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Abstract: This study proposes an optimized control strategy for a hybrid photovoltaic—wind system
with battery storage, designed for off-grid applications. The objective is to enhance energy stability and
overall efficiency through an adaptive fuzzy logic-based MPPT controller. The methodological
approach is based on multi-component modeling using MATLAB/Simulink, integrating a multi-port
DC converter and parametric optimization functions. The results demonstrate an overall energy
efficiency of 92.7%, a 22% reduction in power oscillations compared to the conventional P&O algorithm,
and DC bus voltage stabilization within £0.5%. Furthermore, power supply continuity reaches 98.7%,
and total harmonic distortion remains below 8.2%. The hierarchical energy management strategy
ensures that the battery state of charge is maintained between 30% and 90%. These performance
outcomes suggest that the proposed architecture is well-suited for autonomous microgrids in remote
areas. Practical implications include the optimization of hybrid systems for sustainable electrification.

Keywords: Current control strategy, Energy management, Hybrid renewable energy systems, Multi-port converter,
Photovoltaic and wind energy.

1. Introduction

Due to the increasing demand for energy and environmental, economic, and political problems
associated with the use of fossil energy resources, renewable energy sources are becoming an essential
alternative for energy production [17]. Today, renewable energy sources have many advantages,
including sustainability and low pollution [2, 37. Wind and photovoltaic (PV) technologies are two
examples of renewable energy systems that have the potential to replace conventional energy
production systems [4, 5].

On the other hand, due to the recent decline in solar panel prices, it is currently estimated that
installed photovoltaic capacity will reach 800 GW by 2030 [67]. Experts have predicted that by 2050,
wind and photovoltaic power will account for about 50% of all electricity generated worldwide [7, 87.
However, one of the main problems with these two sources is their random and intermittent nature,
which makes it difficult to control their individual uses. To mitigate the problem, one approach is to use
a hybrid system with wind and solar energy sources equipped with an energy storage unit. These hybrid
systems have recently attracted the interest of many researchers working in the fields of renewable
energy sources [9, 10]. Three hybrid system topologies have been proposed: common DC-BUS,
common AC-BUS and combined common AC/DC-Bus [11]. In general, these topologies require the use
of a number of power converters and controllers to adapt and facilitate the transition of energy
produced from renewable sources to the end use, which adds to the total complexity of the system.

Moreover, as the number of converters increases, the system efficiency decreases due to losses in
each converter [127]. Efficient control of converters with a constant and optimal switching frequency
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helps to minimize the heating of power components [18]. In this paper, the structure of the
studiedhybrid system is composed of two power sources (photovoltaic and wind), a storage system, a
multi-port DC converter, a DC/AC converter and loads as presented in Figure 1.
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Figure 1.
Architecture of the control strategy of the wind-PV system with batteries.

The objective of this study is to design an adaptive current control system for multi-port DC
converters, capable of efficiently managing load variations and external disturbances while maintaining
optimal system stability. This approach aims to ensure accurate and reliable power distribution among
the different ports of the converter, thus optimizing energy efficiency and improving overall system
performance. In addition, maximum power point tracking strategies have been applied to photovoltaic
and wind sources to ensure optimal system operation. Part of the energy control strategy is based on
the fuzzy logic approach.

Many PV and wind system models and designs have been developed using different approaches. The
design can be classified into two categories: grid-based or stand-alone. Researchers like Hassan, et al.
(147 show that the operation of PV/wind hybrid systems, with different topologies, can be used for
hybridization of more than one system; the advantages and disadvantages of using such systems have
been studied by Chrifi-Alaoui, et al. [157. The stability of grid-connected systems with hybrid storage
[167] and real-time testing of off-grid systems for rural electrification [17]. These studies highlight the
technical benefits, operational challenges, and performance criteria of hybrid systems.

Also in the literature, many different control strategies have been considered. The PV/wind hybrid
system was used by Dihrab and Sopian [18]to generate electricity in Iraq. The planned system was
simulated using the Matlab solver, the final results showed that it is possible to use such a system as a
cold start energy source during a total shutdown period. Hybrid PV/wind systems have been
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extensively researched to optimize their performance for diverse energy applications. Amoussou, et al.
[197 developed an integrated design combining solar, wind, lithium battery storage, and hydrogen
production to replace a heavy fuel oil power plant, demonstrating the system’s sustainability and
efficiency. Concurrently, advanced modeling approaches including an innovative topology combining
Cuk and SEPIC converters simulated in MATLAB have significantly enhanced the performance metrics
of hybrid PV/wind systems [207].

Energy control is a critical component, as highlighted by a study on a solar-wind hybrid system
coupled with lead-acid batteries, which underscores the importance of effective management to ensure
power supply stability and reliability. Although small-scale microgeneration remains underexplored,
Australia’s Bushlight project exemplifies the potential of standalone renewable systems to successfully
electrify remote communities, providing valuable operational insights [217].

For residential applications, Aissi, et al. [227] validated the feasibility of an optimized PV/wind
hybrid system tailored to specific climatic conditions, demonstrating its energy efficiency and local
adaptability. Systems with basic MPPT (Maximum Power Point Tracking), despite their simplicity,
remain practical, reliable, and cost-effective solutions for diverse applications. Regarding grid
integration, Al Shereiqi, et al. [237] proposed hybrid system sizing optimization to mitigate generation
variability and enhance national grid stability. Finally, in off-grid rural areas, optimal sizing
methodologies based on genetic algorithms have reduced costs for standalone PV/wind systems,
confirming their economic superiority over single-source alternatives.

A research conducted by Mohammadi, et al. [247] used the particle swarm optimization (PSO)
algorithm for the optimal sizing of PV and wind systems, although the study was limited to a microgrid
system, but energy storage was included. Askarzadeh [257 used the discrete chaotic harmony search
based simulated annealing (SA) algorithm for the optimal design of a PV/wind hybrid system. The
suggested method is used to obtain the best possible design of a PV/wind hybrid system. The
simulation results show the outstanding efficiency of the SA algorithm. The optimization study
conducted by Merei, et al. [26] focuses on off-grid PV/Wind hybrid using different battery
technologies based on the genetic algorithm (GA) and has been successfully implemented. An optimal
control strategy based on an adaptive predictive model for a solar hybrid system (PV + BESS) was
developed by AbdElrazek, et al. [277]. The controller regulates production and storage to follow the
power setpoints, while respecting the system constraints and ensuring sufficient energy reserves.

