV, 90 kV, and
33 kV. It has three nodes: N1, N2, and N3.

The Quaga 2 station has three buses: 90 kV, 33 kV, and
15 kV. It has three nodes: N4, N5, and N6.

The Quaga 1 station has two buses: 90 kV and 15 kV. It
has two nodes: N7 and N8.

The Kossodo station has five buses: one 90 kV bus, two
33 kV buses, and two 15 kV buses. It has five nodes: N9, N10,
N11, N12, and N13.

The Patte d’Oie station has four busbars: 132 kV, 33 kV,
and two 15 kV. It has four nodes: N14, N15, N16, and N17.

The Ouaga 2000 station has two sets of busbars, 33 kV
and 15 kV. It has two nodes: N18 and N19.
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The Komsilga station has three voltage levels: 90 kV, 33
kV, and 15 kV. It has three nodes: N20, N21, and N22.

Energy is exchanged with the rest of the country via the
Zagtouli, Patte d’Oie, and Kossodo substations.

4. Equipment and Method

This study aims to determine the optimal power output
from photovoltaic power plants to be fed simultaneously into
the Zagtouli, Kossodo, and Komsilga stations. The decision
variables are the maximum photovoltaic power to be injected
into the Zagtouli, Kossodo, and Komsilga stations, taking into
account grid constraints [25, 26].

The methodology consists of simultaneously varying the
photovoltaic power to be injected at the injection point of the
Zagtouli, Kossodo, and Komsilga stations up to the
convergence or overload limit of a network element
(transformer, line, nodes, etc.). The constraints associated
with optimising injection are such that the voltage and
frequency of the grid must remain within contractual limits,
the total energy in the lines must be at most equal to their
capacity, and the power supplied by the generators and
transformers must be within nominal limits.
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This study will not focus solely on the maximum capacity
of the injection point, but will also highlight the impact of this
injection on the network, in particular, the voltage variation
and the contribution of the balancing node, i.e., the
interconnection with Ghana.

4.1. Grid Modelling

The network modelling takes into account loads,
transformers, generators, lines, and buses [27]. First, an
inventory must be made of the equipment of the
interconnected network loads and those of the loads connected
to this interconnected network, as seen from the city of
Ouagadougou. Then the powers connected to the nodes must
be aggregated.

Active elements are modelled using their subtransient
reactance. For power distribution, these elements are modelled
by their active and reactive powers or by the amplitude and
angle of the voltage of the designated node [28].

The data collected across the entire network will be used
to determine the power connected to each node in the network.

The active power connected to a node is calculated by:

P = ;'11(22:1 P)kyicksk (1)
Where Pi = the active power connected to node i, P, ku,
kst respectively the power, utilisation factor, and
simultaneity factor of household k, m = the number of plots
connected to the node, n = the number of households in plot j.

The reactive power connected to node i is calculated using
the following formula:
Q; = Pitang 2

Where P; = the active power connected to node i, Q; = the
reactive power connected to node i, and ¢ = the phase shift.

The lines are characterised by their type, length, current
capacity, linear resistance, linear reactance, and linear
capacitance.

Transformers are defined by their apparent power, iron
losses, primary voltage, secondary voltage, and short-circuit
voltage. Once the network model seen from Ouagadougou has
been obtained, it is essential to check the validity of the model.

4.2.  Formulation of the Photovoltaic
Optimisation Problem Photovoltaic Injection
The calculation method used in this study is Newton-
Raphson’s method. Proposed by Isaac Newton and Joseph
Raphson, it is an iterative method widely used to solve non-
linear equations [29, 30]. An admittance matrix is used to

Injection
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write the equations for the currents in the nodes of the
electrical network, expressed in polar coordinates, where j
includes the node i.

Ii = Xeyima|Vy| Vil < 655+ 6 ®)

Where |; = current in node i, Yj; = admittance of branch ij,
Vi = voltage of node i, 8; = phase shift of branch ij, J; = voltage
angle of node i.

The active and reactive powers at nodezare given by:

P —jQ;=V"I; 4)

Where P; and Q; = active and reactive power at nodez
respectively, Vi = voltage at node i, I; = current in node i.

