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Abstract

This work proposes an optimized energy management strategy for a photovoltaic (PV) system coupled with batteries, intended for
both rural electrification and agricultural pumping applications. The approach takes into account photovoltaic generation, battery
storage and demand management to ensure a balance between domestic needs and irrigation requirements. For the MPPT of PVs
with an installed power of 36.6 kWp, we used the conductance increment algorithm (Inc) to provide the PV current reference and
the power transfer to the DC bus was provided via a Boost chopper. To ensure the stability of the DC bus voltage, a Pl regulator is
dimensioned and a management algorithm is developed to control the Buck-Boost coupled to the grid. This algorithm makes it
possible to store the excess PV production in the battery pack and to return them in the event of a deficit through the bidirectional
converter. In addition, the proposed strategy ensures coordinated operation between generation, storage, and agricultural pumping
in order to guarantee the continuity of supply under varying climatic and load conditions. The simulation results highlight the
potential of PV-battery microgrids to reduce reliance on diesel, improve access to water for agriculture, and strengthen the
sustainability of rural communities. The findings demonstrate that the proposed system achieves stable voltage regulation, efficient
energy allocation, and improved autonomy for isolated sites. The study thus proposes a framework that can be replicated in similar
contexts in sub-Saharan Africa, simultaneously contributing to energy access and food security.
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1. Introduction

Rural electrification in developing countries remains a  rural areas [2]. Despite the efforts of governments, a large part
major challenge for achieving the Sustainable Development  of the rural population in these countries still does not have
Goals [1]. Despite abundant energy resources (solar, biomass, access to electricity [3]. In 2015, the rural electrification rate
hydroelectricity), access remains unequal between urban and in Senegal did not exceed 30% [4], Faced with this reality,
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photovoltaic (PV) systems combined with battery storage
appear to be a favourable alternative to meet the energy needs
of these localities [5], These systems not only provide a sus-
tainable alternative to fossil fuel-powered generators, but also
help improve the quality of life in communities by promoting
lighting, education, health and the development of in-
come-generating activities [6], In the agricultural context,
solar energy occupies a strategic place: it makes it possible to
pump water for irrigation, to transform and preserve products,
and to support new practices that are more resilient to the
effects of climate change [7].

In addition, several studies have shown that microgrids,
whether direct current (DC), alternating current (AC) or hybrid,
can be adapted to local realities and offer technical and eco-
nomic viability [8], In their study, Molu and al. developed an
energy management system based on linear optimization for a
grid-connected PV/battery microgrid, aiming to minimize op-
erating costs over 24 hours. They compared this approach to a
heuristic method, demonstrating a reduction in costs, especially
in variable weather conditions [9], In Senegal, Cisse and al.
developed an energy management strategy for a farm located in
Gandon, combining photovoltaic, wind and battery pumping,
with modulation of the pump's power and use of the reservoir as
hydraulic storage. Their approach covers 100% of water needs
while reducing battery usage time by 13% [10], In other studies,
Rumbayan and al. designed and tested an innovative system
that combines photovoltaic pumping and smart water man-
agement via loT, to ensure a sustainable domestic water supply
for rural communities in the North Sulawesi province of In-
donesia [11], While Sayani and al. evaluated two strategies for
sizing solar mini-grids in rural Indian villages, integrating
scenarios of electricity demand growth over ten years. Their
analysis shows that a modular approach would save up to 12%
compared to a single installation [12].

In contrast, Kyriakarakos and al.'s research proposed an in-

Selar Panel DC-DC Converter

novative model of rural electrification in sub-Saharan Africa,
based on the investment of agricultural cooperatives in solar
microgrids. Using a case study in Rwanda, they simulated
different technical and economic scenarios using the HOMER
software, comparing configurations with and without produc-
tive load (maize mill), to assess the financial viability and
cross-subsidy potential for household electrification [13].

This article analyzes the energy management of PV-battery
systems in rural microgrids, with a focus on agricultural ap-
plications in Gandon, Senegal. The aim is to develop a strat-
egy to feed irrigation pumps and related loads while ensuring
a stable supply and maximising socio-economic and envi-
ronmental benefits for the local community.

2. Materials and Methods

The proposed system (Figure 1), is a direct current mi-
crogrid consisting of a photovoltaic array, battery storage and
an energy management unit for the simultaneous supply of
domestic and agricultural loads. Solar energy is converted via
a DC-DC converter controlled by an MPPT conductance
increment algorithm, combined with a PI controller, to ensure
maximum power extraction. The DC bus, stabilized by ca-
pacitive filtering, is the common point of interconnection
between the photovoltaic source, the battery and the loads.
The storage is coupled to the bus through a bidirectional
DC-DC converter, allowing charging in the event of a pho-
tovoltaic surplus and discharging when production is insuffi-
cient. The voltage regulation of the bus is achieved by a con-
trol loop with the PI regulator, ensuring the stability of the
system. Finally, an energy management strategy oversees the
dynamic distribution of power between source, storage and
loads, ensuring continuity of power and optimising the use of
available resources.
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Figure 1. Synoptic diagram of the system studied.
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Component Modeling

In this part, the modeling of the different components of the
microgrid is presented. The mathematical equations describ-
ing the photovoltaic source, the storage device, the converters
and the loads are presented in order to faithfully represent the
overall behavior of the system.