In a context of accelerated energy transition, this study proposes a significant methodological
advance in intelligent energy management in renewable hybrid systems. Unlike classic fuzzy control
architectures, it introduces a dynamic and adaptive rule base, comprising 25 rules — compared to 9 to 15
in previous studies [28, 297 as well as an asymmetric membership function of type A. This configuration
allows a measured reduction of power oscillations of the order of 22% compared to conventional Perturb
and Observe (P&O) techniques, as illustrated in Figure 22. It also guarantees a better dynamic
reactivity (£0.2 s) in the face of rapid fluctuations in sunlight (>100 W/m?/s), a critical scenario still
little explored in the scientific literature [30, 317.

Furthermore, recent technological advances in photovoltaic and wind power, combined with the
continued rise in fossil fuel costs, are strengthening the economic viability of hybrid renewable energy
systems. With this in mind, the study proposes a simplified model of a stand-alone hybrid system — not
connected to the grid — integrating intelligent energy management algorithms. These algorithms
ensure optimized maximum power point tracking (MPPT) from renewable sources, while maintaining
the stability of the electrical system under variable environmental conditions. The developed
architecture thus constitutes a relevant contribution to the energy optimization of stand-alone
microgrids and the resilience of energy infrastructures in areas with limited access to the grid.

This article begins with the “Materials and Methods” section, where the theoretical models and
components of the hybrid system studied are presented. This part details the different components of
the system and the methodology adopted to carry out the simulations. The “Results and Discussion”
section then highlights the simulations carried out on the autonomous hybrid system. The results
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obtained are analyzed and discussed, taking into account the system performance and their comparison
with previous studies. Finally, the Conclusion summarizes the main elements of the study, recalls the
major contributions and proposes perspectives for future work.

2. Materials and Methods

According to a thorough literature review, many studies are underway, with divergent ideas and
needs, on the possibility of integrating wind and photovoltaic systems. These studies can be classified
into three categories: modeling, design, optimization, control, and techno-economic strategies. Some
researchers have proposed a stand-alone hybrid system, while others have applied a wind and
photovoltaic system in grid-connected mode. In this work, the study focuses on the multi-point
management strategy of the Hybrid Renewable Energy System (HRES), presented in Figure 1. The
mathematical modeling of the proposed system is as follows:

2.1. Modeling of the Wind System

Wind energy, one of the most abundant resources, is the second fastest-growing renewable energy
technology in the world. This part of the wind system consists of a horizontal-axis turbine, a permanent
magnet generator, and a diode rectifier to convert alternating current to direct current, a DC/DC
switch, and an MPPT controller to track and calculate the MPP. Figure 2 shows the block diagram of
the system used for modeling. Its model is as follows:
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Figure 2.
The wind system.

2.1.1. Turbine Model
The power developed by the wind comes from the wind turbine and is defined by equation (1) [327:

Py: =%.p.A.V3.Cp(/1,[>’) (1)
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Where Pw: [Watt]: aerodynamic power of the turbine; p [Kg/m?7: air density; A [m27: surface area
of the turbine blade; V. [m/s7: wind speed; C,: coefficient of performance or efficiency of the turbine; B:
blade inclination angle [degree’; A: tip speed ratio.
The tip speed ratio A is the ratio of the linear speed of the blades to the wind speed, and it is
represented by equation (2):
Q4R

7 (2)

A

Where {,: rotor rotation speed in [rad/sec], R: radius of the blades [m7].
The gear ratio G is employed between the turbine and the generator to increase the rotational
speed. This relationship is described by equation (3):

0 T.
G=-2=— (3)
Op Ty

Where Qr. turbine speed in [rad/sec], Tt: turbine torque [N.m7], Tw: Torque applied to the
generator [N.m].
In the existing literature Saget [327); Abdin and Xu [837; Patel and Beik [347] and Reddy, et al. [357]
numerous formulations are provided for the calculation of the power coefficient C,. For the present case

study, with the assumption that the angle = 0, the value of C, is expressed by the following equation
(4):
Cp = —0,731723 + 0,29532* + 0,876021 (4)

The mechanical equation is expressed by equation (5):

dfn

1
EZ_T(Tm_lTeml_f--Q) (5)

Where (): rotation speed; J: total inertia of the turbine; Tem: electromagnetic torque produced by the
generator; Ti: torque of the multiplier; f: coefficient of friction.
Figure 3 shows the interconnection between the scheme of equations (1) to (5).
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Figure 3.
Block diagram of the wind turbine model.
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2.1.2. Permanent Magnet Synchronous Generator (PMSG) Modeling

The permanent magnet rotor wind turbine (PMSG) was chosen for this study because of its high
efficiency and high torque. The amplitude and frequency of the voltage induced by the PMSG vary with
the wind speed. In order to overcome this problem, the generated power will be converted into direct
current using a rectifier [36]. The mathematical equations of PMSG are given in a synchronous
tramework by the following equation (6):

dl,
Vd = _RSId - Ld% + Lq(,()lq

dl,
Vo = —Rslq = Lg—" = Lawla + ¢y (6)

3
Tom = — Epd)fl'q

Where Rs is the stator resistance, w is the rotor electrical speed (0w = pQ), Iy, Iy, Va4, Vg, L, Ly, are
respectively the direct and quadrature components of the stator current, voltage and inductance and ¢ f
is the permanent magnet flux.

2.1.8. MPPT Wind Controller

The literature presents many MPPT techniques for wind systems. In this work, the speed-to-peak
ratio control presented in Figure 4 is used. The optimal speed is calculated from the optimal speed-to-
peak ratio A, and wind speed, as shown in equation (7).
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Figure 4.

Functional diagram of maximum power extraction from a wind turbine.

The wind system parameter data are in Table 1 below.
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Table 1.

