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Abstract — Using photovoltaic (PV) energy in stand-alone micro-
grid systems represents an effective solution for improving access
to electricity in remote rural areas while reducing dependence on
conventional power grids. This paper presents an energy
management and control strategy for a PV-batteries micro-grid
supplying an AC load through a three-phase voltage source
inverter. The proposed system aims to maximize the solar energy
production while ensuring reliable and stable operation of the
micro-grid. The PV generator is modeled using a voltage model
that considers the variation of the series resistance as a function of
solar irradiance and operating temperature. To ensure optimal
power extraction, a Maximum Power Point Tracking (MPPT)
algorithm based on the incremental conductance method is
implemented. A rule-based energy management system
coordinates the power exchange between the PV generators and
the batteries energy storage system. In addition, the DC-bus
voltage is regulated using a proportional-integral controller
through the bidirectional converter in batteries side, ensuring
system stability under varying operating conditions. The DC
power is converted into AC power by a two-level three-phase
voltage source controlled using the space vector pulse width
modulation (SVPWM) technique to provide high-quality output
voltage with reduced harmonic distortion. The performances of the
proposed system are evaluated through simulations using
Matlab/Simulink software under different solar irradiance levels
and load conditions. Simulation results demonstrate the
effectiveness of the proposed control strategy in stabilizing the DC-
bus voltage, maximizing PV power extraction, and mitigating
power fluctuations through the batteries energy storage, thereby
ensuring reliable power supply for rural micro-grid applications.

Keywords — Photovoltaic system; battery energy storage; energy
management system; DC-bus voltage regulation; space vector PWM
(SVPWM); voltage source inverter; stand-alone micro-grid.

I. INTRODUCTION

Climate change worldwide, combined with the gradual
depletion of fossil fuel resources, necessitates the
implementation of sustainable energy solutions aimed at
reducing our dependence on these polluting energy sources. In
this context, the integration of renewable energies into stand-
alone micro-grids emerges as an effective alternative for limiting
greenhouse gas emissions while enhancing energy autonomy and
reliability.

Among these sources, solar photovoltaic (PV) energy stands
out particularly in the sub-Saharan region of West Africa. This
case of study is focused to Republic of Guinea, which benefits

from an average daily sunshine duration of 8 to 9 hours,
representing a significant advantage for rural communities and
areas located far from major national grid interconnections.
Therefore, the development of solar integration solutions within
these stand-alone micro-grids will facilitate access to electricity
and promote the creation of income-generating activities.

However, the optimal operation of a photovoltaic generator
remains complex due to its inherently variable and non-linear
behavior, as well as the phenomena related to the penetration of
solar radiation through the Earth’s atmosphere. Indeed, the
power output is highly dependent on environmental conditions,
particularly solar irradiance and temperature. This makes the use
of Maximum Power Point Tracking (MPPT) techniques essential
to ensure optimal energy efficiency.

Several MPPT approaches have been developed, including
the Perturb and Observe (P&O) method, the Incremental
Conductance (InC) technique, and adaptive step-size methods,
as presented in [1], [2], [3], [4]. Among these, the InC algorithm
stands out for its ability to more effectively track the maximum
power point, especially under conditions of high solar irradiance
variability.

Furthermore, energy management of photovoltaic systems
coupled with batteries Energy Storage Systems (ESS) requires
the implementation of an Energy Management Strategy (EMS)
capable of responding rapidly to efficiently direct energy either
to the micro-grid or to the batteries. Various studies-based EMS
approaches have proposed based on fuzzy logic, decision rules,
or hierarchical architectures [4-13].

For instance, Swetha et al. [5] developed a centralized model-
based strategy adapted to electric vehicle applications in a micro-
grid environment. Similarly, Oukkacha et al. [6] proposed an
energy management method based on frequency sharing among
a fuel cell, lithium-ion batteries, and supercapacitors, all
interfaced through DC-DC converters. Badawy and Sozer [7], on
the other hand, designed and implemented an Energy
Management Strategy Control (EMSC) for a micro-grid
integrating renewable energy sources and batteries.