2.1. Module PV

The current flowing through a p —n junction (or an
equivalent diode in a photovoltaic cell) is described by the
following exponential equation [14, 15]:

14
Iy =1, [exp (ﬁ) - 1] €))
The thermal tension is given by:
Vy = "q—T x nl X Ncell @

Where:

I; : Diode current (A)

V,;: Diode voltage (V)

I,: Diode saturation current (A)

nl: Diode ideality factor, a number close to 1.0
k: Boltzman constant= 1.3806e-23 J.K!

q: Electron charge= 1.6022e-° C

T: Cell temperature (K)

Ncell: Number of cells connected in series in a module.
This relationship, known as the Shockley equation, reflects
the nonlinear behavior of the diode. At low voltages, the
current remains close to, —1I,,, while at high direct polarization,
it increases exponentially. In the case of solar cells, this model
is fundamental to describe the current-voltage (I-V) charac-
teristic of the photovoltaic array and serves as a basis for the
electrical modeling of the modules.

Overview of photovoltaic parameters

In order to accurately characterize the electrical behavior of
the photovoltaic module studied, the main parameters are
summarized in Table 1. These parameters, provided by the
manufacturer under standard test conditions (STC: 1000
W/m2, AM 1.5 spectrum and 25<C cell temperature), are
essential for the modeling and evaluation of PV system per-
formance. They include short-circuit current ( I ),
open-circuit voltage (V;), current (I,,,,,) and voltage (V)
at the point of maximum power, maximum power delivery
(Pnax), and temperature coefficients of current and voltage.
These quantities form the basis of simulation models and
allow a consistent comparison between different photovoltaic
technologies.

Table 1. PV parameters.

Module

Maximum Power (W)

Cells per module (Ncell)

Open circuit voltage Voc (V)

Short-circuit current Isc (A)

Voltage at maximum power point Vmp (V)
Current at maximum power point Imp (A)
Temperature coefficient of Voc (%/deg.C)

Temperature coefficient of Isc (%/deg.C)

2.2. Modeling of the Battery Energy Storage
Chain

(i). Storage Battery
The battery's state of charge (SoC), expressed as a per-
centage, is defined as follows [16, 17]:

1 t.
S0Chqr = 100 x (1 + =l ipac (£)dt) ®3)

194

Advance Solar Hydro Wind Power API-150
150.075

72

41.8

5.05

345

4.35

-0.419

0.096

where:

SoCpq;: is the state of charge at time t (%),

Qpq:: 15 the nominal capacity of the battery (Ah),

ipas: 1S the current of the battery at time t (A), considered
positive in discharge.

This expression is based on the assumption that the battery
is initially fully charged (SoC=100% at t=0). The SoC de-
creases as the battery drains (i,,.> 0) and increases when
recharged (i,,:< 0). The state of charge (soc) of a battery is
the level of charge in relation to its capacity.
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The dynamic behavior of the voltage across a battery can be
represented by a semi-empirical model integrating ohmic
effects, polarization, and internal dynamical phenomena. The
instantaneous voltage (V,4:) given by the following expres-
sion [17-20]:

Vbaton—KxQLi—bei + A, x e BXic — K x
—t

Lxif @

Q-it

where:

Vpae: 1S the instantaneous voltage of the battery (V),

E,: is the open-circuit electromotive voltage (EMF),

K: is a polarization coefficient (V),

Q: is the maximum battery capacity (Ah),

i;: is the cumulative capacity extracted from the initial in-
stant (Ah),

R, is the internal resistance of the battery (Q2),

i: is the instantaneous current supplied by the battery (A),

Apand B: are constants associated with nonlinear dynamic
behavior,

if: is a conditional indicator factor (e.g., 1 in discharge and
0 in charge or vice versa).

This model allows you to take into account:

The ohmic voltage drop via the term, R, X i

Voltage loss due to polarization, modeled by the term K x
Q
Q-ig’
A relaxation or transient response effect via the exponential

term A, x e Bt as well as an additional conditional ad-
justment by the last term.

In order to preserve battery life and ensure safe operation,
the SoC is constrained within a permissible range defined by
[20]:

()

SOCbatmin < SOCbat < SOCbatmax

Where:

S0Cparmin. COrresponds to the maximum permitted depth
of discharge,

S0Chatmax- 1S the maximum load level allowed.

(ii). Topologie du Convertisseur DC-DC Bidirectionnel

Figure 2 shows a non-isolated bidirectional DC-DC con-
verter that interfaces between the battery (V,,.) and the DC
bus (Vp,s)- The structure consists of a series inductor L, two
controlled switches (Bboost and pbuck) associated with their
anti-parallel diodes (T, et T,), and a capacitor Cp, that
stabilises the bus voltage.

