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strategy (EMS) for a microgrid that integrates
photovoltaic (PV) panels, a battery energy storage
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May 6-8, 2025 at FST-Al Hoceima- system (BESS), and a grid connection. The primary
Morocco. objective is to maintain a dynamic and reliable power
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of solar energy. The system architecture comprises a
PV generator whose power is optimized by a hybrid
Maximum Power Point Tracking (MPPT) algorithm
that integrates an Adaptive Neuro-Fuzzy Inference
System (ANFIS) and a fuzzy controller, acting as a PI

regulator.
The BESS, made up of Lithium-ion batteries, is managed by a bi-directional DC-DC

converter and a fuzzy PI controller, which ensures fine, adaptive regulation of power flows. The
core of the innovation lies in the battery management algorithm, which relies on a set of explicit
rules to direct power flows. These rules include a strict 10 kW constraint on battery charging and
discharging power, crucial for preserving battery life and system safety. The system was simulated
considering various cases of irradiance profiles and charging demands of 35 kW and 55 kW,
including normal and critical battery state-of-charge (SOC) situations. The simulation results
demonstrate the success of the ANFIS-Fuzzy Logic (FL) MPPT control in maximizing energy
capture with an error of + 0.06 KW, while the BESS keeps power balance error below + 0.02 kW
in all tested scenarios. These results confirm the algorithm’s ability to handle critical high and
low SOC situations, intelligently redirecting power flows to maintain microgrid stability and

power continuity.
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1. INTRODUCTION

Theglobal energy transition to renewable energy sourcesisimperative for mitigating climate change
and ensuring sustainable development. In this context, microgrids are emerging as a key solution
to facilitate the massive integration of renewable energies, particularly photovoltaic energy [1].
Microgrids offer multiple benefits, such as improved reliability and efficiency of energy supply,
greater resilience to main grid failures, and the ability to operate autonomously or connected to
the power grid [2][3]. Solar photovoltaic energy, in particular, is growing exponentially due to its
lower costs and environmentally friendly nature. However, PV production is highly intermittent
and variable, depending as it does on weather conditions (Irradiation, temperature), which poses
significant challenges to the stability and management of power grids [4]. To compensate for this
intermittency and ensure a stable, reliable energy supply, battery energy storage systems (BESS)
are becoming increasingly important. BESS allows excess PV energy produced during periods
of high sunshine to be stored for later use when PV production is low or non-existent, or when
load demand is high [5]. This ability to temporally decouple production and consumption is
essential for maximizing self-consumption of PV energy, reducing dependence on the grid, and
improving overall microgrid performance. Efficient power management within a PV-battery-
grid system is therefore of primary importance.

The power output of a photovoltaic panel is not constant; it varies considerably according to the
ambient conditions, such as solar irradiance and temperature [6]. To optimize the efficiency of
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PV systems and maximize the electrical power generated, it is essential to permanently extract
the maximum power point (MPP) available [7][8]. Without MPPT, a PV system would often
operate below its optimum potential, resulting in a significant loss of energy and a reduction in
overall efficiency.

In the field of microgrid power management, several recent works have explored various facets.
Previous research has investigated hybrid MPPT under various operating conditions. The novelty
of this work lies in the use of ANFIS, a relatively innovative technique, combined with a fuzzy
logic-based controller to enhance performance and adaptability. For example, Siddaraj et al [9]
have proposed a hybrid MPPT method based on Particle Swarm Optimization (PSO) and ANFIS
to improve power generation and conversion in a microgrid, while maintaining voltage and
frequency stability. However, the management of extreme cases of battery charge and discharge is
not addressed. From a flexibility perspective, Kalaiyarasan et al [10] in another study developed
an energy management system for a DC microgrid integrating PV sources and fuel cells, using
ANFIS controllers for MPPT and bidirectional converters for battery charge/discharge control.
But source prioritization (PV - battery - grid priority) and real-time power surplus/deficit
management are not detailed. Other researchers, such as Dhanunjaya et al [11], have focused on
an ANFIS controller-based energy management system for a smart DC microgrid, combining
PV, wind sources, and a battery bank, to improve power quality and power extraction efficiency.
The study focuses on isolated DC microgrids without interaction with an external grid, and
transitions between modes (critical charge/discharge) are not addressed.