Moreover, Bagar et al. [8] conducted a comparative analysis
of various EMSC strategies applied to a hybrid system
combining a fuel cell, supercapacitors, and batteries,
highlighting the importance of effective coordination to extend
battery lifespan. Finally, Bonkile and Ramadesigan [9] proposed
an autonomous energy management approach for a PV-battery
hybrid system aimed at minimizing overload constraints using
the Runge-Kutta method with high-stability time steps.
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In terms of DC-bus voltage regulation, which is a key
element in stand-alone micro-grid architectures, whether
embedded or stationary, conventional controllers such as PI and
PID remain widely used to ensure system voltage stability [10],
[11]. In this context, Yaqoob et al. [12] proposed an energy
management strategy based on plateau control for a stand-alone
photovoltaic-battery hybrid system, with the objective of
stabilizing the DC-bus voltage while optimizing power
distribution among the different sources.

Similarly, an Energy Management Strategy and Control
(EMSC) designed for a DC micro-grid integrating a photovoltaic
module, batteries, and a load was developed in [13], aiming to
optimize energy flows while extending battery lifespan.
Furthermore, Benzaouia et al. [14] conducted an experimental
evaluation of a control strategy for a PV/battery system dedicated
to water pumping applications, using neural networks to
maximize power extraction on the PV side and fuzzy logic on the
battery side to maintain a balance between energy supply and
demand.

Despite these advances, only a limited number of studies
have combined an Incremental Conductance (InC)-based MPPT
strategy with a PI controller dedicated to DC-bus voltage
regulation within a PV/batteries/inverter architecture intended
for stand-alone AC micro-grids. Furthermore, few works
consider a photovoltaic system voltage model that incorporates
a variable series resistance while also accounting for realistic
weather conditions.

In this context, the present work proposes a hybrid
PV/batteries/inverter system designed for stand-alone micro-grid
applications. The developed energy management strategy is
based on Incremental Conductance (InC) MPPT algorithm,
enabling optimal extraction of photovoltaic power under variable
irradiance conditions while accounting for the effect of the PV
generator’s series resistance.

This system is coupled with two PI controllers: the first
ensures the DC-bus voltage regulation by effectively controlling
the batteries charging and discharging through a bidirectional
DC-DC converter, while the second, associated with a
unidirectional DC-DC Boost converter, guarantees power
transfer from the photovoltaic system to the DC-bus.

A two-level three-phase inverter is connected to the DC- bus
and controlled using the SVPWM algorithm to ensure a reliable
AC power supply for domestic loads.

The system is modeled and simulated in Matlab/Simulink
using realistic climatic data, particularly solar irradiance and
temperature measured at the Dialakoro pilot site in Republic of
Guinea. The study aims to evaluate the performances of the
micro-grid under various production and consumption scenarios,
with a particular focus on the DC-bus voltage stability, the
batteries safety, and the inverter operation to ensure an
appropriate voltage supply with a frequency of 50 Hz.

The obtained results highlight effective regulation, efficient
utilization of solar energy, optimal batteries energy management,
and high-quality power delivered to consumers, thereby
confirming the relevance of this approach for stand-alone micro-
grid applications.

The paper is organized as follows: Section II presents micro-
grid architecture, emphasizing the modeling of photovoltaic
sources, batteries storage systems, and DC/AC conversion
through a three-phase inverter. Section III is dedicated to energy
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management strategies which introduce the principle of MPPT
control and adopted energy management strategy. Section IV
presents simulation results and provides an in-depth analysis.
Section V concludes the study by summarizing the main
findings.

II. DESCRIPTION OF MICRO-GRID

Figure 1 presents the overall architecture of the studied
hybrid system, which includes a photovoltaic (PV) source
characterized by a variable series resistance, a module of the
batteries, a three-phase inverter, and a load represented by a
household. The photovoltaic generator is connected to a boost
converter, controlled by the Maximum Power Point Tracking
(MPPT) strategy. This strategy relies on an algorithm that
optimizes in real time the power extracted from the PV array by
continuously adjusting the operating point.

The energy storage system consists of batteries connected to
DC-bus through a bidirectional DC-DC converter, controlled by
a dual PWM signal generated by the energy management system.
This device enables batteries charging when photovoltaic
production exceeds demand and discharging to supply the load
when solar generation is insufficient.

Furthermore, a three-phase inverter, controlled using the
SVPWM technique, ensures the conversion of energy from the
DC-bus to the AC bus. It consists of three legs, each comprising
two IGBT switches that are driven in a complementary manner
to generate an alternating voltage or current at the desired
frequency, set to 50 Hz in this case.