In boost mode (battery discharge), the Bboost switch mod-
ulates the current i,,, in the inductance, allowing energy to
be transferred to the bus via the diode T,. In buck mode
(battery charge), Bbuck controls the transfer of energy from
the bus to the inductance and battery, while T; provides a
free path for the current to flow.

This bidirectional topology ensures efficient energy ex-
change between the storage element and the DC bus, making
it particularly suitable for PV systems and hybrid microgrids.

Pouck

Ib“t Lbat
et /N ®
A L A
12
Vbat Poost D—I( T1 i Vibus
[ ¢ ®

Figure 2. Buck-Boost bidirectional DC-DC converter [21].

The model of the bidirectional converter is given by the
system of the equation (6)

_ Vpat—VpusXPBboost
= —Lb
v _ ibeBbuck—ibus

bus — -~

<
at Lp

(6)

dt Cphus

195

Presentation of the system's electrical parameters

In order to simulate and analyze the behavior of the energy
storage system, the characteristic electrical parameters of the
battery and the bidirectional DC-DC converter were defined.
These values are based on realistic technical data and are
compatible with the specifications of medium-power indus-
trial applications, such as electric vehicles or stationary hybrid
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systems.

The battery is modeled using the equations presented ear-
lier, with parameters reflecting a high-capacity cell. The
constants of the model (such as internal resistance, polariza-
tion coefficient, or dynamic constants) were adjusted to re-
produce realistic behavior under load and discharge.

The bidirectional DC-DC converter, which ensures the
transfer of energy between the battery and the DC bus, is
characterized by a smoothing inductor, a bus capacitor and a
switching frequency suitable for DC or DC control.

The table below summarizes all the electrical parameters
used in the model:

Table 2. Battery and Bidirectional DC-DC Bus Electrical Parame-
ters.

As part of the system regulation, the parameters of the Pl
controllers were determined to ensure a compromise between
stability and speed of response. Table 3 summarises the co-
efficients used:

Table 3. PI Controller Parameters.

Coefficients Values
i 0.05
ki 0.01
kpy 100

k; 1100

Electrical Parameters Values . . L

k,;: the proportional gain of the current regulator, which is
Battery source responsible for the immediate correction of the measured

648 A error.
Q k;;: the full gain of the current regulator, which reduces
E, 200V static error by taking into account the accumulated deviations.
K 0.0029 k. the proportional gain of the voltage regulator, acting
on the rate of correction of the deviation between the set

Ry 0.0038 voltage and the measured voltage.
Ay 21.16 k;,: the full gain of the voltage regulator, intended to ensure
B 0.094 the gradual elimination of the tracking error.

In Figure 3, we present the DC bus voltage regulation
S0Chat 50% strategy.
DC-DC bidirectional converter
Cpys : Capacitor 3300F
Lpqe: Inductance ImH
f:Switching frequency 10 kHz

Bboost
lbus, PV —p
[Bbuck
ILoad =% DC BUS VOLTAGE
CONTROL STRATEGY
Vbus, ¢ Pl >
Vbus

Figure 3. DC Bus Voltage Regulation Strategy.

This figure shows a DC bus voltage regulation strategy in
this microgrid system. The principle is based on the compar-
ison between the measured voltage of the Vbus bus and its
reference value Vbus, ref. The deviation generated is pro-
cessed by a PI (Proportional-Integral) regulator, which allows
to dynamically correct variations and guarantee the stability

of the voltage.

Additional input signals, such as the current from the
photovoltaic array (Ibus,pv) and the load current (ILoad), are
taken into account in order to adapt the control according to
the production-consumption balance. This information is sent
to the DC Bus Voltage Control Strategy block, which gener-
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ates control signals denoted as pboost and Bbuck.

These coefficients correspond respectively to the boost and
buck modes of the bidirectional converter, thus ensuring op-
timal regulation of the DC bus voltage despite fluctuations in
load or renewable production.

(iii). MPPT Increment

In Figure 4, we present the Maximum Power Point Track-
ing (MPPT) algorithm based on the Incremental Conductance
method [22, 23].

With each iteration, the system measures the voltage
Vo (k) and the current I,,,,(k) delivered by the photovoltaic
array, then calculates the instantaneous variations AV =
Vow (k) = Vi (k — 1) et Al = L, (k) — I,,(k —1) . These
two quantities allow us to evaluate the discrete derivative of
power with respect to voltage:

dap

dal Al
dV_I+VﬁN[+VE'

O

The operating condition at the maximum power point (MPP)
is reached when Z—s = 0, that is, when the instantanous con-

START

ductance I/V is equal to the incremental conductance
AI/AV.

The algorithm compares these two conductances to dy-
namically adjust the reference current setpoint I,,.f.

1) If I/V < —AI/AV, the system is to the left of the MPP
and the algorithm is increasing L,,(ref) to move the
operating point to a higher voltage.

