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Intelligent power control strategy based on self-tuning fuzzy MPPT for grid-connected hybrid
system

Introduction. This paper investigates various methods for controlling the Maximum Power Point Tracking (MPPT) algorithm within the
framework of intelligent energy control for grid-connected Hybrid Renewable Energy Systems (HRESs). The purpose of the study is to
improve the efficiency and reliability of the power supply in the face of unpredictable weather conditions and diverse energy sources.
Intelligent control techniques are used to optimize the extraction of energy from available sources and effectively regulate energy
distribution throughout the system. Novelty study is employing intelligent control strategies for both energy optimization and control.
This research distinguishes itself from conventional approaches, particularly through the application of Self-Tuning Fuzzy Logic Control
(ST-FLC) and fuzzy tracking. Unlike conventional methods that rely on logical switches, this intelligent strategy utilizes fuzzy rules
adapted to different operating modes for more sophisticated energy control. The proposed control strategy minimizes static errors and
ripples in the direct current bus and challenges in meeting load demands. Methods of this research includes a comprehensive analysis of
several optimization techniques under varying weather scenarios. The proposed strategy generates three control signals that correspond
to selected energy sources based on solar irradiation, wind velocity and battery charging status. Practical value. ST-FLC technique
outperforms both conventional methods and standard Fuzzy Logic Controllers (FLCs). It consistently delivers superior performance
during set point and load disturbance phases. The simulation, conducted using MATLAB/Simulink. The results indicate that fiizzy
proposed solution enables the system to adapt effectively to various operational scenarios, displaying the practical applicability of the
proposed strategies. This study presents a thorough evaluation of intelligent control methods for MPPT in HRESs, emphasizing their
potential to optimize energy supply under varying conditions. References 27, tables 6, figures 18.

Key words: maximum power point tracking algorithm, hybrid renewable energy system, conventional controller, fuzzy logic
controller, self-tuning fuzzy logic control.

Bemyn. Y yiii cmammi 0ocniosicyiomuca pizHi Memoou KepyBans aneopummom CMedNCeH s 3a MOYKOI0 MAKCUMANLHOI NOMYICHOCI
(MPPT) 6 pamkax inmenekmyanbHo20 Kepy8anHsi eHepeicio OJis NIOKTIOUEHUX 00 Mepedici 2I0PUOHUX cucmem GIOHOBNII08AHOL eHepeemUKU
(HRESs). Memoto oOocniodicennss € niosuweHHs egpekmusHocmi ma HAOIHOCMI eleKmpOnOCMAa4ants 6 YMO8AX Henepe0dayy8anux
N0200HUX YMO8 Ma PISHOMAHIMHUX Odicepenl eHepeii. Inmenexmyanvui Memoou YnpaeniHHs GUKOPUCHOBYIOMbCA OISl ONMUMI3AYTT
6UO0OYMKY enepeii 3 00Cmynuux 0dicepen ma eQeKmugHo20 pe2yio8ants po3nodiny ewepeii no eciii cucmemi. Hosuszna oocnioscenns
NONAAE Y 3ACMOCYB8AHKI THMENEKMYATLHUX CIMPame2itl YAPAGIiHHA AK Ol ONMUMI3ayii, max i 07151 KOHmpoato eHepeii. Lle 0ocnioxcenns
BIOpI3HAEMbCA 6I0 MPAOUYILIHUX NiIOX0018, 30KpeMd, 3A60AKU 3ACHMOCYBAHHIO CAMOHACMPOIBAHO20 HEUIMKO20 NI02ITUHO20 Kepy8aHHs
(ST-FLC) ma mueuimkozo eiocmeosicenns. Ha eiominy 6i0 mpaouyitinux memoois, AKi NOKIAOAOMbCA HA JNO02IYHI nepemuxayi, ye
iHmenexmyanvHe YNPAGNIHHA BUKOPUCTNOBYE HEYIimKi Npasuind, aoanmosani 00 pIi3HUX pedcumie podoomu Ons Oinbld CKIAOHO20
YIPAGIIHHA eHepeielo. 3anponoroeana cmpamezis KepyeaHHs MIHIMIZYe CIMAmMuyHi NOXUOKY ma nyibcayii 6 WuHi ROCMIUHO20 CIMPYMY, d
makodc npobnemu 3 3a00601eHHAM nompeb Hasanmagicents. Memoou 00CniodceHHs 8KIOYaAIoNb KOMNAEKCHUL AHAN3 OeKilbKOX
Memooie onmumizayii 3a pisHUX NO20OHUX YMO8. 3anponoHo8and cmpamezis 2eHepye mpu CUSHANU KepPYBaHHs, SKIi 8i0nogioaromo
obpanum 0dicepenam enepeii Ha OCHO8I COHAUHO20 BUNPOMIHIOBANHS, WEUOKOCHI 6iMpy ma cmany 3apady akymyiamopie. Ilpakmuuna
yinnicmo. Texnonoein ST-FLC nepegepuiye ax mpaouyiiini memoou, max i cmanoapmui koumponepu Hewimkoi aociku (FLC). Boua
cmabineho 3abe3neyye UCOKY NPOOYKMUBHICMb NI0 yac (a3 3a0aHo2o 3Havenns ma 36ypenns nasawmadicenus. Modemosanns
nposoounocs 3a oonomozoro MATLAB/Simulink. Pe3ynbmamu noxasyiomoe, wo 3anpononosane Heuimxe piuleHHs 00380A€ CUCTEMI
eghekmusHO a0anmysamucs 00 pisHUX CYeHapiie pooomu, OeMOHCMPYIOUU NPAKMUYHY 3ACMOCOSHICHb 3aNPONOHO8aAHUX cmpameeiil. e
00CIONCEHHS NPeOCMABIAEC PEemebHY OYIHKY THmeleKmyanbHux memooie ynpaeninis ons MPPT ¢ HRES, niokpecmiotouu ix nomenyian
ons onmumizayii enepeonocmavanis 3a piznux ymos. bioim. 27, tadm. 6, puc. 18.