The considered micro-grid as the main load, is supplied
through the AC bus, whose voltage is regulated via coordinated
power management across all converters. This architecture
enables both intelligent and adaptive energy management,
facilitating the integration of the photovoltaic system into a
stand-alone micro-grid, while enhancing energy flexibility.

A. Behavior Modeling of Solar PV
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Several mathematical models of PV panels have been
developed with the aim of accurately representing their electrical
properties and operation, which derive directly from the physical
structure of PV cells as in [15], [16]. In this study, the used PV
model is based on the methods described in [3],[1]. The PV
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voltage model with variable series resistance is connected
directly to the DC-bus via a boost converter, thus guaranteeing
power transfer from the PV string to the DC-bus. Table I presents
the main technical characteristics of the PV module and DC-DC
boost converter. In addition, the voltage-current (I-V) properties
of the PV panel, and the links with power output, can be
explained using equation (1), which summarizes the electrostatic
behavior of the module under standard irradiance and
temperature conditions, where I, V,, I, and I, present
respectively the PV current, voltage, saturation current and
photocurrent. The series and parallel resistances are R, and R;. N;
and N, are the total number of solar modules connected in series
and parallel respectively. T is the PV surface temperature. n, Ey
and k are the ideality factors, gap energy and Boltzmann
constant, respectively.

DC-DC Boost Converter

Current

Solar Panel
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TABLE 1. CHARACTERISTICS OF PV PANEL AND BOOST CONVERTER
Electrical Parameters \ Values
Solar PV source
Maximum power Py 345 W
Maximum Current 1, 9.05 4
Short-circuit current [ 9524
Maximum voltage Vi 3814V
Open-circuit Voltage Voc 46.52V
Temperature coefficient of current k. +0.049 % /°C
Temperature coefficient of voltage k. -0.315 % /°C
Series cells Nsc 72
Number of modules in series in a PV string Ns ., 7
Number of parallel strings in a PV string N, 80
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Fig. 1. Proposed power system topoloy.

B. Behavior Modeling of the Batteries

The batteries are high energy density, quick dynamic
response, and low rate of self-discharge make it a promising
technology for storing renewable energy in hybrid systems. As
depicted in Fig. 1, the batteries are connected to the DC-bus via
a bidirectional DC-DC converter, enabling efficient DC power
supply to the load. The considered model of the batteries is
presented in equation (2), [17], [18].

Vpar = Eo — K -

it — Ry - ipge + Ay e P — K -

Q Q ..
0—1it 0—it i*(Discharge)
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In equation (2), the open-circuit voltage is denoted by Ey. O
is the capacity (Ah) of a typical battery. i, is the battery’s current
charge (Ah). The polarization constant is denoted by K. The

Q .
0-it troiq ' (Charee)

exponential zone amplitude (in V) is shown by 4. B represents
the exponential zonetime constant inverse in the exponential
zone (Ah)™'. The internal resistance (in £) is denoted by Ry. The
battery’s current is denoted by s, and the filtered current (in A)
by i*.

The battery design was modeled using simulation based on
the technical specifications listed in Table II, which also includes
the parameters of the bidirectional DC-DC converter. The model
describing the battery’s state of charge SoCy, is evaluated using
equation (3) [18], [19], where SoCy is the battery state of charge
(%), Qparis the maximum battery capacity (Ah).

l-jfbm(z)dr] 3)

bat 0

s0c,, =100- [1 +

The battery’s charge-discharge cycle is mainly determined
by the amount of power available and the power level required
by the system. This cycle depends on both available energy
capacity and demand dynamics. The battery’s State of Charge
(SoC) limits are used to define operational constraints, framing
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minimum and maximum operating thresholds. These limits are
used to set safety limits and optimize battery use according to the
actual power capacities that can be supplied or absorbed at any
given time, as described in equation (4), where SoCpamin and
S0Chamax are respectively the state of charge minimum and
maximum.

soc,,.. <soc, <SocC,, 4)
TABLE II. CHARACTERISTICS OF BATTERY AND BIDIRECTIONAL
CONVERTER
Electrical Parameters \ Values
Battery source
Battery capacity: Q 648 Ah
Constant voltage: Eo 2732V
Polarization constant: K 0.0029 (V/Ah)
Battery internal resistance Ry, 0.0038 (2)
Exponential zone amplitude A, 21.16 (V)
Exponential zone time constant inverse B 0.094 (Ah)’!
SOCbat 50%