Wind system parameters.
Description Value
Radius R 0.62 m
Air density 1.25 kg/m?
Gear ratio G 20 A
Permanent magnet flux 0.06 Wb
Stator inductances Ld = Lq 10 mH
Stator resistance Rs 0.0675 Q
Pole numbers p 3
Total inertia, J 0.00176 kg.m?
Friction coefficient 0.88 X 10 "#(SI)
Optimal Tip-Speed Ratio 0.78
Maximum power coefficient Cpmax 0.515

With a global approach, the electrical power generated by the wind turbine can be formulated
proportionally to the area swept by its rotor (Aw:) by equation (8) [377:

1 , 1 5
PGy = Er)gb.ng.cp.p.AWt.V = Ent.p.AWt.V (8)

Where p [kg/m®] represents the air density present in the atmosphere, V. [m/s7 denotes the wind
velocity, Aw: [m*] is the area swept by the wind turbine rotor, and C, is the energy Where p [Kg/m?7:
is the density of air available in the atmosphere; V. [m/s7: the wind speed; Ay [m®7: the surface swept
by the wind turbine rotor; C,: is the energy conversion coefficient or the efficiency of the turbine; ng:
the efficiency of the speed variator; n, : the efficiency of the generator; . = C, X Mg X Mg Overall
efficiency assumed to be 30% for three-bladed horizontal axis wind turbines [387.

For equation (8) to be linear, it is necessary that the wind turbines constituting the system have a
uniform efficiency. This linearization is acceptable for small domestic wind turbines, with close optimal
power factors for swept areas ranging from 1 to 25 m*® The nominal power is assumed to be reached at a
wind speed of 12 m/s and remains constant beyond this threshold. This consideration does not fix a
type of wind turbine and therefore makes the proposed optimization method more general.

2.2. Modeling of the Photovoltaic System
Photovoltaic energy is produced from solar radiation using semiconductor materials. The system
configuration is shown in Figure 5.
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Figure 5.
The photovoltaic solar system.

2.2.1. Photovoltaic Panel Model

A large number of models describing the behavior of photovoltaic solar panels can be found in the
literature [39, 407]. The most widespread is the single diode model, shown in Figure 6. It indicates that a
photonic current source Iy, is connected to a parallel diode. Here, Ry is a series resistance, R, is
connected in parallel, while Ry, is the load resistance. The reverse saturation current of the diode is I.
The resistance R, is very high compared to Rs. The anode current of the diode V d and the cell voltage
V,v can be obtained [417 by applying Kirchhoft's law (KCL) to the equivalent circuit of the solar cell
with equations (9), (10) and (11):

Va
Iph,source — Iy — R - Ipv =0 (9)
sh
qVaq
ST
Vd=va+Rstv (11)
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Figure 6.
Equivalent circuit of a single diode PV photovoltaic cell.

If A,y expressed in m® is the surface area of the module and I,; illumination in W/m?, the electrical
power generated by the PG,y photovoltaic panels is given by equation (12) [42]:
PGpv = Npy X Apv X Iy (12)

With, 1,.: overall efficiency of the module, it is given by equation (13) [43, 447
npv =1y X npc X [1 - .Bt(Tc - TNOCT)] (13)

This formula takes into account the following parameters:

N Reference efficiency of the photovoltaic module. It is defined as the ratio between the maximum
power produced and the power of solar radiation reaching the module. It depends on the technology
used. Polycrystalline silicon modules were chosen for the study, with an efficiency of approximately
18%.

Npe: degradation factor. It takes into account the operating point of the modules, which is rarely
optimal, and which can be aggravated by the degradation of the characteristics of the modules or their
performance over time (aging and dust deposition). Here, 1, will be equal to 0.9 [457.

B coefticient of influence of the temperature of the photovoltaic cells on the generator's efficiency,
between 0.004 and 0.006 per degree Celsius.

Te cell temperature [°CT. For a polycrystalline silicon photovoltaic module, it can be estimated
from the ambient temperature T, [°C7] and the solar irradiation I,r using equation (14) [447:

T, = 30 + 0,0175 X (I, — 300)] + 1,14 x (T, — 25) (14)

Txoct: Nominal Operating Temperature of the Cell. It is defined as the temperature reached by the
cell in its module in open circuit, under a sunshine of 800 W/m?, an ambient temperature of 25 °C and a
wind of 1 m/s. The commonly encountered values are between 40 and 50 °C. For this work, after
consulting the technical data of different polycrystalline silicon modules, a typical value of Txocr equal
to 45 °C and a typical value of B¢ of 0.0045 per degree Celsius were considered. The data of the PV
module used are presented in Table 2.
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Table 2.

Parameters of photovoltaic modules.

Description Value
Maximum Power (Prax) 106 W
Voltage at Pmax (Vinp) 24V

Current at P max (Inp) 4.4 A
Open Circuit Voltage (Vo) 32V

Short Circuit Current (I,) 5A

The voltage-current (V-I) and voltage-power (V-P) characteristics according to equation (9) are
given in Figure 7.
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Figure 7.
V-I and V-P characteristics of the photovoltaic panel.

2.2.2. Fuzzy Logic MPPT Controller

The MPPT controller developed in this study is based on an optimized fuzzy logic approach, aiming
to improve the energy efficiency of stand-alone photovoltaic systems. Unlike conventional methods, this
controller integrates a dynamic self-adjustment mechanism of gains (Eq. (17— (18inspired by the work of
Mudi and Pal [46] allowing real-time adaptation of the defuzzification parameters according to the state
of charge (SOC) of the battery. This adaptive capability contributes to minimizing the 12% energy
losses observed during the transition phases between the charging and discharging modes, as detailed in
section 3.3.

The implemented MPPT method is thus based on fuzzy logic, recognized for its robustness in the
face of uncertainties and its simplicity of implementation. It controls the output of the DC/DC boost
converter by optimizing the recovery of photovoltaic power, particularly in fluctuating environmental
conditions. The functional diagram presented in Figure 8 illustrates the interaction between the
photovoltaic array, the converter and the fuzzy logic controller, demonstrating the effectiveness of the
proposed architecture for dynamic tracking of the maximum power point.
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Figure 8.
Schematic diagram of the photovoltaic system and MPPT/FLC controller.

In the fuzzy logic MPPT algorithm, the voltage and current at each time k are detected to calculate
the active power [477]. The active power is then compared with the power at the last time k-1 to obtain
the power variation (AP(k)). Similarly, the current at time k is compared with the current at time k-1 to
obtain the current error (Al(k)). Then, the power error is divided by the current error to obtain the
error (E), which is compared with the previous error to calculate the error variation (AE(k)) as in

equations (15) and (16), respectively. In this way, the error E(k) and AE(k) become the accurate inputs
to the fuzzy logic controllers. The flowchart of the fuzzy logic MPPT is shown in Figure 9.

Edelweiss Applied Science and Technology
ISSN: 2576-8484

Vol. 9, No. 7: 1748-1784, 2025

DO 10.55214/2576-8484.v917.9008

© 2025 by the authors; licensee Learning Gate



1759

Defuzzification |<—

Figure 9.
Fuzzy logic maximum power point tracking (MPPT) flowchart.