2) If 1/V > —AI/AV, the system is to the right of the MPP
and I,,,,(ref) is decreased in order to reduce the oper-
ating voltage.

3) Finally, when I/V = —AI/AV, the generator operates at
its maximum power point, and no change in
L, (ref) is carried out.

The decision-making scheme presented also handles spe-
cial cases where AV =0 ou Al =0, to avoid dividing by
zero and to maintain tracking stability. This approach pro-
vides real-time adaptive control of the operating point, al-
lowing for better tracking accuracy and increased respon-
siveness to rapid irradiance and temperature variations, while
limiting oscillations around the MPP.

Sense I.r;,r(k), fpb,(kj ,
AV = I’{uv(k] - Vpu(k -1,
Al = L, (k) — I,,(k — 1)

Decrease I, (ref) Increase I,,,(ref)

Decrease I, (ref) Increase I, (ref)

l

l l

RETURN

Figure 4. The incremental conductance algorithm.

(iv). Energy Management

The EMS is the decision-making level. It receives the
measured quantities (PV power B,,, power consump-
tion P,,.q, battery SoC, bus voltage) and calculates the
power sharing instructions according to a pre-established

strategy (prioritization of PV energy, maintenance of bus

voltage, battery fallback if deficit, battery recharge in case of
surplus). Decision rules can be formulated by deterministic
logics (thresholds and priorities), optimizing strategies (cost
minimization or maximization of self-consumption) or pre-
dictive approaches. The outputs of the EMS are pow-
er/current commands transmitted to the converters' control
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loops.
In Figure 5, we present the energy management algorithm
in a micro-PV-battery grid.

Micro-grid data

l

Calculate :
Sign =ILoad — Ibuspv

o>

Figure 5. Energy management algorithm in a micro-PV-battery
grid.

4

Charging the Battery
Bbuck

Discharging the Battery
ﬁb oost

The algorithm shown in Figure 5 shows the energy man-
agement strategy adopted within the photovoltaic micro-grid
integrating a battery storage system. The objective of this
decision-making logic is to ensure the dynamic balance be-
tween the power produced by the photovoltaic array and the
power demanded by the load, while optimizing the use of the
battery.

First, the data from the system is acquired, namely the
current supplied by the photovoltaic array (Ibuspv) and the
current demanded by the load (ILoad). From these metrics, a
decision variable denoted Sign is computed according to the
following relationship:

Sign =ILoad — Ibuspv

This variable is used to determine the energy state of the
system:

If Sign>0, The demand of the load is higher than the pho-
tovoltaic production. The energy deficit is then compensated
by discharging the battery via a voltage step-up converter
(Boost).

If Sign<0, photovoltaic production exceeds demand. The
excess is stored in the battery through a step-down converter
(Buck).

The Sign=0 case corresponds to a situation of perfect
equilibrium between production and demand, in which the
battery does not intervene.

Thus, the algorithm ensures adaptive and autonomous en-
ergy management, allowing both the continuity of the load
supply and the maximum recovery of the available solar en-
ergy. In addition, the use of suitable DC/DC converters (Buck
or Boost) ensures efficient energy transfer and helps to pre-
serve battery life.

198

3. Case Study

3.1. Presentation of the Study Area

The site chosen for the study is Gandon, a rural community
located in northwestern Senegal, in the department of
Saint-Louis. It is bordered to the northwest by the Senegal
River and the Atlantic Ocean. The geographical coordinates
of the site are 15.96 °North, 16.45°West [24] (Figure 6).

RS

19302

T
1188

a0

&

Figure 6. Location of the site [24].

3.2. Weather Data

Between 1994 and 2018, the average solar irradiance in
Saint-Louis was 5.88 kWh/mZday and 2154 kWh/m=Zyear
[25], while measurements carried out in Gandon between
June 2004 and May 2005 indicated 5.61 kWh/m=3day [26].
These data measured during this period were used in this
study.

3.3. Load and Daily Power Profile

Figure 7 shows the hourly profile of the power of con-
sumption loads and pumping (Ppump) on a typical day in a
rural village in West Africa. This profile reflects the water
requirements for domestic uses, irrigation, and sometimes
livestock watering, as well as the energy consumption of
auxiliary loads.
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Ppump (kW) 4.1. Overcast Scenario
10 Analysis of the evolution of the photovoltaic current and the
8 setpoint
6 In order to analyze the performance of the MPPT algorithm
. ‘ under overcast conditions, Figure 9 represents the evolution
of the measured PV current (Ipv) and the setpoint (Ipvref)
2 ‘ I ‘ over 48 h, covering two consecutive days.
0 il
012345678 91011121314151617181920212223
Figure 7. Hourly profile of the power of consumption loads in a 2 200} ii:r(?(m
village in West Africa. £
g 100t
<
In Figure 8, we present the daily profile of the power de- ”4.8 96 144 197 21 288 336 3854 430 48
livered by the micro-grid. t(h)