C. Modeling of the DC-AC Converter

The considered DC-AC converter is based on two-level
three-phase inverter designed to convert the energy from the
DC-bus into alternating current (AC) suitable for supplying
domestic loads. It consists of three legs corresponding to the
three phases, each including two power switches based on IGBT
technology equipped with antiparallel diodes. Inverter is
controlled using the Space Vector Pulse Width Modulation
(SVPWM) technique, which enables the generation of a quasi-
sinusoidal three-phase voltage, thereby improving power
quality while reducing harmonic distortion.
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Furthermore, an LC filter is installed at the inverter output
to smooth the voltage and current waveforms by attenuating the
harmonic components generated by the switching of the power
devices. This filtering significantly improves the quality of the
supplied energy by ensuring a voltage waveform closer to a pure
sinusoid at a frequency of 50 Hz, making it suitable for stand-
alone micro-grid applications (Fig. 2).

III. ENERGY MANAGEMENT STRATEGIES

This section provides an in-depth explanation of the MPPT
control principle, and the energy management strategy proposed
in this paper.

A. Principle of MPPT Control for PV

The photovoltaic (PV) panel, as a generator of electrical
energy, converts solar irradiance into electricity through a direct
conversion process. Nevertheless, this conversion is subject to
the intrinsic variability of solar resources, which induces
intermittent and non-linear behavior in energy production. This
characteristic adversely affects the stability and performance of
the PV system. To mitigate these effects and optimize energy
capture, the integration of a dedicated control system is
essential.

To do this operation, the MPPT algorithms play a crucial
role, adapting the operating point of the PV system in real time
to extract the maximum available power. Several MPPT
strategies have been proposed in the literature [3], [20], [21],
aiming to autonomously control the voltage of each PV module,
in order to maximize energy efficiency under varying sunlight
and temperature conditions.
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Fig. 2. DC-AC inverter structure and control.
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In the present work, the authors have opted for the control
strategy with the integrated Incremental Conductance (InC)
algorithm, whose principle is illustrated in Fig. 3, as the method
for tracking the maximum power point. The InC algorithm is
based on an analysis of the power gradient as a function of
voltage (dP/dV), enabling precise estimation of the optimum
operating point. In combination with the irradiance sensor, it
provides the reference current that is calculated using equation
(5). Figure 4 presents the Incremental Conductance (InC) MPPT
algorithm.

Carrier wave

Fig. 3. MPPT Control Strategy.
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Fig. 4. Diagram of the InC MPPT.

B. Energy Management Strategy and Control (EMSC)

The objective of this study is to develop an energy
management strategy within a micro-grid based on the use of a
Proportional-Integral (PI) controller, to optimize energy
exchanges between the different components of the system. A
key aspect of this approach is to ensure the stability of the DC-
bus voltage, which must be maintained at a predefined reference
level despite external disturbances and inherent system
uncertainties. Indeed, controlling this voltage is essential to
guarantee the proper operation, reliability, and safety of the
micro-grid.

The proposed method is based on minimizing the deviation
between the measured DC-bus voltage V3, and its reference
value Vpusrerthrough a robust and structured control strategy. The
operation of the micro-grid requires continuous adaptation to
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fluctuations in photovoltaic power generation. In this context, the
batteries energy management plays a crucial role in preventing
system instabilities caused by excess or insufficient production,
while ensuring a continuous balance between energy supply and
demand.

Since the batteries module is connected to the DC-bus
through a bidirectional DC-DC converter, the main role of the PI
controller is to operate this converter in either buck or boost
mode, depending on the energy requirements. The reference
current, generated by the PI voltage controller, is then used to
determine the duty cycle applied to the pulse-width modulation
(PWM) module, thereby ensuring effective control of the
converter.

As illustrated in Fig. 2, photovoltaic energy is first injected
into the DC-bus of the micro-grid and then delivered to the load
through an inverter. In the event of excess production, the surplus
energy is stored in the batteries. The power transfer from the DC-
bus to the load is ensured by the inverter, whose control,
combined with an LC filter at its output, improves the quality of
the energy supplied to the consumer.

This strategy ensures accurate regulation of both current and
voltage while maintaining an overall energy balance. It promotes
optimal using of solar energy due to batteries assistance.