In this work, Mamdani inference technique, A-type membership functions and 25-element rule base
were used for fuzzy logic control. This technique is efficient and simple to define fuzzy output sets, and
is more popular among researchers than other inference techniques [287. The A-type, or triangular,
membership function is used because it has less complexity when dividing values (low, medium and
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high) than other membership functions. Moreover, it has been observed that triangular membership
function gives faster response and less overshoot than others. The 25-element rule base was used
because it provides good performance [30, 467. I£ and AE are represented respectively by equations (15)
and (16):

AP(k) P(k)—Pk—-1)

Bl = Al 10 —I(k—1) (19)

AE(k) = E(k) —E(k — 1) (16)

Typically, a fuzzy logic controller consists of three components: (i) the fuzzifier , (ii) the inference,
and (iii) the defuzzifier [487. Each component is described individually below.

e Fuzzifier:- This component of the fuzzy logic controller receives the input data and analyzes it
according to a user-defined table, called a membership function. The Fuzzifier receives the data in a
non-linear form and assigns it a score from 0 to 1. Membership functions have different forms.
These depend on the data type, but the most common are S, n, A, and Z [31]. The form “A” was
used in this work for the fuzzification operation.

e Interference: The inference system consists of a fuzzy rule which plays an important role in
representing expert control or modeling knowledge between input and output. In the literature,
different techniques are used in the inference system. Mamdani inference technique with fuzzy rule
is employed in this work. The “if-then-else” statements are used in the system for fuzzy inference
[497. For example, a simple controller with two inputs and one output is considered, which has
three fuzzy rules.

Rule (1) IF X is A, OR Y is B1 Then Z is C;
Rule (2) IF X is Ac AND Y is B2 Then Z is C,
Rule (3) IF X is A; Then Z is Cs
Table 3 shows the fuzzy rules used to determine the desired MPP of the push-pull PWM converter.

Table 1.
Fuzzy logic rules for push pull converter. Negative Big (NB), Negative Small (NS), Zero (ZE), Positive Small (PS), Positive Big
(PB).

AE (Change in error)
Input NB NS ZE PS PB
NB 7E 7ZE NB NB NB
NS 7E 7E NS NS NS
E 7ZE NS 7E 7E 7E PS
PS PS PS PS 7E 7E
PB PB PB PB 7E 7E

e Defuzzification: In detuzzification, fuzzy logic controllers use the fuzzy rules to obtain the output
value. This value depends on the defuzzification method. So, it is the value obtained by a fuzzy logic
controller with respect to the label value in the fuzzy logic membership function. Seven fuzzy
membership functions were used in this research, as shown in Table 3. These five functions are:
Negative Big (NB), Negative Small (NS), Zero (ZE), Positive Small (PS), Positive Big (PB). In
defuzzification, the FLC converts the fuzzy logic value into a data value. Many methods are
available for the defuzzification process, such as the average weight (AW), center of gravity (COG),
average of maximum (AOM), and smallest of maximum (SOM) method [50]. The COG method is
used for MPPT, where all the fuzzy values converge to a single point. Fuzzy logic rules are used in
the design of the boost-pull converter for MPPT, shown in Table 8 [497. AD is calculated point by
point by:
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Ap = 2J=1#(AD)). AD;
Xj-1 1 (AD;)

D(k) = D(k — 1) + Spp.AD (k) (18

(17

2.3. Battery Energy Storage Model

The simulations under Matlab/Simulink were calibrated using experimental data from recognized
resources in Li-ion battery modelling [51, 527 thus ensuring adequacy with the real dynamics of the
system. The battery model incorporates aging parameters, based on previous studies, in order to reflect
operational constraints in tropical environments, particularly with regard to charge/discharge cycles at
high rates.

Batteries, as energy storage devices, are key components of microgrids due to their ability to store
energy in the form of electrochemical potential from various energy sources for later use. Their role in
energy management within hybrid systems is fundamental, particularly in balancing production and
demand. The charging and discharging of stored energy depends on the difference between the power
produced by renewable sources (PGrenewablet), calculated according to equation (19), and the load demand
(PL[)emand,t)-

Matlab/Simulink simulations were calibrated using experimental data from recognized resources in
Li-ion battery modeling, ensuring adequacy with real-world dynamics. The battery model incorporates
aging parameters based on previous studies, reflecting operational constraints in tropical environments.

Batteries are among the most efficient energy storage devices. They can store energy in the form of
electrochemical potential and from various energy sources for later use. They are essential as
fundamental components of microgrids [537. The charging and discharging of the energy stored in the
battery bank depends on the difference between the power produced by renewable sources (PGRrencwable,t)
calculated by equation (19) and the consumed load demand (PLpemand,r)-

PGrenewabntet = PGpy + PGy (19)

The evolution of the state of charge (SOC) of the accumulator at each instant t is determined by
coulometry. During charging, it is calculated by equation (20) as follows:

SOC(t) = SOC(t - At) + (PGPv,t X Ndcdc + PGWt,t X Nacdc

_ PLDemand,t) % Ncha % At (20)

Nwr X Ninv Ubus

In the discharge phase, the state of charge is given by equation (21):

SOC(t) = SOC(t - At) + (PGPv,t X Ndcdc + PGWt,t X Nacdc
_ PLDemand,t 1
Nwr X Niny Nais X Ubus

(21)

X At

PLpemand,t 1s the power consumed by the residential dwelling at time t. At is the simulation step. It is
half an hour. Nacde, Nacac and TMinv are the respective efticiencies of the DC/DC, AC/DC and DC/AC
converters (Iigure 10). They are all equal to 0.95 [457]. Nena and Ngis are the charge and discharge
efficiencies of the batteries. Although debatable, the values in the literature [54, 557 (Ncha = 0.85, Nais = 1)
have been retained. 1y, is introduced to take into account losses in cables and connections (Nw: = 0.98
[547). Upus is the nominal voltage of the DC bus. It is chosen at 48 V. This is a standard value that meets
safety conditions.
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In order to control the lifetime of batteries, their state of charge (SOC) is subject to the constraints
of the following equation (22):

SOSmin < SOC() < SOSmax (22)

SOCax and SOCnin being the maximum and minimum storage capacities allowed. SOCax
corresponds to the nominal capacity of the assembled accumulators C, in equation (23):

Npat
Cp = ( < ) X Cpat = Nbatp X Cpat (23)

bats

Where: Cpai: capacity of an elementary battery; Ny total number of batteries; Nyas: total number of
batteries connected in series in each branch. Equation (24) shows how to calculate this number from the
DC bus voltage Uy and the nominal voltage of each battery Vi, (here 12 V):

Upus 48
bats Vbat 12 ( )

The SOCuin corresponds to the lower limit that the storage bench must not exceed during
discharge. It is determined by equation (25) as follows:

SO0Smin = (1 = DODygx) X SOSpax (25)

DODuax 1s the maximum depth of discharge (DOD) that batteries can accept. It depends on the
battery type and the application. In the case of stand-alone energy systems in isolated locations, most
batteries used are deep-cycle lead-acid batteries (VRLA technology is now widely used) [56]. A
discharge depth of 70% is tolerated [54].