Kniouoei crosa: alirOpuTM CTeKEHHS 32 TOYKOK MaKCHMAJIbHOI NOTYKHOCTI, riOpUIHa cHCTeMa BiIHOB/IIOBAHOI eHePreTHKH,
TpaaMUiliHUi peryJsTop, pery/sitop HediTKol JOriku, CAMOHACTPOIOBAHMUIL PeryJsiTop He4iTKoI J1oriku.

Introduction. In light of the massive increase in A number of works has been reported to study
population, the demand for energy has increased, obliging ~ power control. Electrification and microgrids are treated
people to think about new non-traditional energy sources.  in [5, 6], smart grids — in [7]. Various configurations of
Conventional energy sources are exhaustible and not — HRESs often consist of energy sources (wind energy and
ecology friendly due to the carbon dioxide CO, solar energy), in addition to storage systems with the
emissions, in addition to this their market is not stable. ~ Possibility of connecting to the grid or standalone. Fuzzy
The trend is towards renewable energies in particular ~ Logic Control (FLC), Perturb and Observe (P&O), hill
solar, wind and hydrogen. Renewable energy has various ~ ¢limbing and incremental conductance have been most
advantages such as being free, sustainable and respecting used .for photovoltaic (PV) Maximum Power .Pomt
environment. In the other side, there is non-linearity and Tracking (MPPT) [8-11]. To extract the maximum

intermittence caused by climatic conditions. To overcome energy frgm Wind Turbmes (W.TS) the most used
this constraint, great achievement in power sector has configuration are realized by rectifier or by chopper.

b deloved. Wind and sol th ¢ loited Several studies have been developed using classic control

een :)Il) oyed. Wi 1 anThso arb.a;re fe hmos . dezp o1 il method (PI, PID, sliding mode control so on) or artificial
renewable resources [1]. The stability ol the grid depends intelligence (FLC, Self-Tuning Fuzzy Logic Control (ST-
on the equilibrium between consumption and production.