The structure of the control illustrated in Fig. 5, is based on a
PI control loop that generates the appropriate duty cycle to
ensure tracking of the reference voltage Vs, set at 1000V. This
approach enables the batteries charging and discharging
processes without the degree of freedom limit due to cascade
control architectures.

The k, and k; parameters of the proportional-integral
controllers applied to the photovoltaic current and the DC-bus
voltage were determined using equation (6) to optimize the
dynamic response of the system. The optimal values obtained for
these coefficients are presented in Table III. The system
performance is subsequently tested through simulations.

Im,,w—*f )
J DC BUS VOLTAGE —— %so0st
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Fig. 5. DC-bus voltage control.
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The current and voltage control bandwidth w, is fixed to 10%
of that the converters control frequency [5], [7].

Figure 6 presents the flowchart of the proposed control
strategy. The batteries energy storage system performs a dual
function, both supplying energy when required and absorbing
excess production. In stand-alone mode, when generation
exceeds demand, the algorithm controls the batteries charging
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process while respecting its safety constraints, particularly the
maximum allowable current.

TABLE IIL PI CONTROLLER PARAMETERS
Coefficients Values
kpi 0.1
kij 100
kpy 0.1
Kiy !
/ 10kHz
L ImH
c 3300uF
Micro-grid data
Calculate:
sign =ILoad - [buspv
No Yes
Charging the battery Discharging the battery

((Xbuck) ((Xboost)

Fig. 6. Voltage control strategy.

Conversely, in the event of insufficient photovoltaic
generation, the batteries supply the required energy to meet the
load’s demand until its discharge limit is reached. Furthermore,
the energy management system continuously monitors the
batteries state of charge, thereby ensuring reliable and secure
operation of the micro-grid.

C. Control of Inverter Using SVPWM

Grid-connected PV systems represent a key solution for
sustainable energy production; however, their efficient
integration requires advanced power conversion and control
strategies. In [22], a new three-phase three-level NPC (Neutral
Point Clamped) inverter structure combined with the SVPWM
(Space Vector Pulse Width Modulation) technique is proposed
for injecting PV energy into the grid without storage, using a
high-gain interleaved Boost converter. The results demonstrate
a high efficiency of 96.1%, although the output voltage THD
(Total Harmonic Distortion) remains relatively high (22.33%).

In [23], an MPPT control strategy based on the incremental
conductance algorithm combined with a dual closed-loop
technique is developed for a hybrid PV-battery microgrid,
improving power tracking, energy flow management, and DC-
bus voltage regulation in accordance with the EN50530
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standard. Similarly, [24] proposes an improved MPPT approach
coupled with d-g current regulation to stabilize the DC-link
voltage and reduce harmonics; however, the absence of THD
results limits a comprehensive evaluation of its performance.

Furthermore, [25] introduces an advanced Fractional Order
Integral Sliding Mode Control ( FOISMC) strategy optimized
using the Particle Swarm Optimization (PSO ) algorithm,
applied to a PV system including a DC-DC converter and a
three-phase inverter. This approach significantly enhances
system dynamic performance, achieving notable reductions in
voltage, active and reactive power, as well as overshoot and
response time, highlighting the effectiveness of intelligent
control techniques.

Finally, [26] emphasizes the importance of multilevel
inverters in large-scale PV plants, showing that the choice of
topology (CHB — Cascaded H-Bridge, NPC — Neutral Point
Clamped, FC — Flying Capacitor) has a significant impact on
overall system performance. While the CHB topology offers
better voltage tolerance, NPC and FC structures simplify the
system by eliminating the need for multiple DC sources.
Overall, these studies demonstrate that improving PV system
performance relies on a synergy between inverter topologies,
control strategies, and modulation techniques, paving the way
for more efficient, stable, and grid-compliant energy systems.

In this study, the authors propose SVPWM control as an
inverter management strategy for the grid. SVPWM algorithm
presented in Fig. 7 first converts the three-phase reference
voltages into the stationary aff reference frame using the Clarke
transforming.

The reference voltage vector is then located within one of
the six sectors of the space vector diagram. The dwell times of
the adjacent active vectors and zero vectors are calculated to
synthesize the reference voltage during each switching period.
Finally, the corresponding duty cycles are used to generate the
gating signals for the six IGBT switches of the two-level
inverter.