However, despite these advances, there is still a lack of integrated approaches that combine
high-performance MPPT control with an adaptive battery management algorithm capable of
handling both normal and critical State of Charge (SOC) conditions in grid-connected PV-
battery microgrids. In particular, existing studies often overlook strict power constraints for
battery protection (e.g., maximum charge/discharge limits) and real-time prioritization of energy
flows between PV, battery, and grid. This gap limits the applicability of these systems in scenarios
requiring both high efficiency and operational safety.

Faced with this state-of-the-art, our work distinguishes itself by implementing an MPPT control
based on an ANFIS, a method recognized for its high efficiency and rapid response to variations
in sunlight conditions. In addition, a fuzzy logic controller is used for fine-tuning, acting as an
enhanced PI controller. The specificity of our contribution also lies in the battery management
algorithm, which strictly integrates a charge/discharge power limit of 10 kW and defines a
precise system behaviour when the battery reaches its extreme states of charge (fully charged or
discharged). The aim is to ensure efficient and reliable power balancing between photovoltaic
generation, load, battery, and grid while respecting essential practical constraints.

The organization of this article is as follows: Section 2 is dedicated to the methodologies and
materials used, Section 3 analyzes the results obtained, and Section 4 presents the conclusion and
future scope.

2. Methodology and Materials

The architecture of the microgrid studied is illustrated in Fig.1, showing the interconnection of
various components. The system includes a photovoltaic generator, a DC- DC boost

converter equipped with an MPPT algorithm, a BESS with its bidirectional DC-DC converter
, a DC-AC inverter with control to regulate voltage, an AC load, and the electrical grid.

The study presented in this article will focus on maximizing the power extracted from PV panels,
whatever the irradiation conditions (uniform or partial), and on balancing the power flows

between PV, battery, and grid, based on the battery charge/discharge management algorithm.

Solar Energy and Sustainable Development, Volume (14) - No (2). December 2025

333



Mokmed Amine Atillak et. al

DC Bus AC Bus

LOAD

BOOST
CONVERTER
...... DC-AC
1 INVERTER

a4 L 1 1 )

BUCK-BOOST gB
CONVERTER |
BATTERY GRID

Fig.1. PV-Battery Microgrid architecture.

2.1. PV Generator specifications

The PV generator is made up of 3 three photovoltaic panels (as presented in Fig.2) with a total
peak power of 50KW for a solar irradiation of 1000 W/m? and a temperature of 25°C.

T >

G

I

Fig.2. The PV generator used.

To study and analyze photovoltaic system performance, it's essential to distinguish between two
main sunlight conditions: uniform irradiation and partial shading. Uniform irradiation represents
a situation where all panels receive the same level of irradiation. Partial shading, on the other
hand, occurs when different parts of the PV field are exposed to varying levels of irradiance,
which is a realistic scenario due to obstacles such as clouds, buildings, or trees [12].

Power (W)

] 50 100 150 200 250 300 350 400 450 500
Voltage (V)

Fig.3. Electrical characteristics under uniform irradiance.
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Fig.4. Electrical characteristics under partial shading.

To simulate uniform irradiance, two levels were applied simultaneously to all the panels in the
array: first 1000 W/m?, then 800 W/m? to represent a drop in irradiance. For partial shading,
each group of panels received a separate irradiance: 1000 W/m? for the first, 800 W/m? for the
second, and 600 W/m? for the third, thus reproducing a non-uniform distribution of irradiance.
The panel characteristics are presented in Fig.3 and Fig.4.