- X FLC), neural network and genetic algorithms) [12—16].
The widespread use of renewable energies must be In general, the energy control is still based on

supported by the use of additional electrical energy  checks and balances. A number of studies have proposed
storage devices. The Hybrid Renewable Energy Systems  different methods of power control [17-24].

(HRESs) that runs mostly on solar and wind energy is Literature review. The paper [25] discusses the use
commonly used. There are two configurations standalone  of a ST-FLC PID controller for MPPT in variable-speed
or grid connected [2—4].

© H. Chaib, S. Hassaine, Y. Mihoub, S. Moreau

Electrical Engineering & Electromechanics, 2025, no. 3 23



WTs. While the proposed controller enhances MPPT
performance, it still exhibits static errors and ripples at the
DC bus. In [26], energy control strategies for HRESs with
battery storage are examined. This hybrid system,
comprising PV panels, WTs and diesel generators, operates
without grid connection. A FLC is implemented to optimize
power allocation among the PV, WT, diesel and battery
systems. However, the established rules fail to effectively
manage power distribution among sources and battery
storage, leading to challenges in meeting load demands.
The study [27] presents a PI controller for energy control in
HRES. Despite its application, this conventional regulator
struggles with disturbances in the DC voltage. Additionally,
the mathematical models based on PI control calculate the
gains for a nonlinear system. This approach suffers from
static errors at the DC bus level and experiences significant
voltage spikes during system startup.

The goal of the article is to improve the energy
efficiency and reliability of the power supply in various
and unpredictable weather conditions. Intelligent (FLC
and ST-FLC) MPPT strategies are suggested and
compared to conventional (PI and P&O) MPPT. An
intelligent power control system based on fuzzy rules
adapted to different operating modes of a HRESs with
battery storage. The control also minimizes static errors
and ripples in the direct current bus.

The suggested algorithms are employed to regulate
the output voltage to a predefined value in order to
extract the maximum possible power from WT and PV
systems. A FLC is used to act on the HRES according to
the proposed intelligent strategy. The FLC has many
advantages over conventional strategies based mainly on
logical states. It is simple and very close to human
reasoning. The main advantage is that expert knowledge is
captured and used at any time to improve the existing
system by adding some rules or acting on the power
organization controller for accurate selection of the source
at the right time to feed the telecommunication loads and
manage the whole hybrid power system. The different
control strategies developed were implemented in the
MATLAB/Simulink environment. The obtained results
showed that the ST-FLC technique is superior to the
others, and the results confirm the superiority of FLC to
supervise the system according to the proposed strategy.

System description. The studied HRES is
connected to the grid and has two renewable energy
sources (PV and WT) with storage. The power tracking is
based on FLC. The purpose is to match the power
demand of the load and to keep the battery bank in a state
of charge in order to prevent power outages and to extend
the lifetime of the batteries independently of fluctuations
in solar irradiation and wind velocity. The design of the

presented system is shown in Fig. 1.
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Fig. 1. Hybrid power system

WT system model. The WT-derived mechanical
energy is detailed as follows:

Py =Y, prR?V e, (A, ). )
where P, is the power extracted from the WT; p is the
density of the air; R is the radius of the blade; V,, is the
wind velocity; C,(4, p) is the power coefficient, where A
is the tip speed ratio. The definition of the parameter / is:

A=w,R/V,, . 2)
The pitch angle f is maintained constant during
MPPT control (§ = 0), @, is the mechanical speed of the
WT. The input torque for the turbine is:
Ty =Py /@, . 3)
The generator is modelled by the following voltage
equations in d,-axis:

dg,
Via =Relsq + % + a)e¢sq > “)

dg,
Vsq = Rslsq + d_;q + Oey » (5)

where iy, iy, are the currents in the d-g reference frame;
R, is the stator resistance; w, is the electrical rotation
speed; ¢, along with g, indicate the stator flux linkages
along the d and g-axis are acquired through:

bsa =Laisq + O (6)

¢sq = _Lqisq 5 (7)

where L, L, are the inductances in the d-gq reference
frame; ¢,, is the rotor magnetic flux generated by the

generator.