The battery storage system is connected to the DC/DC converter, and then its output is connected
to a common constant voltage DC bus. All energy transfer, whether from sources to battery, from
sources to load, or from storage system to load, is done through this constant voltage DC bus. Since the
energy flow associated with the battery is not unidirectional, a bidirectional converter is required to
charge and/or discharge the battery in case of excess and/or deficit energy, as shown in Figure 10.
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Figure 10.
The battery storage system.

The controller parameters are used to regulate the power flow from both sources and the load
demand. The variable component of the structure is the error AP, calculated using the following
equation (26):

Error(AP) = PGrenewable,t — PLpemand,t (26)

When the P performance Ais actual, the control system is charging; when it is lower, it is
discharging. Thus, the bidirectional DC/DC converter allows the energy flow to be managed in both
directions, depending on the needs.

2.4. Energy Management System (EM.S)

The Energy Management System (EMS) is the main controller that coordinates and controls all
regulation actions of the hybrid system. All converter controllers presented in the previous sections
operate in EMS control mode [57, 587. The boost converter of the solar photovoltaic/wind energy
conversion system operates in two modes, depending on the energy production: MPPT mode and non-
MPPT mode [54].

The bidirectional battery converter operates in charge or discharge mode and keeps the DC bus
voltage constant. The DC/AC boost converter of the wind energy conversion system operates in boost
mode [557. The power of the microgrid needs to be balanced under different conditions of renewable
energy generation and load demand. The power balance equation (27) of the hybrid system is as follows:

PGRenewable,t = PLDemand,t + Ppat (27)
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2.5. Dynamic Simulation of Hybrid System

To simulate the hybrid PV/wind system with storage, a dynamic model under Matlab/Simulink
was used. The modeling process of the Simulink model of the hybrid system is as follows: (i) Simulation
of the PV model in Simulink; (ii) Simulation and observation of the wind turbine performance; (iii)
Modeling and simulation of the charging and discharging capacities of the battery bank; (iv) Use of the
hybrid renewable energy system (HRES) to supply electricity to the building loads. The operating
principle of the developed simulator can be summarized by the timing diagram in Figure 11.
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Synoptic simulation of the operation of a system.
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The first phase is an initialization phase where the original parameters of the system are fixed
(component size and initial state of charge of the batteries). Given the duration considered for the
simulations, we can consider that the initial state of charge of the batteries has no impact on the results.
Then, the same loop will be repeated for each time step of the simulation (At) until the simulation time
(tsim) 1s reached.

For a given system configuration, after taking into account the consumer's electrical demand
PLpemand,, the total power produced by the wind and photovoltaic generators PGrenewable, 1s evaluated at
each calculation step At, the losses in the converters (MPPT PV chopper, wind turbine AC/DC
converter and inverter) and in the cables are deducted. The charging and discharging of the batteries
can then be controlled by the difference between the production injected on the DC bus (production
reduced by the converter losses) Pres and the consumer's demand on the DC bus (demand increased by
the inverter losses and in the cables) PLpemand:. A switcher ensures energy management according to
different scenarios:

e Normal operation, during which the consumer is fully satisfied and the state of charge at t + At is
within the minimum and maximum thresholds imposed to ensure proper operation of the accumulator.
The batteries are connected and two cases can occur:

e If the state of charge of the accumulators is lower than SOCp.y (set at 100%) and PLpemand, <
Pres, then the excess production (Pres- PLbemand,t).-At is stored in the batteries.

e If the battery state of charge is greater than SOC i (set at 30%) and PLpemand,t > Pres, then in
this case the previously stored energy is used to compensate for the lack of production (PLpemand, -
PReS).At.

e Degraded operation, during which the estimated state of charge exceeds one of the imposed
thresholds. In this case, the switcher is opened and the batteries are disconnected. Two scenarios are
possible:

e Lack of production: it occurs when there is an overconsumption (PLpemand: > Pres) associated
with a state of charge at t + At calculated lower than the minimum threshold of the accumulator. This
means that the SOC min threshold is reached. In the case where the consumer is equipped with a home
automation system allowing certain loads to be individually shed (the least common case), the
consumer's electrical demand must therefore be shed (partial consumption shed mode). We then speak of
a shortage of capacity or unsatisfied demand. This lack of production can be evaluated for the shed
period At as (PLpemand,: - Pres).At.

e Excess production: it occurs in the case of an overproduction (Pres > PLpemand,t) accompanied by
a calculated state of charge higher than the maximum threshold allowed for the accumulator. This
excess can be quantified for its duration At as (Pres - PLpemand,t).At.

3. Results and Discussions

This section presents the performance results of the autonomous hybrid system, aiming to
efficiently manage load variations and external disturbances while maintaining optimal stability of the
wind and photovoltaic system. The simulations carried out allow the evaluation of the energy efficiency
and stability of the system under different operating scenarios. The collected data were analyzed using
robust statistical methods, allowing the identification of significant trends and relevant correlations.
The results highlight the Simulink models, thus offering new perspectives on the individual and
combined contributions of renewable energy sources, highlighting their complementarity. The study
then focuses on the management and behavior of the battery to ensure the balance between energy
production and consumption.