2.1.1. ANFIS-FL MPPT

Our MPPT control system is designed around three main blocks, working together to optimize
photovoltaic production as presented in Fig.5.

E.d

Tomporature

an
Irradiation

J DC Bus AC Bus
DC-AC
SEREER
| BUCK-BOOST
" CONVERTER LOAD

Fig.5. ANFIS-FL MPPT principle.

|

The first block is an ANFIS. Specifically trained to predict the voltage at the point of maximum
power (VMPP) as a function of solar irradiation and ambient temperature. In this study, the
focus is on irradiance variation, with temperature considered a constant parameter.

The second block is a fuzzy logic (FL) controller. This controller acts as a PI-type regulator whose
function is to keep the output voltage of the photovoltaic panel equal to the reference VMPP
determined by the ANFIS. It receives this reference VMPP as input and generates the duty cycle
for the DC-DC Boost converter [13]. The choice of an FL controller is justified by the non-
linear nature of the small-signal model of a PV system coupled to a boost converter. Unlike
conventional controllers, which require a precise mathematical model, the FL controller relies
on heuristic knowledge and general rules of the system, enabling it to operate efficiently in this
non-linear environment. Finally, the third block is the DC-DC Boost converter. Placed between
the photovoltaic panel and the DC-AC inverter, this converter (illustrated in Fig.6) is controlled
by the duty cycle provided by the FL controller. Its purpose is to adjust the impedance seen by
the PV panel to ensure that the system operates constantly at the point of maximum power [12].

2.1.2. ANFIS model

The ANFIS is a hybrid technique that combines the adaptive learning capabilities of neural
networks with FL [14] [15], offering a powerful approach to energy management and MPPT
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in PV systems. The ANFIS architecture consists of five distinct layers: the fuzzification layer,
the rules layer, the normalization layer, the consequent layer, and the addition layer. The ANFIS
architecture is detailed in [16].
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Fig.6. Configuration interface of the ANFIS designer in MATLAB.

The ANFIS model is designed using the neuro-fuzzy design tool available in the MATLAB
environment, illustrated in Fig.6.

To design the ANFIS model, 1400 training data are used (Table 1 shows a selection of these data);
this data is derived from MATLAB/Simulink simulations of the proposed microgrid system. On
the input side, the data correspond to the irradiances of the three PV panels, while on the output
side, the model provides the voltage corresponding to the point of maximum power. The
type of membership function is triangular, with 15 membership functions for the three
inputs and 3 epochs. The designer then performs training on the ANFIS model, adaptively
adjusting the system parameters to achieve optimum accuracy [17]. The results are
encouraging, with a root- mean-square error (RMSE) of around 8.6x10-4.

Table 1. Selection of training data.

Irradiation Irradiation Irradiation  Voltage of MPP
Pvl Pv2 Pv3
1000 1000 1000 415.49
800 600 100 304.90
800 100 100 146.76
100 800 100 146.76
300 600 500 271.92
400 700 1000 274.70
900 400 600 441.89
600 300 400 435.41
400 800 900 269.30
200 800 800 266.48

2.1.3. FL controller

The FL controller design method, Rules for error and error variation, and the membership
functions for the input and output variables are detailed in [18][19][20]. The interpretation used
for the rules is Mandani, and the Defuzzification used is Centroid.

On completion of the design, the controller is implemented in Simulink, as shown in Fig.7.
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Fig.7. Implementation of FL controller in MATLAB/Simulink.
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Fig.8. Complete Simulink implementation of the hybrid ANFIS-Fuzzy Logic MPPT controller.

In order to implement the control, MATLAB Simulink was used, based on the system components
presented above. The simulation of the MPPT controller is illustrated in Fig.8.