Substituting /; from Equation (3) into Equation (4), we
obtain:

P, —jQi = Vil < —=6; X7 i=a|Yij| Vil < 6;5 + 8 (5)
The real and imaginary parts are separated as follows:

P = Z?:l,izl'Yij“Vil |[Vi| cos(8;; — 6; + 6 (6)

Qi = Xy ima|Yy|IVil [Vi| Sin(6y; — 6; + 6)) )

The elements of the Jacobian matrix are obtained after

partial derivation of Equations (6) and (7). The equation can
be written in matrix form, given that:

APl _[h ]3] AS

ol =12 72l1av] ®

Where J1, J2, J3 and J4 = the elements of the Jacobian
matrix.

The corrected values of iterationk can be expressed by the

deviations (APi(k) and AQi(k) ), which are represented as
follows:
APi(k) — Pl‘sp _ Pi(k)cal (9)
k k)cal
80 = Q¥ — Q™ (10)

Where PP and Q;* = the specified values P; and Q: at
node i. P%° and Q™ = the calculated values 4" iteration.

The new estimated values of the node voltage are given
by relations (11) and (12):

51D =609 + ask

l

(11)
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Ve = vl +ay®) (12)

This research aims to determine the optimal power to be
injected by the photovoltaic power plant, which minimises
active losses while taking into account grid constraints. To do
this, it is necessary to define the fitness function and the

equality and inequality constraints.

Various objective functions are taken into account,
namely the minimisation of active losses, the maximisation of
the voltage stability index, the improvement of the voltage
profile, the minimisation of greenhouse gases, etc. [31]. In this
study, the objective is also to minimise active losses at the line
level. The minimisation of these losses is expressed as:

min [Pl el = min YN8 n1? (13)

Where 7and |, = respectively, the resistance and current
in the power line, Ng = the number of branches, P!, = the
total active losses of the network.

The function expressing active losses is subject to a set of
equality and inequality constraints that must be satisfied while
minimizing active losses. The equality constraints represent
the power balance equations between generation and
consumption for a transmission network with photovoltaic
installations.

The active and reactive power equality constraints can be
expressed as:

Np —
1PDi - Zi=1 Plossi =0

Z 1 Q6 + ZNCPV Qcpv; — ZiV:L1 Qp; — ZIiV:Bl Quoss; = 0
(14

N N
Z " Pe, + 2.5 Pepy, — X

Where P and Q¢ = the active and reactive power of the
conventional generator, Pcpv and Qcpv = the active and
reactive power supplied by the photovoltaic power plants, Pp
and Qp = the active and reactive power of the load node, Pioss
and Qiess = the active and reactive power losses, N1, N, Nz and
Ncpyv = the number of load nodes, the number of generators,
the number of branches and the number of photovoltaic power
plants. The inequality constraints represent the physical limits
of the lines, conventional generators, and photovoltaic power
plants, as well as the safety limits of the voltages at the
network nodes. The power limits of the photovoltaic power
plants are given by:
< PG, Vi € [1,Nepy] (15)

in
Pgpy, < Pepy,

Where Pg'},ﬁll = the minimum active power limit generated
PO = the

by the photovoltaic power plant at the JB busbar; ,Pi5* =
maximum active power limit generated by the photovoltaic
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power plant at the JB busbar i, Ncpv = the set of indices of all
generator busbars. In order to maintain the quality of the
electrical service and the safety of the system, it is necessary
to limit violations of voltage constraints, which must remain
within their permissible limits according to:
Vit < Vv, < VMY Y i € N (16)
Where V™™ = the minimum limit of the voltage module
at the JB busbar ;, V;/™** = the maximum limit of the voltage

module at the JB busbar ;, N = the number of buses in the
system.

For reasons of electrical grid safety, the penetration rate
of photovoltaic installations in the grid is set at a limit based
on the robustness of the grid [32, 33]. The penetration rate is
given by:

Z?]CPVPCPVL-

x 100

(17

NL
Ziz1Pp;

L)

Where Pcpy = the total active power of the photovoltaic
installations, Pp; = the total active power demanded or the total
power produced by conventional sources.