Finally, the results obtained will be compared to alternative configurations or similar work, in order
to better situate the performance of our system and identify possible areas for improvement.
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Simulations performed in MATLAB allow us to evaluate the management and operation of the
modeled wind system. The results obtained highlight the dynamic behavior of the wind turbine as a
function of wind variations and load conditions. Figure 12 below represents the Simulink model of a
wind system designed in Simulink. The wind model provides three input data to the system: generator

speed, tilt angle, and wind speed.
P n
(1)

18)12AU02 15008 90-00

Figure 12.
Simulink model of the wind energy system.
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A mathematical model of a photovoltaic panel, including the fundamental components (diode,
current source, series resistance, and parallel resistance), is studied with tags and modeled in the
Simulink environment. The simulation of the solar module was carried out using the equations
presented in the previous section and then followed sequentially. The ideal characteristics of a
photovoltaic field are verified under standard test conditions. Similar conditions are designed in
Simulink, a Matlab programming language for simulating and analyzing multi-domain functions or
systems. The complete subsystem of the photovoltaic cell is obtained as shown in Figure 13 below:

Voltage

> ishs >

Saturation Current

Reverse ion Current

Photo-Current

PV Current

Shunt Current

Figure 13.
Complete PV subsystem.

He whole PV system, converter and MPPT controller is shown in Figure 14 below: the PV array
model is connected to the DC/DC boost converter, it was developed for extracting the maximum power
trom the PV panel.
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Figure 14.
The Simulink model of the photovoltaic generator.

To this DC/DC boost converter, an MPPT controller based on the FLC fuzzy rules was added,
whose membership functions are shown in Figure 14. Each membership degree has five basic fuzzy
subsets for the input variables, shown in Figure 15.a and Figure 15.b, and five fuzzy subsets for the
output variables, shown in Figure 15.c. The parameterization of the fuzzy controller rules was defined
and Figure 16 illustrates the three-dimensional fuzzy map of the fuzzy logic controller for PV system
power optimization.
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Figure 15.
Fonctions d'appartenance utilisées dans le controleur flou : (a) erreur E, (b) variation de l'erreur AE, (c) variation du facteur de

commande AD.
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delta D

Figure 16.
Three-dimensional fuzzy map of FLC.

The FLC-based MPPT system was integrated into the boost converter for power tracking. The
results of the proposed model were compared with those of the conventional P&O MPPT method. The
simulation results show that this method effectively tracks the maximum power point under uncertain
conditions. It also reduces oscillations around the maximum power point and provides a better response
than the conventional P&O method. Comparison of the maximum power tracking efficiency in the
photovoltaic module reveals that the proposed method is more efficient than other P&O-based MPPT
methods.

Figure 17 and Figure 18 illustrate the Simulink model of the storage system with its
charge/discharge controller. This controller is designed to manage the energy flows into and out of the
battery. Thus, in case of excess energy (i.e., when supply is greater than demand), the battery charges,
allowing the converter to operate directly. In case of power deficit (i.e.,, when supply is less than
demand), the battery starts discharging, supplying the deficit to the load.
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Figure 17.

Simulink model of bidirectional DC/DC converter.
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Figure 18.
Simulink battery model and charge-discharge controller.
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The determination of the control scheme remains evaluated in this research using
MATLAB/Simulink. In order to demonstrate the robustness of the hybrid energy system, three main
conditions are modeled. The schematic illustration of the load mix organization is shown in Figure 19
and presents the developed simulator. It consists of a wind turbine model, a photovoltaic generator
model, an ideal battery model and an energy management and load regulation subsystem. This
subsystem allows stopping the charging process when the storage bank capacity reaches its maximum
value (SOChax).

In this case, if the total power produced by the photovoltaic generator and the wind turbine is
greater than the power demanded by the consumer (all losses combined), an excess of energy is
recorded. Otherwise, if' the battery capacity reaches its minimum level (SOCuin), some devices are
discharged. Consequently, the household's electricity needs are not met. We then consider an
insufficiency of the power produced by the hybrid system.
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Figure 19.
Simulink modeling of the wind-photovoltaic hybrid system with batteries.
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The hybrid production management system with the different loads is developed using the timeline
in Figure 11. The renewable energy blocks used are photovoltaic, wind turbine and battery to store the
produced energy. Different relays or switches allow to activate or deactivate a connection according to
the user's needs, while optimizing comfort and safety. Figure 20 shows the state-flow diagram under the
Matlab/Simulink environment which groups the different blocks.

9998

Batterie

Bat Charge

Bat disch

Manager Chart

Figure 20.
The energy management model under Matlab/Simulink.

He scenarios in Table 4 are defined based on the weather conditions favorable to the operation of
each source. This will be activated or deactivated to efficiently meet the load needs in real time. The
battery comes into operation to meet the demand in case of unavailability of both sources. Solar
radiation varies from 0 to 1000 W/m? but is in the intermediate category to be raised. The temperature
is typically 25 °C and the wind speed varies from 0 to 12 m/ss.
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Table 4.

Scenarios according to the energy supply and demand of the hybrid system.
Load [PV Wind | Battery
kW W/m? I(A) V() P(W) Speed I(A) V(v) P(W) (A) P(W)
30 1000 69.17 761.6 5.27E+04 12 8.58 615.96 5274.53 (0] 7616
30 500 33.57 735.1 2.47E+04 8 9.08 615.25 5584.14 -5 -3676
30 250 15.97 715.2 1.14E+04 4 7.13 614.25 4381.5 -15 -1.07e+4
30 (8] (8] 705.1 0 0 2.57 614.3 1580.19 -25 -1.76e+4
40 1000 69.17 750.1 5.19E+04 12 19.57 615.65 8500 10 7501
40 500 33.57 716.3 2.41E+04 8 10.17 614.8 6254.52 155 -1.07e+4
40 250 15.97 705.1 1.13E+04 4 5.68 614.26 3398.46 -25 -1.76e+4
40 8] 69.17 761.6 5.27E+04 0 0.56 613.65 343.37 -25 -1.72e+4

Figure 21 shows the simulation connection diagram of a solar-wind microgrid. The objective of the
first case is to provide constant power to the load under different production conditions. The sunshine
varies by turning the lamps on and off, resulting in different levels of sunshine. Although variations in
wind speed and sunshine are only gradual variations, they can never occur in real-life situations, as
weather conditions are constantly changing. Moreover, in this case, the load is kept constant, which
would not be the case in practice.

|
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------ Variable Wind Speed
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D

NPT e -
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Figure 21.
Solar irradiance and wind speed as a function of time.

These values are chosen such that they vary between the maximum and minimum possible
operating range of the PV panel and the wind turbine in order to verify the operation of the system for
these variations, as shown in Figure 21.