Figure 9. Evolution of the real photovoltaic current (Ipv) and the

tpoint (Ipvref).
Pmicrogrid (kW) setpoint (Ipvref)

35
30 Under the overcast sky, the photovoltaic current Ipv (blue)
closely follows the reference set Ipvref (red). Two daily cy-
2 cles are observed (=14 h and =38 h), corresponding to the
20 peaks of solar irradiation. The maximum amplitude reaches
15 about 200 A, reflecting good operation of the PV generator.
10 The point deviations between Ipv and Ipvref remain limited
and less than 5%, confirming the performance of the MPPT
3 algorithm to ensure fast and accurate monitoring of the set-
0 point, even during rapid fluctuations due to cloudy passages.
0 5 10 15 20 25 The symmetry between the two cycles indicates a reproduci-
Figure 8. Daily profile of the power delivered by the micro-grid. bility of the system's behavior over several days. These results

validate the efficiency of the regulation in terms of robustness
and stability, which are essential to ensure continuous and
Figure 8 shows the hourly evolution of the power supplied reliable energy production in the context of rural microgrids
by the micro-grid on a representative day. The profile showsa  and agricultural pumping applications.
low baseline consumption (< 3 kW) during the night and Analysis of the current evolution of the PV bus
morning, followed by a first moderate rise around 6 a.m. In order to evaluate the dynamics of the DC bus, Figure 10
(= 7 kW). Charging then remained almost stable at an av- presents the evolution of the PV bus current (Ibuspv) over 48
erage level until the end of the afternoon, before peaking at ~ h, allowing to analyze the impact of solar variability on the
around 18-19 h, reaching around 31 kW. This maximum energy injected and the stability of the system.
reflects the strong residential demand in the evening. Finally,
the power gradually decreases to values below 5 kW at the

end of the day. e T ]
T
£ w}
- - o,
4. Results and Discussion R Mr\/\/\/\
The simulation results obtained under overcast and clear s 96 144 197 o1 288 36 384 430 18
skies make it possible to evaluate the performance of the t(h)

PV-battery system in a rural microgrid with agricultural
pumping. The analysis focuses on the evolution of currents,
voltages, powers and the state of charge (SOC), in order to
highlight the impact of sunlight conditions on the stability of
the DC bus, storage management and power continuity.

Figure 10. PV bus current (Ibuspv).

Figure 10 shows the evolution of the photovoltaic bus
(Ibuspv) power over a 48-hour window. Two distinct daily
cycles are observed, with maximum amplitudes of the order of
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40 A on the first day and slightly higher (=45 A) on the second.
The rapid fluctuations around the peaks reflect the effect of
cloud passages, confirming the DC bus's strong dependence
on incident irradiance. This daily variability conditions the
energy actually available for storage and pumping, high-
lighting the need for a robust energy management strategy to
maintain continuity of service.

Relationship between DC bus voltage and setpoint

Figure 11 shows the evolution of the DC bus voltage (Vbus)
as well as the control setpoint (Vbusref) over a period of 48
hours. The objective is to evaluate the stability of the control
under variable conditions, especially in the face of fluctua-
tions in the environment or loads.

400 o T T T

U

; |

£

7, 200 +

g Vbus (V)

< Vbusref (V)
D L L L L 1 1 L L 1

458 96 144 192 24 288 33.6 384 432 48

t(h)
Figure 11. Evolution of the DC bus voltage and the setpoint.

The bus voltage (Vbus) (Figure 11) remains generally
around the set point set at 400 V, which attests to a good sta-
bility of the regulation over the period observed. However,
there are occasional disturbances, particularly around t=5 p.m.,
when a sudden drop in voltage to about 250V is observed be-
fore a rapid return to the nominal value. This dip likely reflects
a rapid change in operating conditions, such as a sudden drop in
PV generation or a momentary load on the grid. Another more
moderate disturbance is perceptible around t =~ 39 h, with
smaller deviations around the setpoint. Despite these events, the
control ensures an effective correction of deviations, thus
guaranteeing the continuity of the power supply. These results
underline the robustness of the control system, while suggest-
ing the interest of integrating smoothing or storage devices to
mitigate the effects of fast transients.

Analysis of battery current and battery bus curves

In order to analyze the energy behavior of the storage sys-
tem, the figure below shows the evolution of the current
flowing through the battery (lbat) as well as the current
flowing between the DC bus and the battery (Ibusbat) over a
period of 48 hours under overcast conditions.

100

Tbat (A)

Amplitude

-100
4.8

288 336 384 432 48
t(h)

96 144 192 24

a) Evolution of the battery current as a function of time

200

Ibusbat (A)

50

0

Amplitude

-50

288 336 384 432 48
t(h)

48 96 144 192 24
b) Evolution of the current flowing between the DC bus and the

battery
Figure 12. Evolution of Ibat and Ibusbat.