The sector identification is performed using a decision-
based algorithm that avoids the computation of the arctangent
function. The algorithm determines the sector of the reference
voltage vector in the af plane by analyzing the signs of V/, and
Vp and comparing the ratio Vg /V,, with V3 as presented in Fig.
8. This method significantly reduces the computational
complexity and is suitable for real-time implementation of the
SVPWM strategy.

The proposed inverter is a two-level three-phase voltage
source inverter connected to DC-bus and designed to deliver
150 kW/ 400 V AC/50 Hz three-phase AC load. A switching
frequency of 10 kHz is adopted for the SVPWM signal
generation. To improve the output voltage quality, an LC filter
composed of a 1 mH phase inductance and a 25 puF phase
capacitor is used. The DC-bus capacitor in inverter input is fixed
to 2 mF to ensure DC-bus voltage stability.
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Fig. 7. Space Vector PWM Algorithm.

Fig. 8. Decision algorithm for sector identification in the SVPWM
control strategy.

In order to accurately reproduce the dynamic behavior of
the load, a time-varying current profile is imposed on the
three-phase system. The studied system consists of a three-
phase voltage source inverter supplied by a DC-bus voltage
Vi of 1000V .The inverter generates a three-phase AC
voltage with a line-to-line RMS value is given in equation (7),

*V
Vi = z ﬁDC (7

at a fundamental frequency of 50 Hz.
For a balanced three-phase system, the phase voltage is given
in equation (8),

v
Vo = "2 ®)
which yields V,,, & 231V for V;;, = 400V and m = 0.69.

TABLE IV. INVERTER PARAMETERS

Electrical Parameters \ Values
Inverter
Switching frequency fsw 10 kHz
Modulation index (SVPWM) 0.69
Output frequency 50Hz
Sampling time 10°s
SOCbat 50%
LC Filter at output of the inverter
Filter inductance Li; Ly; Lsr 1 mH
Filter capacitance C;; Cy; Csr 25 uF

The natural frequency of the filter is given in equation (9).
1

e = o ©)
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Thus, for the selected filter values in our system, the cutoff
frequency f., after calculation, is approximately 1006Hz.

IV. SIMULATION RESULTS AND DISCUSSION

After modeling the PV system, the energy storage device,
the inverter, and the wvarious control strategies,
Matlab/Simulink software was used to implement and
simulate the hybrid energy system to evaluate the
performances of the proposed energy management strategy.

The DC-bus side is characterized by the interaction
between the photovoltaic system and the batteries through the
main DC-bus, via the respective Boost and Buck-Boost
converters, which enable continuous power flow management
through their control algorithms. The simulated climatic
conditions presented in Fig. 9 include the variations of solar
irradiance (in W/m?), and ambient temperature (in °C) as well
as load’s demand over a period of 1000 hours. These
parameters affect the energy production of photovoltaic
modules.

The load current profile I;,,4, shown in Fig. 10, is
interpolated and applied at the inverter output in a stepwise
manner. This implementation is carried out using the Three-
Phase Breaker and Three-Phase Series RLC Branch blocks
in MATLAB/Simulink, configured in resistive mode, in order
to accurately reproduce the real dynamic behavior of the
measured load.
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Fig. 9. Variations in experimental weather conditions, solar radiation,

temperature.
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Fig. 10. Measured Load Current Profile

150

100

50

0 200

The curves presented in Fig. 11 show the temporal
evolution of the PV modules voltage Vpv and its current Z,,. It
can be observed that the system effectively responds to
variations in irradiance and temperature, thereby ensuring
optimal energy production. These results highlight the ability
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of the MPPT algorithm, along with the Boost converter
control strategy, to dynamically adjust the operating point of
the photovoltaic generator.

The waveforms illustrated in Fig. 12 highlight the
measured current at the output of the PV array and the
reference current generated by the MPPT controller through
irradiance data provided by a pyranometer. The strong
agreement between these two signals demonstrates the
effectiveness of the incremental conductance algorithm,
which is capable of rapidly adapting the reference current to
variations in solar irradiance, thereby ensuring optimal energy
production efficiency.