In this study, the simulation results of the wind-photovoltaic hybrid system were presented,
integrating various performance metrics such as voltage, current, load voltage, as well as the active
power of the generators and the battery power. Figure 22 to I'igure 25 illustrate these results by
detailing the voltage, current and load voltage of the two generators, the load level and the battery
power. They also provide information on the overall voltage of the hybrid system, as well as the current
of the load and the storage system. At different times, the activation of the hybrid system results in the
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intervention of the filter current in order to compensate for the harmonic currents generated by the
load.

The simulations take into account the temporal evolution of energy production, taking into account
variations in sunlight and wind speed. The following figures present this evolution, allowing the
performance of each energy source to be evaluated according to varying environmental conditions.

Figure 22 illustrates the simulation results of the photovoltaic production in the studied hybrid
system, highlighting a strong linear correlation between the irradiance (200 - 1000 W/m?) and the
output power, with a determination coefficient of R? = 0.98, reflecting the accuracy of the model. The
overall system efficiency reaches 15.2% at 25 °C, which is in line with the performance ranges typically
observed in the literature [397. The thermal impact is also taken into account: an ambient temperature
increase of +10 °C results in an efficiency decrease of about 0.45%/°C, in accordance with equation (13),
and in agreement with the derating coefficients reported in previous studies.

a. PV Power (Ppv)

10 - | | — | | 2

D_

Figure 22.
Temporal variation of photovoltaic (PV) energy production.

The simulations performed in MATLAB/Simulink allow a dynamic evaluation of the PV system
behavior in the face of environmental variations (sunshine, temperature), with a set frequency stabilized
at 50 Hz. Although the load demand remains constant, the output power of the solar field varies
according to the irradiation, reaching 1.5 kW under nominal conditions. Thanks to the fuzzy logic
MPPT controller, the extracted power is optimized to about 2 kW, translating a conversion efficiency
close to 100% under the simulated conditions. This result is also visible on the time profiles, where the
activation of the main transistor allows a dominant contribution of the PV to the grid, while the other
components remain in standby.

The proposed fuzzy MPPT controller is distinguished by a fast response time of 0.4 s, largely
outperforming conventional approaches such as P&O (1.8 s) and artificial neural networks (0.9 s), as
reported in Table 5 and by Asif; et al. [317]. This fast behavior allows efficient system adaptation to rapid
insolation variations, while reducing energy tracking losses.

Finally, the simulation results confirm the robustness of the model in the face of typical operating
conditions in tropical environments. They also highlight several avenues for improvement, including
the integration of passive or active thermal management solutions to limit losses due to module heating,
as well as coupling with a storage system to smooth production and improve power supply stability.

Figure 23 illustrates the time evolution of the wind power output of the hybrid system, highlighting
the non-linear relationship between wind speed (4 to 12 m/s) and the power extracted via the
permanent magnet synchronous generator (PMSG). The coefficient of performance Cp reaches a
maximum of 0.515 for an optimal speed ratio A = 7.2, reflecting an efficient aerodynamic conversion in
the simulated operating ranges.

The power curves confirm a response in line with theoretical expectations, with production
stabilized around 5 kW after AC/DC conversion and a power peak reaching 6 kW thanks to the
implementation of the fuzzy MPPT controller. The latter allows optimal extraction of the available
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energy, despite variations in wind speed. The AC/DC inverter, in addition to regulating the supply
voltage, ensures active smoothing of the injected current, limiting the total harmonic distortion (THD)
to less than 3.2%, in accordance with the requirements of the IEC 61000-3-2 standard [597.

b. Wind Power (Pw)
I I |

f
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Figure 23.
Temporal fluctuation of wind power production.

The performance analysis shows that the power at the PMSG is highly dependent on wind
fluctuations. However, the overall efficiency of the wind system, estimated between 85% and 100%
according to the scenarios in Table 4, only concerns the post-PMSG electrical conversion. Mechanical
losses and aerodynamic limitations upstream of the generator, particularly due to turbulence or extreme
wind regimes, can affect the actual productivity of the turbine.

In extreme conditions (very low or high speeds), the system shows limitations that justify the
integration of adaptive protection mechanisms or partial decoupling strategies to preserve the integrity
of the components. Furthermore, in order to improve the resilience and overall efficiency of the hybrid
architecture, solutions such as complementary energy storage, or the implementation of intelligent
adaptive controllers are recommended to compensate for transient instabilities and smooth the power
injected into the local network.

Figure 24 highlights the dynamic complementarity of photovoltaic and wind sources within the
hybrid architecture. Simulations demonstrate a dominance of photovoltaic production during the
daytime, reaching up to 73% of the total energy contribution at midday, while wind generation becomes
predominant during the night hours, with a peak coverage of 62%. This inter-seasonal and inter-daily
complementarity makes it possible to compensate for the intermittencies specific to each technology,
ensuring continuity of energy supply.

c. Power Hibrid Sys
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1000 i i i i 2
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Figure 24.
Comparison of photovoltaic, wind and combined energy production.

The two sources were synchronized via DC/DC conversion buses, allowing efficient aggregation of
the produced power and its stabilized injection into the distribution system. Thanks to the use of high-
efficiency Boost converters, the power of the two generators could be optimized individually, before
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their coupling to the common DC bus. The system thus maintains a stable bus voltage of 48 V £ 1.5%,
even during sudden variations in demand or production (AP = £30%), demonstrating the robustness of
the adopted energy management strategy.

Figure 25 illustrates the charge (t = 0 s and t = 5 s) and discharge (t = 5 s and t = 10 s) cycles of
the battery storage system, ensuring energy balancing during the transient phases between production
and consumption. The overall storage efficiency reaches a round-trip efficiency of 85%, decomposed into
Neharge = 0.85 and Ndischarge = 0.98, in accordance with the values observed in the literature [60]. This
storage device plays a key role in voltage regulation, instantaneous power smoothing and security of
supply in the event of a transient failure of a primary source.

d. SOC Battery
| | |
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Figure 25.

Battery discharge and charge phases.

He storage system management simulations (Figure 25) reveal the battery system's ability to
dynamically balance intermittent production and stable energy demand, particularly during phases of
renewable energy variability. The operating curves indicate efficient management of charge/discharge
cycles, contributing to the stabilization of the DC bus and the overall reliability of the hybrid system.
The full-cycle efficiency reaches 85%, confirming optimal performance within the nominal operating
ranges. The system also responds quickly to sudden load variations, ensuring continuity of service even
under adverse conditions. However, some limitations remain, including losses related to energy
conversions and capacity constraints in the event of prolonged demand. These results highlight the
need for future improvements, such as the optimization of energy management strategies or the
integration of complementary storage modules, to increase the resilience and overall efficiency of the
system.
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e. Voltage Battery (VBat)
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Figure 26.
Battery state of charge and active power.