2.1.4. DC-DC Boost Converter

The DC-DC boost converter, presented in Fig.9, is an essential component in the photovoltaic
chain, with two crucial roles. Firstly, it increases the output voltage of the photovoltaic panels to
a desired level, avoiding the need to increase the number of panels connected in series to achieve
a higher voltage [13]. Secondly, and just as importantly, it controls the operating point of the PV-
load assembly. By adjusting its duty cycle, this converter enables the system to constantly monitor
the panels’ MPP [21].

@ N o+ (0 ( o . o e @
In+ : @ = ! Out +
Pulse 1
| z
-
w
In- ? ° Qut -
@ - LD

Fig.9. Schematic of the DC-DC boost converter.

The boost output voltage is related to the input voltage by the relationship below [12].
Vi

v, = 1
= (1)
Where: D: Duty cycle. Vi: Input voltage. V, : Output voltage ripple.

2.2. Battery energy storage systems

2.2.1. BESS Components and Specifications

The BESS is an essential pillar of the microgrid, playing a crucial role in the dynamic balancing of
intermittent PV panel production and fluctuating load demand. Its importance lies in its ability
to store excess solar energy for later use, and to make up power deficits when PV production is
insufficient.

The BESS uses a lithium-ion battery with a capacity of 150 Ah. A fundamental operational
constraint is the limitation of its charging and discharging power to a maximum of 10 kW. These
specifications are used exclusively to check the algorithm’s performance and are not based on any
particular dimensioning. The battery block in Simulink is shown in Fig.10.
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Fig.10. Battery block in Simulink.

Connecting and controlling the battery to the microgrid’s DC bus is a bidirectional DC-DC
converter (presented in Fig.11), essential for managing power flows in both directions (charge
and discharge). This converter is regulated by a control loop, typically a PI controller, which
adjusts the battery current according to system requirements to maintain energy balance [23].

E‘
e - QD_E..I.|S. —us —s ng?

In+

]
+

ci -
. co .
a
In- 5 Qut -

Fig.11. Schematic of the Bi-directional buck-boost converter.

2.2.2. Rule-Based Intelligence in Critical SOC Handling

The battery management strategy is based on maintaining the battery’s SOC between safe
thresholds of 20% (SOCmin) and 80% (SOCmax), to preserve battery life and ensure system
safety [21]. The energy management algorithm is the brain behind this coordination. It relies on
a set of explicit rules to direct power flows between PV, battery, and grid. When PV production
exceeds load, the surplus is first directed to the battery, up to a limit of 10 kWj; any additional
surplus is exported to the grid. Conversely, if the load exceeds PV production, the battery supplies
the energy required up to 10 kW, and the grid makes up the remainder of the deficit.

Discharge
@ Yes
|

Caculate
et 5 Pal Ve

Fig.12. Flowchart of the proposed charging and discharging management strategy.

The EMS also manages critical situations: if the battery reaches its SOCmax, excess PV power
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is exported directly to the grid; if it reaches its SOCmin, the grid takes over to supply the load.
This approach guarantees robust, reliable energy management, optimizing self-consumption and
microgrid stability. Fig.12 presents the operational scenarios governed by the proposed EMS
algorithm.

The battery’s charging and discharging power is controlled by regulating its current (IB). To do
this, the algorithm calculates the reference current (Iref) based on the scenarios described above.
Then, a PI controller ensures that the IB current precisely follows the Iref current in real-time.
Fig.13 shows the MATLAB/Simulink implementation of this system.

[PL]
B P
Ppv W P * Iref +
charge_controle - P Pi(z) >D P
Hve Pulse
[VB]

Fig.13. Simulink implementation of the charging/discharging control for the BESS.

3. RESULTS AND DISCUSSION

This section presents the detailed results of the simulations carried out to evaluate the performance
of the proposed EMS for the hybrid microgrid. All simulations were achieved using the MATLAB/
Simulink environment, where each block and component of the system was implemented and
simulated as shown in Fig.14

ANFIS MPPT FL Controlier Inverter controller
\ :
n
S
a

ey W :
[ >—8

dln+ & Out+ - o+

e L Qut -

Boost converter

Pv panels

Buck-Boost

Pules converter

Storage controller

Energy Storage

Fig.14. System implementation in Simulink.