The DC-bus voltage is maintained around a reference
value set at 1000 V. Its evolution during the simulations is
presented in Fig. 13. Thanks to the action of the PI controller
combined with the adopted control strategy, effective DC-bus
regulation is achieved even in the presence of disturbances
arising from the load connected to the inverter or from PV
generation. Maintaining this voltage is essential to ensure the
proper operation of all supplied devices, particularly the
micro-grid loads.

The waveforms illustrated in Fig. 14 highlight the batteries
behavior in response to system demands. The variations of the
current correspond to the charging and discharging phases,
depending on the availability of solar energy and the
consumption requirements. The voltage remains within
nominal ranges, reflecting the proper sizing of the
bidirectional converter as well as the reliability of the energy
management strategy.

<

<

LUL’\M UMU U UULUUU JU

300 T
400 600 800 1000
t(h)
0 200 400 600 800 1000
t(h)

Fig. 11.  Waveform of the current and voltage on the PV side.
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Fig. 12.  Waveform of the current and its reference on the PV side.
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Fig. 13.  DC-bus voltage.

The voltage across the batteries module terminals
presented in Fig. 15 fluctuates around 269V, which is very
close to its nominal value of 270 V. This slight decrease in
voltage is due to the voltage drop caused by its internal
resistance. The power supplied by the PV and batteries
system is illustrated in Fig. 16. This result is obtained by
emulating the real load profile on the DC-bus. The power
compensation provided by the batteries when the PV power
is zerocorresponds in practice to the period between sunset
and sunrise.

Figure 17 shows the evolution of the three-phase currents
ig, ip, i and the three-phase phase-to-neutral voltages at the
inverter output v,, vy, v, are presented in Fig. 18. Over the
entire study period, amplitude variations are observed in both
currents and voltages, reflecting the system’s adaptation to
fluctuations of the PV power and load demand. The zoom
over the interval t = 464.45s to t = 464.44 s highlights
perfectly sinusoidal waveforms, balanced and phase-shifted
by 120° between the three phases, which is characteristic of
proper three-phase operation. It is important to emphasize
that this current amplitude enables the simultaneous supply
of multiple domestic loads or households in rural areas.

The similarity between the voltage waveforms v,, v,
v, and the current waveforms i,, i}, i, is explained by the
resistive nature of the load, for which the current is
proportional to the voltage. Furthermore, the regularity of the
signals and the absence of significant distortion confirm the
effectiveness of the SVPWM control strategy as well as the
LC filter at the inverter output. These results demonstrate the
high quality of the energy delivered to the micro-grid, in
agreement with the low total harmonic distortion values.

Figure 19 presents the evolution of the duty cycles Ty, Tp,
and T, normalized with respect to the switching period Ty, as
well as the switching sector generated by the SVPWM
control strategy applied to the three-phase inverter. Over the
entire simulation period, the duty cycles vary continuously
according to the system operating conditions, particularly
fluctuations in photovoltaic generation and load’s demand,
while the sector variable takes inter values between 1 and 6
as illustrated in Fig. 20, corresponding to the different regions
of the af vector plane. The zoom over the interval t =
464.4 sto t = 464.44 shighlights periodic waveforms of the
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duty cycles, bounded between 0 and 1 and phase-shifted
among the three phases, reflecting the time distribution of
active and zero voltage vectors.
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Fig. 15.  Waveform of the voltage and current on the battery side.
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At the same time, the ordered succession of sectors
reflects the continuous rotation of the reference voltage
vector in the complex plane. Each sector transition
corresponds to a new combination of active vectors, ensuring
an accurate synthesis of the desired three-phase voltage. This
coordination between duty cycles and sector selection
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confirms the correct operation of the SVPWM algorithm. It
ensures optimal utilization of the DC-bus voltage, efficient
switching of the power devices, and a significant reduction of
harmonic content. Consequently, these results demonstrate
the capability of the control strategy to generate balanced,
high-quality three-phase voltages, contributing to the overall
performance improvement of the system.
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Fig. 17.  Inverter output current.
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Fig. 18.  Inverter output voltage.