The electromagnetic torque expression 7, is:

T, = %p(Ld - Lq)isdisq + ¢misq > (®)
where p is the number of pole pairs.

The mechanical equation connecting the generator
and WT is:

dwg
Jeq?:Te_"Tl_Bnga ©)
where J,, is the equivalent inertia moment of the system;
wg is the angular speed of the generator; 7, is the
electromagnetic torque produced by the generator; 7; is
the torque exerted by the turbine on the generator; B,, is
the viscous damping coefficient.

PV system model. Figure 2 shows the equivalent
circuit of a standalone solar cell, which includes a single
diode, and, using Kirchhoff's current law, the output
current /,,, of the solar PV cell can be expressed as:

Ipv:Iph_Id_Ish; (10)
v T
1y =T exp| 2= | -1} v, =L (11)
nV; q
Q(va + Rslpv) va + Rs[pv
I, .=1,—1y ex -1 |- , (12
pv ph 0( P|: kT Rsh ( )

where /, is the current through the diode; [, is the current
through the resistor Ry;; R;, Ry, are the series and shunt
resistances, respectively; [, is the saturation current; 1, is
the photocurrent; #n is the diode ideality factor; V; is the
thermal voltage of the diode; £ is the Boltzmann constant;
T is the operating temperature of the cell; ¢ is the electron
charge.
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Fig. 2. Equivalent circuit of solar cell

Storage modelling. It is based on the electrical
diagram (Fig. 3), containing 3 elements: a voltage
source, the internal resistance and the capacitor:

flbdz
Ubat :EO —K.

+Rb[b7 (13)

where E, is the open circuit voltage of the battery; K is
the battery-dependent constant; R, is the internal battery
resistance; /, is the discharging current; Oy is the battery

capacity; Q£II »dt indicates the battery discharge status.
0

EO | Rb | QO/K

Iy
Ubat
Fig. 3. Electrical model of the battery

Grid model. The dynamic grid connection model,
employing a reference frame that synchronously rotates
with the grid voltage space vector, is depicted as:

) Lodigy )
Uga =—Rgigq — ~WorLgigy +egq;  (14)
L,di
P g%y .
Ugq = Rgigg T4 Werlgigd (15)

where R, is the resistance and L, is the inductance of the
filter, with the latter positioned between the converter and
the grid; ug,, u,, are the inverter voltage components, while
Wy, stands for the electrical angular velocity of the grid.

FLC design. The FLC code comprises 3 sections:
pre-processing, the fuzzy and interface rule engine, and
post-processing. In the pre-processing phase, the fuzzy
control (FC) input variables are the rate error (e) and the
change in error (de). The gain factors for input scale and
error scale are denoted as Ge and G4e, respectively. The
final phase of the FLC system involves post-processing,
where the output signal 4/ is scaled by the factors du(?)

e(t)=5"(1)-S(t); (16)
Ael) - —e(’);;f; 0. (7
I'=I"¢-1)+du@), (18)

with Mamdani’s method, the input fuzzy variables are
converted into suitable linguistic values, then treated in
the region of the fuzzy set that includes the membership
function (MF) where a suitable fuzzy output is obtained
using fuzzy rules, and then the fuzzy output is
transformed into a crisp value in the defuzzification using
the method of centroid, also known as the method of
center of gravity given by:

n n
AU =Y ci+u; [ D, (19)
i=l i=1
where ¢; is the discrete element within an output fuzzy
set; u; is its membership function; » is the total number of
fuzzy rules. Upon converting the inputs into linguistic
variables, the FLC facilitates a controlled adjustment in
the voltage reference, aiming to achieve maximum
power, relying on the rules outlined in Table 1.