The analysis of the results will focus on several key aspects. Firstly, we will evaluate the MPPT’s
performance under uniform and partial shading conditions. Secondly, we will examine the
balance of power flows and the smooth operation of energy distribution between the battery and
the grid. Finally, particular attention will be paid to critical case management and battery SOC
behavior, to validate the reliability of the charge/discharge management algorithm.
Specifications for the various system components are calculated based on the methods presented
in [8]. These are shown in Table 2.

To evaluate the robustness and efficiency of our system, various irradiance profiles were selected.
These profiles include uniform and variable real-time shading conditions (the first 12 seconds), as
well as partial shading scenarios (the last 6 seconds), in order to test the MPPT control’s ability to
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maximize the power extracted from the photovoltaic panels in all situations. The irradiance used
is shown in Fig.15.

Table 2. System specifications.

PV (1000 W/m?) Boost Converter Buck-Boost Battery Grid
Converter
Ppv max: 50 kW Input capacitor: Input capacitor: Type: lithium-ion Phase-to-phase
100 uF 1 mF Voltage (Vrms):

Vpv max: 415V Output capacitor: ~ Output capacitor:  Capacity: 150 Ah 380V

1 mF 10 uF Frequency: 50 Hz
Ipvmax: 120.5A  Inductance: 9.6575  Inductance: 130  Maximum power:

mH mH 10 kW

Ir

imadiation (Wim)
2
2

550
[ 10 12 14 16 "
Time (s)

w2

Irradiation (Wim')
-
2

Irradiation (Win')
"
z

s50
o 2 4 8 L] 10 2 " 1% "
Time (s}

Fig.15. Irradiation profile used.

According to the panel characteristics shown in Fig.3 and Fig.4, under uniform irradiation
conditions of 1000 W/m?, the maximum expected power is around 50 kW. When irradiation is
reduced to 800 W/m?, the maximum expected power is around 40 kW. On the other hand,
under conditions of partial shading, where each group of panels receives separate

irradiation, the maximum total power supplied by the system is around 33 kW.

With regard to load, the system was subjected to two distinct levels of demand: a 35 kW load and
a 55 kW load. These scenarios were analyzed by considering both normal (where the battery
SOC is between 20% and 80%) and critical (where the SOC is less than or equal to 20% or
greater than or equal to 80%) operating situations, enabling us to assess the behavior of the
microgrid under various conditions.
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3.1. First case (Load power demand of 35 KW)

3.1.1. First scenario (Normal SOC situation (20% < Soc <80%))

In this first scenario, a constant load demand of 35 kW was considered, with the batteries initially
charged to 50%. Fig.16 shows the various power curves (PV production, load consumption,
battery power, and exchanges with the grid), while Fig.17 illustrates the evolution of the battery’s
SOC.

P_Bat ——FP_Pv
——P_Load ——P_Grid

N
=3
i

L] 2 4 [ ] 10 12 14 16 18
Times (s)

Fig.16. PV, load, battery, and grid power curves for a 35 kW load and normal SOC.

] 2 4 [ 8 10 12 14 1% 18
Time [s)

Fig.17. Battery SOC variation for a 35 kW load and normal SOC.