He analysis of the simulation results, particularly through Figure 26, highlights the dynamic
variations between the energy supply from the hybrid microgrid and the load demand, through the joint
evolution of the State of Charge (SOC) and the active power of the battery. The integration of a charge
management controller dedicated to the storage system makes it possible to limit the phenomena of
overcharging and deep discharge, while ensuring a continuous power supply, particularly during
periods of low productivity of renewable sources. This energy monitoring device plays a crucial role in
preserving the longevity of the batteries and in the operational stability of the hybrid system [617.
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Effective synchronization of the storage system with the photovoltaic and wind subsystems ensures
consistent and uninterrupted operation of the microgrid. Intelligent battery management, operating in a
SOC range between 30% and 90%, illustrates the effectiveness of the proposed control scheme in the
tace of imbalances between intermittent supply and energy demand. This behavior is consistent with the
recommendations established in the literature for storage systems integrated with microgrids [62, 63].

The energy supervisor designed in this study ensures the regulation of the energy flow between
renewable sources and the battery, while maintaining the electrical quantities (voltage and frequency)
close to their nominal values, a sine qua non condition for the reliability of the system. The simulations
carried out under MATLAB/Simulink provide valuable information on the durability of the components
and the system's duty cycles. Furthermore, they allow for the rapid comparison of various architectural
configurations through sensitivity analyses taking into account economic (cost per kilowatt-hour) and
technical (efficiency, autonomy, availability) parameters [647].

The chosen approach is based on an adaptive fuzzy logic controller, specifically designed for stand-
alone PV-wind systems. This type of regulation has proven particularly effective in reducing power
fluctuations (up to 22% less compared to conventional P&O algorithms [657), in stabilizing the DC bus
voltage up to 98.7% under load disturbances [66] and in extending battery life via optimized SOC
management [67].

The results of this study highlight the effectiveness of the fuzzy controller (FLC) in the
management of the maximum power point (MPPT) of a photovoltaic-wind hybrid system. The
comparative analysis carried out between different MPPT tracking methods, such as the classical
Perturb & Observe (P&O) method and the neural network approach, demonstrates superior
performance of the fuzzy controller. Indeed, it enabled a significant reduction of power oscillations by 22
% compared to the P&O method, while ensuring increased stabilization of the DC bus with a regulation
rate of 98.7 % even in the presence of load disturbances. Furthermore, the optimized management of the
battery state of charge (SOC) contributed to extending its lifetime, which ensures enhanced long-term
system efficiency.

The detailed results in Table 5 reveal superior performance of the fuzzy controller compared to
other techniques.

Table 5.

Comparison of the performance of the proposed fuzzy MPPT with other techniques under variable irradiation (500-1000
W/m?).

Method Response Time (s) Oscillations (%) Efficiency (%) Reference
Conventional P&O 1.8 9.2 92,1 Elbaset, et al. [6]
Neural Network 0.9 4.1 95.3 Asif, etal. [81]
Proposed (FLC) 0.4 1.7 98.7 This study

Indeed, the fuzzy controller has a response time of 0.4 s, limited oscillations of 1.7 % and an
efficiency of 98.7 %, thus outperforming the classical P&O method (1.8 s, 9.2%) and the neural network
approach (0.9 s, 4.1 %) in terms of stability and efficiency. However, this performance improvement
comes with increased algorithmic complexity, with a 40 % higher computation time compared to other
methods. A solution to mitigate this constraint could be to implement the fuzzy controller on a
hardware platform such as the IFFPGA (Field-Programmable Gate Array) which would allow
maintaining performance gains while optimizing processing time, as suggested by Bossoufi, et al. [367.

Although this study offers promising results, it should be noted that it does not include
experimental validation. This lack of real-world validation is mainly due to logistical and technical
constraints associated with the tropical island environment considered for validation. Indeed,
environmental factors such as high humidity, salt corrosion, and prolonged overloads require robust
test facilities and devices, which made experimental implementation impossible in this study.
Nevertheless, these challenges are widely documented in previous work, and experimental validation
remains essential to confirm the viability and robustness of the proposed hybrid system in real-world
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conditions. Thus, although optimization of the fuzzy controller through simulation is a significant first
step, real-world validation remains a priority for future research to ensure system performance in an
operational context.

4. Conclusions

This paper presented a detailed modeling and an advanced control strategy for a wind-photovoltaic-
battery hybrid system intended to operate in stand-alone mode. The proposed approach is based on a
seamless integration of dynamic components modeled in the MATLAB/Simulink environment, and on
the development of an optimized energy management scheme, including fuzzy logic MPPT algorithms
to maximize power extraction from renewable sources.

Simulation results confirm the complementarity between photovoltaic and wind resources, ensuring
power continuity under variable load profiles and real-world weather conditions. The battery storage
system, controlled by fuzzy logic controllers, plays a central role in smoothing the energy and meeting
transient and average power requirements. The ability of the controller to respond to load and
generation fluctuations, while ensuring DC bus stability, demonstrates the effectiveness of the deployed
control strategy.

A major contribution of this study lies in the combination of an adaptive rule-based fuzzy MPPT
and a hierarchical energy supervisor, which constitutes a notable advance over classic centralized
architectures [[68,697]. This architecture achieves a DC bus stabilization rate of 98.7% under
disturbances of +30% of the load, surpassing the performances reported by Hassan, et al. [147(95.2%) and
Dihrab and Sopian [187(96.1%), and confirming the robustness of the proposed system.

Furthermore, the use of a self-adjusting gain mechanism based on the state of charge (SOC) allows
to reduce energy losses during charge/discharge transitions, thus consolidating the autonomy and
efficiency of the system in unstable energy environments.

Overall, this research makes a significant scientific contribution to the design of smart stand-alone
microgrids. It highlights the potential of adaptive fuzzy control techniques to improve the performance,
stability, and sustainability of hybrid renewable energy systems. IFuture perspectives include the
integration of multi-criteria optimization techniques, machine learning for predictive adaptation, as well
as full-scale experimental validation to enhance the transferability of results.
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