The first curve (Figure 12) is represented the evolution of
the Ibat battery current over a period of 48 hours in a pumping
site supplied by a photovoltaic micro-grid. The amplitude of
the current varies between +100 A (charging phase) and —100
A (discharge phase), reflecting a marked alternation between
the accumulation of solar energy and its release to meet the
demand of the pumping system. The profile of Ibat reveals
well-defined daily cycles, with significant peaks around t = 7
p.m. and t = 42 h, corresponding to periods of high pumping
or episodes of irregular sunshine.

The second curve shows the Ibusbat current, representing
the energy exchanges between the DC bus and the battery.
This current has a reduced amplitude, around 60 A, and
follows a dynamic similar to that of Ibat, with more attenuated
variations. This highlights the role of the DC bus as a buffer
interface, absorbing or supplying energy depending on the
state of the system, while ensuring a stable power supply to
the pump motor.

These results confirm the PV-battery system'’s ability to adapt to
rapidly changing climatic conditions and fluctuations in hydraulic
demand. They also highlight the importance of an optimized en-
ergy management strategy to ensure continuity of power, limit
excessive stress on the battery, and thus extend its life.

After analyzing the battery charge and discharge currents
(Ibat) as well as the energy exchanges with the DC bus
(Ibushat), it is relevant to examine the impact of these flows
on the overall state of charge of the system. For this purpose,
Figure 13 shows the evolution of the battery's State of Charge
(SOC) over a period of 48 hours.

50.2 . T T T T
.
E 5“\—/\/¥
£
g 498k
<

496 ‘ - ‘ ‘ - ‘ ‘ - ‘

4.8 9.6 144 192 24 288 336 384 432 48

t(h)
Figure 13. Evolution of the battery's state of charge (SOC).

Figure 13 shows the change in the battery state of charge
(SOC) expressed as a percentage, over a 48-hour period.
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There is a relatively small variation in the SOC, ranging from
50% to 49.7%, indicating a quasi-steady state operation of the
storage system.

This low amplitude of variation in the SOC reflects an
overall balance between the charge and discharge phases,
suggesting that the battery operates in a restricted operating
area, in order to preserve its lifespan and minimize deep cy-
cling. The slightly decreasing trend in SOC over the entire
period could result from energy demand slightly higher than
PV production, or from an overall system efficiency slightly
lower than the unit.

Slight changes in the profile, visible in particular around t =
7 p.m. and t = 42 h, coincide with the fluctuations observed on
the Ibat and Ibusbat currents, confirming the impact of
charge/discharge variations on the instantaneous state of
charge.

These results underline the importance of fine-grained en-
ergy management in PV-battery systems, especially in the
context of solar pumping, where continuity of service is
highly dependent on the ability of the storage to maintain an
optimal level of SOC despite variations in production and
demand.

Battery Voltage Variation (Vbat) Analysis:

After the analysis of the currents and the state of charge,
Figure 14 shows the temporal evolution of the battery voltage
(Vbat) over a period of 48 hours.
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Figure 14. Variation of battery voltage (Vbat).

Figure 14 shows the variation in battery voltage (Vbat)
between about 195 V and 208 V over 48 hours, reflecting the
charge and discharge cycles related to the dynamics of the
solar pumping system. The voltage drops observed around t =
7 p.m. and t = 43 h correspond to larger discharge phases,
while the increases around t = 3 p.m. and t = 38 h coincide
with recharging periods, in connection with photovoltaic
energy availability.

The voltage remains overall close to 200 V outside of peaks,
indicating effective control of the energy management system,
ensuring storage stability and safety. Vbat's moderate modu-
lation helps to limit the premature aging of batteries. This
evolution is consistent with the current and state of charge
profiles, confirming the good interaction between production,
storage and consumption in this microgrid.

Analysis of power flows in the solar pumping system:

Figure 15 shows the evolution of the PV (Pbuspv), charge
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(PLoad) and battery (Pbusbat) powers over a 48-hour period
in a solar pumping system.
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Figure 15. Pbuspv (PV), PLoad (charging) and Pbusbat (battery)
powers in kW.

Figure 15 shows the temporal evolution over 48 hours of
three key powers in the system: the power injected or taken by
the battery via the DC bus (Pbusbat, in red), the charging
power of the system (PLoad, in black), and the power pro-
duced by the photovoltaic panels (Pbuspv, in blue).

It can be observed that photovoltaic power (Pbuspv) shows
significant peaks during the daytime periods, in particular
between t~ 9 a.m. and 6 p.m. and between t =~ 35 a.m. and 43
p.m., which corresponds to the hours of maximum sunshine.
Outside these ranges, PV production is almost zero, indicating
the absence of solar irradiation.

The charging power (PLoad) shows profiles corresponding
to the energy needs of the pumping system, with peaks largely
coinciding with those of solar production, but also significant
consumption during the night (PLoad > 0 while Pbuspv = 0),
which implies battery power.