Table 1
Set of fuzzy rules
AE
du NB NS Z PS PB
NB NB NB NS NS Z
NS NB NS NS Z PS
E Z NS NS Z PS PS
PS NS Z PS PS PB
PB Y4 PS PS PB PB

Figure 4 represents the input and output variables’
MFs encompass triangular and trapezoidal shapes
denoted as Negative Big (NB), Negative Small (NS), Zero
(2), Positive Small (PS) and Positive Big (PB).
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Fig. 4. MFs of e, 4e and du

The proposed ST-FLC. Figure 5 shows the overall
structure of ST-FLC. The proposed ST-FLC uses a
straightforward algorithm that reduces the system
complexity and computational burden. The MFs for the 2
normalized inputs (e and 4e) and the output (du) of the
controller were given on the normalized common area
[-1.5, 1.5]. The following are the relationships between
the scaling factors (G., G4 and G,) and the ST-FLC input
and output variables:

e=G,xe; (20)
Ae=Gy,xde; (21)
Mu=(fxG,)x Au, (22)
where:
B= Kl(#+|Ae|) . (23)

The variable f is formulated based on the system’s
expert understanding, following this principle. If the
system approaches its desired operating point rapidly
(small Ae), the output action (Au) should be heightened
(decreasing G,) to prevent significant overshoot or
undershoot. Conversely, if the system deviates swiftly
from the target operating point (large Ae), the output
action (Au) must be increased (augmenting G,) to restrict
these deviations and expedite the system’s return to its
target operating point. Therefore, f is expressed using
this design by adding (Ae) to the fraction (1/m) to prevent
a lower gain multiplication (G,) when (Ae) is exceedingly
small. A lower gain multiplication could lead to
oscillations and non-steady state behavior during steady-
state operation. The value of m is set to be equal to the
number of fuzzy uniform input partitions (e and Ae) (MF
number). The value of K is selected to allow the
variation of f, set to 4 during the tuning process. The
other fuzzy settings remain unchanged, adhering to the
standard fixed parameter FLC.
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The proposed MPPT algorithm. Figure 6
represents the proposed MPPT algorithm for WT which
based on ST-FLC.
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Fig. 6. ST-FLC MPPT of WT control

The MPPT algorithm proposed for solar system is
based on ST-FLC is shown in Fig. 7.

j—

It relies on the Mamdani input controller. As per the
MPPT algorithm, the recommended approach utilizes the
error £ as input and modifies the output through a
distinctive ST algorithm. By taking £ = (Dp/Dy) for each
step and considering the sign of Dp and Dy, and modify
the output, which is the duty cycle dD.

if E<Othen D=D+A4D ; 24)
if E>0then D=D—-A4D; (25)
if E=0then D=D, (26)

where the integrator with forward Euler method (the
standard method) to obtain the duty cycle (D); where the
gain value k and the sample time 7 of the integrator were
respectively set to 1 and 0.01:

D(k)=D(k-1)+kTdD(k -1). 27

Power control with FC. The hybrid system control
strategy must satisfy load demand under various weather
conditions and control energy flow while keeping the
different energy sources operating efficiently. Figure 8
shows the global system configuration. The FLC inputs
are respectively solar irradiation G, wind velocity V,,
battery state of charge (SOC) and load demand. The

I
Tipy
@l NL{Y\ 2: | outputs are switches corresponding to the selected source
| | : + according to the proposed strategy, which will be
| | T explained in power control with FC section.
PV @ lC__ S‘; I'd —-l— L1y The scheme parameters are next. PV generator:
E : T T P rated power P,, = 2,7 kW. WT generator: power rating
| I P,, = 6 kW; power rating of the turbine P, = 8,5 kW;
. _! = radius of the turbine R,, = 3.24 m. Battery bank: rated
v voltage V., = 200 V; capacity C = 100 A-h. DC bus:
" ‘,[”" _>O<_ > Vi = 630 V. Load: minimum power P, = 1 kW;
|C ALCULATORP> maximum power Py, = 8 kW. Grid: effective voltage
ST-FLC El_’- value V, =220 V; maximum voltage value Vg, =381 V.
Fig. 7. ST-FLC MPPT of PV control
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Fig. 8. Power control with FC general structure

The proposed strategy uses the energy produced by
PV, WT and battery to satisfy the demands of the load.
The FLC principle is to generate 3 signals of control K,,,,
K, and K, from 3 inputs: G, V,, and SOC. K,,, K,,, and
K. are the switches that control the PV system, WT and
battery, respectively. Table 2 presents the rule table for

the fuzzy controller, where the inputs are fuzzy sets

representing SOC, V,, and G. The output indicates the
states of the 3 switches K,,,, K,y and Kj.