Figures 21-23 present the PWM control signals of the
inverter switches (S;,S8,, S3,5¢, Ss,S,) along with the
associated reference voltages (V ref, Vi refs Verer). Over the
entire simulations period, the PWM signals appear as high-
frequency rectangular waveforms, reflecting the rapid
switching of the power devices, while the reference voltages
maintain a sinusoidal shape. The zoom over the interval t =
464.4 sto t = 464.44 shighlights the fundamental principle
of SVPWM modulation: the comparison between an implicit
triangular carrier waveform and the sinusoidal reference
signals, resulting in time-varying duty cycles. It can be
observed that the pulse widths continuously vary according
to the instantaneous amplitude of the reference voltages,
enabling the reconstruction, after filtering, of balanced
sinusoidal three-phase voltages.
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Fig. 19.  Space vector PWM principle and switching sequence.

The complementary switching signals (S;/Ss, S3/Ss,
S:/S,) ensure alternate control of the switches in each
inverter leg, guaranteeing the proper synthesis of voltage
levels. This pulse-width modulation accurately reflects the
trajectory of the reference voltage vector in the af plane, in
accordance with the SVPWM principle.
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Fig. 20.  Waveform sector

The consistency between the PWM signals and the
reference voltages confirms the correct operation of the
control algorithm. It ensures optimal utilization of the DC-
bus voltage, efficient switching of the devices, and a
significant reduction in harmonic contents. Consequently,
these results demonstrate the capability of the SVPWM
strategy to generate high-quality three-phase voltages,
contributing to the overall performance improvement of the
system.
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Fig.21. PWM waveform and reference voltage Varef

Figure 24 shows the temporal evolution of the active
power P supplied to the system over a period of 1000 hours
on the DC-bus. It can be observed that the power varies
dynamically according to operating conditions, particularly
due to the power fluctuations of the PV and load in. The
maximum power reached is approximately 150kW, which
corresponds to the system’s maximum capacity. The power
variations reflect changes in operating conditions, particularly
transitions between different levels of solar irradiance and
load demand. The rapid oscillations observed around the
power levels are associated with converter switching
phenomena and control actions, without significantly
affecting the overall stability of the system. Despite these
fluctuations, the power remains generally well-regulated
around consistent levels, highlighting the effectiveness of the
energy management strategy. The system ensures an
appropriate distribution of the power between the PV, the
batteries storage, and the load, while respecting the maximum
power limit and maintaining stable operation of the micro-
grid.
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Fig.22. PWM waveform and reference voltage Vbref

Figures 25 and 26 present the frequency analysis of the
currents i,, i, i;as well as the voltages v,, v}, v, at the
inverter output, obtained using Fourier transform (FFT). It
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can be observed that the spectrum is dominated by the
fundamental component at 50 Hz, corresponding to the grid
frequency, while the harmonic components are very low. The
total harmonic distortion (THD) values are around 2.4% for
all phases, for both currents and voltages.
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Fig. 23. PWM waveform and reference voltage Vcref
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Fig. 24.  Dynamic variation of load power.

The similarity of THD values between currents and
voltages is explained by the resistive nature of the load, for
which the current is proportional to the voltage, resulting in
similar waveforms. Furthermore, the low amplitude of
harmonics highlights the effectiveness of the SVPWM control
strategy as well as the LC filter at the inverter output, which
significantly attenuate the high-frequency components
generated by switching. These results demonstrate a good
power quality delivered to the micro-grid, meeting power
quality standards, and confirm the adequacy of the filter
design as well as the adopted control strategies.
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Fig.25.  Frequency analysis of the currents ia,ib and ic
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V. CONCLUSION AND FUTURE WORK

Furthermore, the DC-bus voltage is stably regulated
around 1000 V despite variations in solar irradiance and load
conditions. The batteries storage system plays a key role in
energy balancing through the batteries charging and
discharging operation according to production and
consumption conditions. The observed power flows confirm
an efficient distribution of energy between the PV, the
batteries, and the load.

The three-phase inverter, controlled using the SVPWM
technique and combined with an LC filter at its output, enables
the generation of balanced and sinusoidal three-phase voltages
and currents. The obtained results show a strong agreement
between the reference signals and the actual quantities, as well
as a good power balance. Frequency analysis highlights a low
total harmonic distortion (THD) of 2.44% for both voltages
and currents, confirming the high quality of the energy
supplied to the micro-grid. This performance is mainly
attributed to the effectiveness of the SVPWM strategy and the
proper design of the LC filter.

The simulations are done under realistic conditions,
demonstrate the relevance of the proposed strategy. The
system ensures high power quality (low THD), stable
operation, and optimized energy management, making it
particularly suitable for stand-alone micro-grid applications in
rural areas.
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