During the optimisation process, we may encounter
unfeasible solutions due to exceeding the voltage constraint or
the thermal limit of the lines. In this case, we penalise the
objective function [34, 35]. It is then reformulated as:

OF = Y8 nIt+ k (PGL — PEm™)2 + ko 216 (QGL
QUM + ky T4V, ~ VImY2 4 ke S (55,
SE™? (18)
With:
Vi, si vy, > Ve
Vllm — len si VLi < me (19)
Vi, si V[ < pmex
And:
Vmax Sle > Smax
Sllm — Smm Sle < Smm (20)

min max
S1pSUSp, " < Sp;

Where kp, ko, kv, and ks = respectively the penalty
constants for the active and reactive power produced by the
reference generator (voltage bus), the voltage at the load
nodes, and the penalty constant for the thermal limit of the
lines, 7-and /; = respectively the resistance and current in the

power line.
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The problem can therefore be summarised as a
constrained optimisation problem, which can be formulated as
follows:

min(FO)

{C onstraintes (21)
4.3. Troubleshooting Injection Optimisation

Injection optimisation consists of determining the
maximum power to be injected at the injection points, beyond
which serious disturbances can occur on the electrical
network. The diagram in Figure 2 shows the steps involved in
optimising the photovoltaic power to be injected at each

station. There are several simulation tools in the form of
software or simulators for distribution and/or transmission
networks. Real-time simulators include OPAL-RT
Technology, HyperSim, etc. [36]. Existing software includes
static and/or dynamic real-time and offline simulation
software [37]. Offline simulation software includes
EUROSTAG, Power System Simulator for Engineering
(PSS/E), dig silent Power Factory (Digital Simulation and
Electrical Networks), NEPLAN, etc. NEPLAN software is a
tool used in planning and information systems for electricity,
gas, water supply, and heating networks [38]. All the basic
components of the electrical network in NEPLAN are shown
in the structure in Figure 3.

Vs

Initial formulation of the optimisation
problem

~

Identification of optimisation criteria
and reformulation of the problem

J

?

Interactive editing

c

Solution to the optimisation
problem

Satisfactory design

Visualisation of the optimisation
results

Fig. 2 Algorithm for solving the photovoltaic power optimisation problem

Substation
Busbars
Line Node
|“
Power { Disconnect,
Network | Load Switch
Line :
_- § b ¢ >
P / Charge
“{Logic Switches /

Fig. 3 Representation of network components in NEPLAN
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The maximum photovoltaic power to be injected into
these stations, taking into account network constraints, is
sought. NEPLAN software, which is free for up to 50 nodes
and meets pre-established criteria, is used. The parameters are
entered into NEPLAN using a data entry mask.

5. Results and Discussions

The sites covered by this study are the Zagtouli, Kossodo,
and Komsilga stations, all located in the city of Ouagadougou.
Network modelling and photovoltaic injection simulation are
carried out using version 5 of the NEPLAN software.

Thermique
Ouaga 1

Ch Ouaga 1

Ouaga 1

5.1. National Interconnected Network Model

Figure 4 shows the structure of the interconnected
electricity network model as seen from the city of
Ouagadougou.

There are twenty-two (22) nodes. Points designated P1 to
P7 (Figure 4) are the various measurement points that will be
used to validate the model. To validate the network model, its
characteristics will be compared with those of the distribution
system.
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Thermique
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Ch Ouaga 2000

Fig. 4 Structure of the network model as seen from the city of Ouagadougou

Table 1 gives the voltage values of the distribution nodes across the entire network of the city of Ouagadougou.

Table 1. Node voltage values

Station | Node Designation Nom"zﬁ'v‘;o'tage \[,’o'ft‘;g;‘*'(ﬂfj; 'V'Od‘(fl'(l’/‘)’”age
N1 Busbar sets_225kV_Zagtouli 225 226.27 223.91
Zagtouli N2 Busbar assemblies 90 kV_Zagtouli 90 94.02 92.268
N3 Bushar assemblies 33 kV_Zagtouli 33 34.53 34.56
N4 Bushar assemblies 90kV_Ouaga?2 90 92.67 91.37
Ouaga? N5 Bushar assemblies 33 kVV_Ouaga2 33 32.75 33.30
N6 Bushar assemblies 15 kVV_Ouaga2 15 15.64 15.28
Ouagal N7 Bushar assembliies _90kV_Ouagal 90 92.45 91.15
N8 Bushar assemblies 15 kV_Ouagal 15 15.52 15.20
N9 Bushar assemblies 90kV_Kossodo 90 91.92 90.74
Kossodo N10 | Busbhar assembli.es_33 kV_Kossodo 33 32.11 33.16
N11 Bushar assemblies_33kV_Kossodo 33 32.90 33.17
N12 Busbar sets 15kV_Kossodo 15 15.66 15.12