Evaluation of the ANFIS-FL MPPT control and battery management algorithm (Fig.16 and
Fig.17) under uniform irradiance and partial shading:
> PV output varies between three levels:

e 50kW (0-65).

o 40kW (6-1235).

o 33kW (12-185).
> Simulation results match theoretical expectations.
> The ANFIS-FL MPPT control shows high accuracy in tracking the maximum power point

(MPP)

Power flow analysis (Fig.16):
> 0-6s: PV produces 50 kW; load consumes 35 kW; 10 kW stored in battery; 5 kW exported
to grid.
6-12 s: PV output = 40 kW; load = 35 kW; surplus of 5 kW fully stored in battery.
12-18 s: PV output = 33 kW; load = 35 kW; deficit of 2 kW fully supplied by the battery.
These observations confirm the algorithm’s ability to ensure accurate control of battery power.
Respects the 10 kW maximum charge/discharge limit for safety. Maintains optimal energy
balance between PV, battery, load, and grid.
Battery SOC evolution (Fig.17):
> 0-6s: SOC increases from 50% to around 50.03% (10 kW charging limit applied).
> 6-12s: SOC rises more slowly to around 50.042% (5 kW surplus fully absorbed).

Y v ¥
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> 12-18 s: SOC decreases slightly from around 50.042% to 50.037% (battery discharges 2 kW
to cover the deficit).
> Confirms the algorithm?’s effectiveness in rule-based SOC management.

3.1.2. Second scenario (Critical SOC situation (80% < Soc))

The batteries in this situation are assumed to be fully charged (SOC > 80%) at around the 9th
second, to assess the algorithm’s ability to react.

Fig.18. PV, load, battery, and grid power curves during a high SOC scenario fo.

b —pBt —P_pv
— P Load —P_Grid

Power (KW}
"
5

o 2z 4 6 s 10 12 14 16 18
Times ()

Fig.18. PV, load, battery, and grid power curves during a high SOC scenario for a 35 kW load.

a 2 4 L] 8 10 12 14 18 138
Time (s)

Fig.19. Battery SOC variation during a high SOC scenario for a 35 kW load.

As described in Scenario 1:

> When the battery SOC reaches SOCmax = 80% (Fig.18 and Fig.19), charging stops and all
surplus PV power is exported to the grid.

In this case:

> SOC rises from 79.965% to 80% at around 9 seconds (triggers the high-SOC rule).

> PV power =40 kW ; Load = 35 kW ; Surplus = 5 kW.

EMS response:

> Battery power drops to 0 kW (charging stops).

> Grid export increases to around 5 kW.

This confirms the algorithm’s ability to detect and manage critical high-SOC conditions while
preserving microgrid balance.

3.2. Second case (Load power demand of 55 KW)

3.2.1. First scenario (Normal Soc situation (20% < Soc < 80%))

In this scenario, a constant load demand of 55 kW was applied to assess the algorithm’s ability to
handle larger power deficits. The batteries are initially charged to 50%. Fig.20 shows the various
power curves (PV production, load consumption, battery power, and exchanges with the grid),
while Fig.21 illustrates the evolution of the battery’s SOC.
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Fig.20. PV, load, battery, and grid power curves for a 55 kW load and normal SOC.
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Fig.21. Battery SOC variation for a 55 kW load and normal SOC.

EMS prioritizes covering power deficits with the BESS (up to 10 kW) before drawing from the
grid.

0-6 seconds (Fig. 20 & Fig. 21):

PV output = 50 kW, load = 55 kW; deficit = 5 kW.

BESS supplies 5 kW, grid inactive.

SOC decreases slightly from 50% to 49.985%.

6-12 seconds:

PV output = 40 kW, load = 55 kW; deficit = 15 kW.

BESS provides 10 kW (limit).

Grid supplies the remaining 5 kW.

SOC decreases more rapidly.

12-18 seconds:

PV output = 33 kW, load = 55 kW; deficit = 22 kW.

BESS continues at 10 kW.

Grid supplies the remaining 12 kW.

Power balance is maintained. Confirming the robustness of the EMS under sustained deficit
conditions.
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3.2.2. Second scenario (Critical Soc situation (Soc < 20%))
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Fig.22. PV, load, battery, and grid power curves during a low SOC scenario for a 55 kW load.
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In this situation, it is assumed that the batteries reach their minimum discharge limit (SOC < 20
%) at around the 9th second, to assess the algorithm’s ability to react.
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Fig.23. Battery SOC variation during a low SOC scenario for a 55 kW load.