Table 2
Interval of fuzzy controller inputs
Low Medium High
SOC, % 0-20 20-95 95-100
V., m/s 0-2 2-9 9-12
G, W/m® 0-200 200-600 600-1000
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Depending on the (ON/OFF) states of the K,,, K,
and K, switches, with the power supplied to the load
expressed as:

Fload + Flost + Frar = Pt Kyor + vava , o (28)

where P,,, P,, are the power generated by the WT and the
PV system; P, is the battery power; P, is the power
consumed by the load; P, is the power lost in the
system; Py, > 0 — when the batteries are charged; Py, < 0
— when the batteries are discharged.

To guarantee the effective operation of the system
under all conditions, we developed a range of scenarios
based on system inputs (V,,, G and SOC) while considering
the load. The resulting set is displayed below.

Mode 1 (M1). WT and PV power supply the load,
the total energy is enough to power the load and the
excess used to charge the batteries. The battery is
charging.

Mode 2 (M2). WT and PV energy insufficient to
supply the load, in this case, power is supplied by the
battery to satisfy the demand. The battery is discharging.

Mode 3 (M3). PV power is the only source,
sufficient to satisfy the load and the excess used to charge
the batteries, this mode occurs during a sunny day
(summer). The battery is charging.

Mode 4 (M4). PV source is insufficient to supply
the load. Power is supplied by the battery to satisfy the
load demand, the battery is discharging.

Mode 5 (M5). WT energy is the only source,
sufficient to satisfy the load and the excess used to charge
the batteries, which is the situation on a winter day with
no solar radiation or at night with a good wind velocity.
The battery is charging.

Mode 6 (M6). WT power source is insufficient to
supply the load. Power is supplied by the battery to
satisfy the load. The battery is discharging.

Mode 7 (M7). Only the battery powered the load.
The battery is discharging.

Mode 8 (M8). No source available and the battery is
empty, so the grid therefore supplied the power needed to
satisfy the load demand.

Figure 9 shows the flowchart governing the energy
control system utilizing the fuzzy system. This fuzzy
system processes the inputs shown in Table 2, along with
the total energy sum represented in (28). The control
system evaluates 4 inputs to determine which mode, as
previously described, should be implemented.

Read voltages and currents

2
Calculate powers Calculate SOC
Pty Py Pras, Prows and Pioag
[

!

\ Poct=Prostt Ploat P v PP \

l I _bar=0 | I |li:|ltcr) charge I Grid | ‘Iiultcry‘ discharge
I I I I [
Fig. 9. Flowchart of the power control algorithm

Results simulation analysis. The simulation,
conducted in MATLAB/Simulink, assesses the energetic
efficiency and feasibility of the proposed strategy across
various potential climatic conditions, as depicted in Fig. 8.
The selected profiles include wind velocity (Fig. 10) and
solar irradiance (Fig. 11).
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Fig. 11. Profile of the solar irradiation

16 s

The speed control response of the ST-FLC exhibits
superior tracking characteristics compared to other controllers.
In time-critical situations where the speed supervision
controller operates, the permanent magnet synchronous
generator demonstrates very short speed response times, no

overshoot, and no steady-state error (Fig. 12).
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Fig. 12. Output power of the WT

Table 3 presents a comparison among 3 controllers.
It’s evident that the ST-FLC controller exhibits a shorter
response time and reduced overshoot when compared to
the other controllers. Additionally, the ST-FLC
demonstrates smaller rise time and settling time in
comparison to the other 2 controllers.