252



Seydou Ouedraogo et al. / IJEEE, 12(10), 246-257, 2025

N13 | Bushar assemblies 15 kV_Kossodo 15 15.67 14.98
N14 Busbhar assemgl’lgsie_132kv_Patte 132 131.89 13286
N15 Busbhar assemgl(lise_go KV Patte 90 9221 91.11
Goose foot -
N16 Busbar assemgl(l)eii_SS kV Patte 33 3291 3232
N17 1 15kV busba[ a§semblles_Patte 15 15.34 14.67
d’Oie
N18 33kV busbar assemblies 33 3259 3211
Ouaga 2000
Ouaga2000 N19 Busbar assemblies 15 kV_ 15 15.29 15.16
Ouaga2000 ) '
N20 | Bushar assemblies 90kV_Komsilga 90 93.62 92.09
Komsilga | N21 | Bushar assemblies_33 kV_Komsilga 33 33.55 33.85
N22 | Busbar assemblies 33kV_Komsilga 33 33.5 33.84

The results of the model simulations and the distribution
characteristics are shown in Figure 5. For the distribution
system, the maximum variation in node voltage relative to
their nominal values is 104.60%, while the minimum variation
is 98.80%. For the model, the maximum variation in node

Relative change (%)

Variation (gap) in %

voltage relative to their nominal values is 104.73%, while the
minimum variation is 97.29%. The node voltage values for the
distribution and the model are similar for all stations. Figure 6
shows the difference between the variation in the voltage of
the distribution nodes and that of the model.

Voltage variation at nodes
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Fig. 5 Relative voltage variation curve of the nodes

GAP dispatching model

N1 N2 N3 N4 N5 N6 N7 N8 N9 NI10N11N12NI3N14 N15N16 N17 N18 N19 N20 N21 N22

Nodes

Dispatching voltage

Fig. 6 Curve showing the difference in node voltage variation
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The maximum relative difference between the model
values and those of the distribution is 4.9% on node 5. The
minimum variation of 0.1% is observed on node 8. As this
variation is below the imposed limit of 10%, the model
therefore reflects the reality of the national electricity grid as
seen from Ouagadougou.

5.2. Results of the Photovoltaic Injection Simulation

The limit constraints set for voltage variation in the
stations must not exceed 120% of the nominal voltage of
each station, and the current in the lines must not exceed the
nominal current of each line. The results of the simulations of

simultaneous photovoltaic electricity injection at the Zagtouli,
Kossodo, and Komsilga stations are presented below.

5.2.1. Voltage Variation in Stations

Figure 7 shows the voltage variation curves in the stations
as a function of the power simultaneously injected into the
Zagtouli, Kossodo, and Komsilga stations.

It can be seen that above 60 MW at the Zagtouli station,
110 MW at the Kossodo station, and 70 MW at Komsilga, the
voltage variation at the various stations exceeds the authorised
limit.

Voltage variation in stations
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Fig. 7 Voltage variations in the stations

The photovoltaic power injected simultaneously at the
Zagtouli, Kossodo, and Komsilga stations causes a voltage
variation in the network of between 97.7% and 119.9% of the
nominal voltage, i.e., an increase of 19.9% of the nominal
voltage (Un).

The maximum photovoltaic power fed into the grid
simultaneously is therefore 60 MW at the Zagtouli station, 110
MW at the Kossodo station, and 70 MW at the Komsilga
station.

In accordance with the technical constraints associated
with grid operation, the simultaneous injection of photovoltaic
energy at the Zagtouli, Kossodo, and Komsilga stations
requires voltage regulation at each injection point and the
appropriate placement of production sources in other regions.