Once SOC reaches SOCmin (20%), EMS stops discharging the BESS and shifts entirely to grid
support.

At 9 seconds (Fig. 23):

> SOC decreases from 20.03% to 20%, then remains stable.

> At the same time (Fig. 22):

> PV output = 40 kW, load = 55 kW, deficit = 15 kW.

> Battery power decreases from —10 kW to 0 kW.

> Grid import rises to 15 kW, covering the entire deficit.

This confirms the EMS’s ability to protect the battery and maintain supply continuity under
critical low-SOC conditions.

3.3. Quantitative comparison with existing MPPT techniques

To provide a stronger contextual basis for this study, we refer to our previous research [12], which
evaluated the performance of three MPPT techniques, P&O, PSO, and ANN combined with
a fuzzy logic controller under both uniform irradiation and partial shading conditions. This
comparison helps to highlight the strengths and weaknesses of each approach relative to the
proposed ANFIS-based method. While a fully quantitative comparison would require identical
system configurations and test conditions, we can still identify overall trends by analysing the
performance characteristics observed in both studies.

Under uniform irradiation, all methods were generally effective at tracking the maximum power
point. The P&O approach, however, showed significant oscillations around the MPP, which
could compromise stability. The PSO technique successfully reached the MPP but needed longer
convergence times due to the large number of iterations required. The ANN method with a fuzzy
logic controller provided faster and more accurate tracking, though the additional controller
introduced a slight delay, making its response comparable to the ANFIS-based method.

In partial shading scenarios, the P&O method struggled due to its tendency to settle on local
maxima, limiting tracking accuracy. Both PSO and ANN with fuzzy logic performed well, with
ANN exhibiting quicker response times, while PSO required more iterations to reach the optimal
point.

4. CONCLUSION

This work presented a robust EMS for a microgrid integrating PV panels, a BESS, and a grid
connection. The proposed EMS ensures dynamic and reliable power balance while maximizing
solar self-consumption under operational constraints. An ANFIS-Fuzzy Logic MPPT controller
was implemented and demonstrated high performance, achieving a maximum power capture
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error of £0.06 kW, a power-balance error below +0.02 kW across all tested scenarios, and an
overall system response time of 0.125 seconds.

A key contribution of this study lies in the rule-based battery management algorithm, which
enforces a strict 10 kW charge/discharge limit. This constraint ensures safe and reliable operation
of the BESS while accurately coordinating power flows among PV, battery, load, and grid,
including the handling of critical SOC events (at SOCmin and SOCmax). Simulation results
under defined irradiance and load profiles confirmed the accuracy, stability, and robustness of
the proposed EMS.

Despite these promising results, some limitations remain. The systems auxiliary or self-
consumption was not evaluated. Complex dynamic climate conditions, such as rapid irradiance
ramps caused by moving clouds, seasonal variations, or combined temperature effects, were
not modelled. Furthermore, the performance was validated only through simulations, without
experimental testing on a physical prototype. These aspects could influence real-world behavior
and will be addressed in future research.

Lookingahead, several directions can be explored to extend thiswork. Oneimportantimprovement
would be to replace the fixed 10 kW charge/discharge limit with a smart adaptive bound that
depends on SOC, temperature, and PV/load conditions. Practical implementation on hardware,
coupled with a detailed economic evaluation, will also be carried out. The integration of real-time
forecasting for PV production and load demand, together with the consideration of complex
dynamic climate conditions, will further enhance the system’s reliability. In addition, extending
the analysis to reactive power management, including the use of devices such as STATCOM, will
improve voltage stability and power quality. Finally, the interconnection of multiple microgrids
will be studied to enable mutual energy exchanges, strengthen resilience, and optimize the use of
renewable resources.
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