Table 3
MPPT WT performance metrics for PI, FLC and ST-FLC
Operation Measure PI FLC | ST-FLC
Setting time,s | 0.193 | 0.124 0.104
MPPT WT Rise time, s 0.123 | 0.102 0.077
Overshoot, % 0.909 | 0.405 0.315

The ST-FLC has better tracking characteristics than
other power control modules, the PV response time is
very short compared to other controllers (Fig. 13).
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Table 4 displays the outcomes of comparing the
three controllers. The ST-FLC controller showcases
shorter rise time and settling time. Moreover, both the

ST-FLC and FLC controllers exhibit lesser overshoot
when compared to the P&O controller.

Table 4
MPPT PV performance metrics for P&O, FLC and ST-FLC
Operation Measure P&0O | FLC | ST-FLC
Setting time, s 0.273 | 0.221 0.177
MPPT PV Rise time, s 0.204 | 0.115 0.105
Overshoot, % 0.506 | 0.189 0.189

A more detailed analysis of the steady-state power
was carried out. A fast Fourier transform analysis has
been used to calculate the Total Harmonic Distortion
(THD) produced by the power. 20 cycles of the power
were selected, starting at 0.2 s, the frequency fundamental
and limited 50 Hz and 1000 Hz respectively to obtain a
clear view of the THD spectrum. Tables 5, 6 show the
power and THD spectrum for the 3 controllers.

Table 5
Phase a power THD of WT comparison
Controller P, W THD, %
PI 4395 3.94
FLC 4417 3.26
ST-FLC 4425 2.29
Table 6
Phase a power THD of PV comparison
Controller P,W THD, %
P&O 2559 7.21
FLC 2582 6.21
ST-FLC 2591 5.46

The performance evaluation of the proposed
strategy, encompassing control and optimization, utilized
the selected profiles: wind velocity (Fig. 10), solar
irradiance (Fig. 11), and load power (Fig. 14). Figures 15,
16 depict the voltage shape and SOC, respectively,
showcasing fluctuations of increase and decrease. When
the load power surpasses the power supplied by sources
(PV, WT), both the voltage and battery SOC decrease
(indicating battery discharge). Conversely, they increase
when the load power is lower, allowing the sources to
charge the battery. Figure 17 shows the maintenance of
Vs at the reference value. Moreover, the powers
generated by PV, WT, and batteries are presented in
Fig 18. The obtained results affirm the effectiveness of
the proposed FLC-based strategy, clearly demonstrating
the successful achievement of its objectives.
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Conclusions.

1. This study explores the modelling, optimization, and
control of a grid-connected HRES comprising two
renewable sources (PV and WT) along with a storage
system. The research conducts a comprehensive
evaluation, highlighting a comparison between
conventional and fuzzy-based approaches in controlling
the MPPT. The FLC demonstrates notably enhanced
performance compared to conventional methods,
particularly beneficial when the model lacks clear
definition, leveraging human experiential knowledge. The
primary objective of this investigation revolves around
assessing two advanced MPPT control strategies for WTs
and PV systems: FLC, which utilizes error and its change
to adjust control through fixed gain scaling factors, and
ST-FLC, where the output gain dynamically adapts
according to the prevailing system conditions.

2. The simulation outcomes demonstrate the superior
performance of FLC over a conventional controller in
terms of response speed and its capability to effectively
track the maximum WT power. The ST-FLC strategy,
employing a straightforward block design, exhibits robust
performance and showcases commendable results
compared to other utilized approaches.
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3. The introduced intelligent control strategy allows for
diverse operating modes tailored to varying weather
conditions, enabling seamless and rapid power supply
from each source while considering the battery bank's
state of charge. FLC serves a pivotal role in providing
optimization and control within this framework.

4. These simulation findings unequivocally affirm the
effectiveness and practicality of the proposed control
strategy. The primary objectives, including substantial
power gains, reduced battery load, and intelligent control,
are successfully attained.
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