5.2.2. Variation in Line Current

Table 2 shows the variation in current on the line
connecting Zagtouli to Komsilga. It can be seen that above 60
MW at the Zagtouli station, 110 MW at the Kossodo station,
and 70 MW at the Komsilga station, the line connecting the
Zagtouli station to the Komsilga station is overloaded.
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Table 2. Line current values

Photovoltaic energy is injected at the 90 KV line
station
Zagtouli Kossodo Komsilga Current
(MW) (MW) (MW) value (A)
5 5 5 168.2
18 18 18 105.0
20 20 20 100.4
30 30 30 114.1
40 40 40 152.7
50 50 50 199.7
60 60 60 250.9
60 70 70 305.7
60 80 70 319.5
60 90 70 333.7
60 100 70 348.4
60 110 70 364.2
70 120 80 440.8

If the photovoltaic power injected reaches 70 MW at the
Zagtouli station, 120 MW at the Kossodo station, and 80 MW
at the Komsilga station (Table 2), the 90 kV line from the
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Zagtouli station to the Komsilga station would carry a current
of 440.8 A, or a load of 120.8% compared to the nominal
current of 365 A. Figure 8 shows the evolution of the current
on the line between the Zagtouli station and the Komsilga
station. The line current decreases during the simultaneous
injection of photovoltaic energy between 5 and 20 MW. The
current increases rapidly when the injected power is between
20 MW and 70 MW. Between 70 MW and 110 MW of

injected photovoltaic power, the increase in current is
moderate. Above 110 MW, the line current exceeds the
nominal current of 365 A. Above 110 MW of photovoltaic
power, the line is overloaded and injection is no longer
possible. This confirms that the optimal photovoltaic power
that can be injected simultaneously into these three stations is
60 MW at the Zagtouli station, 110 MW at the Kossodo
station, and 70 MW at the Komsilga station.

Line current evolution
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5.2.3. Behaviour of the Interconnection with Ghana

The Behaviour of the interconnection line with Ghana
(Figure 4) in terms of power flow is shown in Table 3. In fact,
above 180 MW (60 MW x 3) (Table 3), there is a significant
return of active power to Ghana. When photovoltaic injection

exceeds 60 MW at the Zagtouli station, 110 MW at the
Kossodo station, and 70 MW at the Komsilga station,
respectively, active power of up to 77 MW returns to Ghana
via the interconnection line. This results in a significant loss
of the supply of the interconnected national electricity grid.

Table 3. Variations in active and reactive power on the interconnection line

Photovoltaic power injected at the station Interconnection with Ghana
Zagtouli (MW) Kossodo (MW) Komsilga (MW) Active power (MW) Reactive power (MVar)
5 5 5 -145,409 3,565
18 18 18 -106,591 24,039
20 20 20 -100,626 26.00
30 30 30 -70,966 39,034
40 40 40 -41,287 46,818
50 50 50 -11,561 49,800
60 60 60 18,210 48,471
60 70 70 38,000 44,367
60 80 70 47,886 42,216
60 90 70 57,737 38,968
60 100 70 67,558 34,475
60 110 70 77,344 28,480
70 120 80 107,111 3,842

5.3. Power Losses in the Grid
The total power produced by the grid (photovoltaic,
thermal, etc.) is 432 MW, while the power consumed in the

grid is 420 MW. Losses in the grid are estimated at 12 MW,
or 3% of the total power consumed. These losses are relatively
low.
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5.4. Penetration Rate losses becomes significant in most case studies in the literature
The maximum photovoltaic power injected into the  when at least four decentralised sources are integrated,

electricity grid as seen from the city of Ouagadougou is 240  whereas in the present study, with three injection points, it is

MW. The power absorbed by the RNI as seen from  estimated at 12 MW.

Ouagadougou is 163 MW.

6. Conclusion
The permissible penetration rates are 47% in 2022 and This study highlighted the limit of the photovoltaic power
31% in 2030 for the grid seen from Ouagadougou. For the {0 be injected and its impact on the grid, in particular, the
entire RN, the rates are 36% and 23%. The grid seen fromthe  yoltage variation between 102.9% and 122.2% and the
city of Ouagadougou represents 75% of the NIG and has a  contribution of the balancing node, which represents the
capacity of 38% Of all solar photovoltaic projects in the  compensation power for the intermittency of photovoltaic

country. production. In cases where interconnections provide this
) compensation, it is necessary to provide an equivalent power
5.5. Comparison of Results reserve to support the grid in the event of an interconnection

Comparing the results of the study with the literature, failure. The results obtained will provide decision-makers and
there is a similarity in the contribution of PV generators to  stakeholders with an optimised analysis tool for the injection
minimising active losses in the network. This reduction in of energy from renewable sources into the grid.
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