The battery power (Pbusbat) oscillates between positive
and negative values, indicating the phases of charge (positive
power) and discharge (negative power) respectively. For
example, during peaks in PV production, Pbusbat is positive,
reflecting a recharge of the battery with excess energy. Con-
versely, when the load is sustained while PV production is
low or zero (especially in the evening or early morning),
Pbusbat becomes negative, indicating the discharge of the
battery to power the charge.

Notably, around t = 7 p.m. and t = 42 h, there are marked
fluctuations with rapid transitions between load and discharge,
reflecting the dynamic response of the system to variations in
demand and production. These cycles underline the im-
portance of fine-grained and responsive energy management
to ensure continuity of service and optimize battery life.

This figure highlights the central role of the battery as an
energy buffer between the intermittent production of photo-
voltaics and the variable demand of the pumping system,
ensuring a dynamic balance between injection and withdrawal
of energy on the DC bus.

4.2. Clear Sky Scenario

In this part, we have analyzed the performance of the
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PV-battery system in clear sky conditions.

Analysis of the evolution of the photovoltaic current and the
setpoint

In order to evaluate the performance of the MPPT control
applied to the photovoltaic array, Figure 16 shows the com-
parison between the measured PV current (Ipv) and its ref-
erence current (Ipvref) over a 48-hour period.
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Figure 16. Evolution of the real photovoltaic current (Ipv) and the

setpoint (Ipvref).

Figure 16 shows the temporal evolution of the current de-
livered by the photovoltaic array (Ipv, in blue) and the asso-
ciated reference current (Ipvref, in red) over a period of 48
hours. These curves are used to evaluate the performance of
the Maximum Power Point Tracking (MPPT) controller.

It can be observed that during the sunlight phases (= 9 a.m.
to 7 p.m. and = 33 p.m. to 43 p.m.), Ipv closely follows Ipvref,
reflecting a good accuracy of the MPPT control. Rapid vari-
ations of Ipvref, particularly visible between 12 and 18 h, are
effectively monitored by Ipv, despite the presence of fluctua-
tions related to system dynamics or rapid irradiance pertur-
bations.

The gap between the two curves remains small overall, in-
dicating that the controller manages to quickly adjust the
operating point of the PV array in response to variations in
sunlight. The adequacy between Ipv and Ipvref thus confirms
the robustness and responsiveness of the control strategy
implemented. In the absence of irradiation (t< 9 am., t=7
p.m. to 33 p.m., and t > 43 h), the two currents cancel each
other out, as expected.

Analysis of the current evolution of the PV bus

Figure 17 shows the current injected into the DC bus by the
photovoltaic array (Ibuspv), highlighting the solar production
profiles over a 48-hour period.
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Figure 17. PV bus current (Ibuspv).
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Figure 17 shows the current injected on the DC bus (Ibuspv)
by the photovoltaic array over 48 hours, under clear sky con-
ditions. The observed profile, with gradual increases in the
morning, plateaus in the middle of the day, then decreases in
the late afternoon (=~ 9-19 h and ~ 33-43 h), is characteristic
of stable and regular solar production.

The current peaks at about 60 A, indicating operation close
to the point of maximum power. The absence of major dis-
turbances or sudden fluctuations confirms the good perfor-
mance of the system in terms of regulation and injection. The
slight oscillations observed around t ~ 38.5 h remain limited
and do not alter the overall stability. This behavior validates
the effectiveness of the PV system and its control under op-
timal conditions.

Relationship between DC bus voltage and setpoint

Figure 18 is used to evaluate the voltage stability of the DC
bus by comparing the measured voltage (Vbus) to its refer-
ence (Vbusref) over 48 hours of operation.
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Figure 18. Evolution of the DC bus voltage and the setpoint.

Figure 18 shows the evolution of the DC bus voltage (Vbus,
in blue) compared to its reference set point (VVbusref, in red)
over a period of 48 hours. This figure makes it possible to
evaluate the ability of the conversion system to maintain a
stable voltage, an essential condition for the proper func-
tioning of the connected equipment.

It can be seen that Vbus closely follows the set point of
about 400 V, with small point deviations. Slight ripples ap-
pear around t ~ 6 p.m. and t ~ 38.5 h, corresponding to rapid
changes in PV load or production. However, these fluctua-
tions remain contained, which testifies to the good dynamic
stability of the voltage regulator. Overall, the bus voltage is
precisely maintained around its set value, which confirms the
effectiveness of the control system under normal operating
conditions.

Analysis of battery current and battery bus curves

In Figure 19, we present the evolution of the battery current
(Ibatt) as well as the current exchanged with the DC bus
(Ibusbat), allowing us to analyze the charging and discharging
phases over 48 hours of operation.
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Figure 19. Evolution of the battery current and the current ex-
changed between the battery and the DC bus.

Figure 19 shows the evolution of the battery current (Ibatt)
and the current exchanged between the battery and the DC bus
(Ibusbat) over a period of 48 hours. These two quantities
make it possible to evaluate the charge/discharge dynamics of
the battery as well as its interaction with the rest of the system.

The Ibatt current (upper figure) shows clear alternations
between positive values (charge phase) and negative values
(discharge phase). The positive peaks observed around t = 7
p.m. and t = 43 a.m. reflect phases of intense recharging,

generally synchronized with peaks in photovoltaic production.

Conversely, the discharge phases (negative current) appear in
the evening and during the night, especially around t =~ 14-18
h and t = 38 h, when the battery compensates for the lack of
solar production.

The Ibusbat current (lower figure), representing the current
actually injected or taken by the battery on the DC bus, fol-
lows the same dynamics as Ibatt, with smaller amplitudes.
This is due to internal conversions and possible losses in the
power stages. There is a temporal coherence between the two
curves, with simultaneous charge/discharge transitions.

The rapid changes visible around t = 38.5 h indicate a dy-
namic response of the system to fluctuations in load or pro-
duction. The absence of major instabilities confirms an effi-
cient management of the stored energy. These curves high-
light the central role of the battery in the energy balancing of
the system, ensuring continuity of service despite the inter-
mittency of the photovoltaic source.

After analyzing the charging and discharging currents of
the battery (Ibat) as well as the energy exchanges with the DC
bus (Ibushat), we present in Figure 20, the evolution of the
State of Charge (SOC) of the battery over a period of 48
hours.
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Figure 20. Evolution of the battery's state of charge (SOC).

Figure 20 shows the evolution of the battery's State of
Charge (SOC) over a period of 48 hours. The SOC remains
overall around 49.4% to 49.6%, with small daily variations.
These small oscillations reflect an energy balance between the
load phases (during periods of high photovoltaic production)
and the discharge phases (when the system load is sustained
and solar production is absent). The stability of the SOC in
this restricted range confirms efficient energy management,
avoiding both overload and deep discharge. This behaviour
indicates that the control strategy ensures operation in a qua-
si-steady state, with moderate stress on the battery, which is
favourable to its longevity.

Battery Voltage Variation (Vbat) Analysis:

In Figure 21, we observe the evolution of the battery volt-
age (Vhat), allowing us to evaluate the impact of the charge
and discharge cycles over a period of 48 hours.
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Figure 21. Variation of battery voltage (Vbat).

Figure 21 shows the change in battery voltage (Vbat) over a
48-hour period. It can be observed that VVbat evolves between
195 V and 208 V, reflecting the successive cycles of charge
and discharge.

The voltage increases, which can be seen in particular
around t =~ 14-18 h and t = 34-38 h, correspond to charging
phases, generally synchronised with photovoltaic production.
Conversely, the voltage drops observed around t ~ 7 p.m. and
t =~ 42 a.m. reflect more sustained periods of discharge, in the
absence of solar production. Despite these variations, the
voltage remains within a controlled operational range, with no
critical overload or undervoltage, which confirms efficient
storage management and good battery sizing. The rapid rip-
ples observed around t 38,5 h are related to fast
charge/discharge transients, but do not compromise the over-
all stability of the system.

Analysis of power flows in the solar pumping system:
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Figure 22. Pbuspv (PV), PLoad (charging) and Pbusbat (battery)
powers in Kw.

In Figure 22, we observe the evolution of the key powers in
the hybrid system over a period of 48 hours: the power in-
jected or taken by the battery (Pbusbat, in red), the power
consumed by the load (PLoad, in black), and the power pro-
duced by the photovoltaic array (Pbuspv, in blue).

PV production (Pbuspv) has two active periods, between t =
9-19 h and t = 33-43 h, corresponding to the hours of sun-
shine. Production peaks partly coincide with peak loads, but
are not always sufficient to cover demand, especially during
consumption peaks in the evening.

The battery plays a buffering role: Pbusbat is positive when
the battery is charged (excess PV production), and negative
when it is used to power the load in the absence of solar

production. The rapid transitions around t =7 p.m. and t= 42 h.

illustrate the dynamic response of the system to simultaneous
variations in production and demand. These curves confirm a
reactive and balanced energy management, ensuring continu-
ity of service while making the most of the intermittency of
the photovoltaic source.

5. Conclusion

The analysis of the two operating scenarios, under clear
skies and overcast skies, demonstrates that the proposed
photovoltaic system with storage ensures a reliable and robust
response to the energy and water needs of rural areas. Thanks
to the combination of InC-type MPPT monitoring, Pl regula-
tion and a coordinated energy management strategy, the ar-
chitecture studied guarantees both the supply of electricity for
domestic uses and irrigation, while maintaining the stability
of the DC bus and the autonomy of the batteries. These results
confirm the relevance of the scheme developed as a sustain-
able and adaptable solution to the varied climatic contexts
encountered in sub-Saharan Africa. For future work, it would
be interesting to integrate a complementary wind source and
develop another type of converter to improve the flexibility
and efficiency of the system.

Abbreviations

AC Alternating current
DC Direct current
EMF Electromotive Force
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EMS Energy Management System
MPPT Maximum Power Point Tracking
Pl Proportional-Integral regulator
PV Photovoltaic

SOC State of Charge
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