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Abstract. The irreqular generation patterns of renew-
able energy systems lead to undesirable fluctuations in
power grids. Integrating energy storage facilities into
renewable energy systems is proposed as a solution to
this issue. In this study, a photovoltaic energy sys-
tem with energy storage is designed, and the effects
of deterministic and stochastic optimisation-based al-
gorithms on maximum power point tracking are anal-
ysed to ensure high-efficiency operation. In the de-
signed system, mazimum power point tracking of the
photovoltaic system is achieved using the conventional
Perturb and Observe, Incremental Conductance, Fuzzy
Logic-Based Perturb and Observe, and Particle Swarm
Optimization. The algorithms are extensively compared
based on performance metrics such as rise time, set-
tling time, and overshoot rate. The Fuzzy Logic-Based
Perturb and Observe algorithm exhibits the best per-
formance, with a rise time of 14.28 milliseconds and a
settling time of 51.6 milliseconds, achieving the highest
efficiency with a battery state of charge level of 69.97%.
Detailed simulation analyses conducted in the Mat-
lab/Simulink environment reveal that the fuzzy logic-
based method provides faster and more stable results
than other methods. Furthermore, a 24-hour real solar
wrradiance dataset is utilised to test the model under
realistic environmental conditions, allowing for a more
reliable evaluation of the performance of our storage-
integrated photovoltaic.

Keywords

Fuzzy logic, incremental conductance, maxi-
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1. Introduction

In recent years, global warming and crude oil prices
have led various countries to prioritise investments in
renewable energy sources (RES). Solar energy stands
out because it applies to small-scale installations and
large-scale enterprises. Despite its higher cost than
thermal and nuclear energy production, the relatively
low energy conversion efficiency of photovoltaic (PV)
systems has made optimising maximum power point
tracking (MPPT) technologies increasingly critical [I].

Solar energy is generated through panels that metic-
ulously monitor parameters such as solar irradiance
and temperature. Power converters are commonly em-
ployed to regulate power flow between PV cells and the
load [2]. PV cells exhibit a nonlinear I-V curve, con-
tinuously employing MPPT algorithms to achieve op-
timum power under varying environmental conditions
[3]. These algorithms adjust the converter’s duty cycle
based on the PV cells’ output to maintain peak power
output. The Perturb and Observe (P&QO) method,
widely recognised in the literature, is noted for its sim-
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plicity of implementation but suffers from increased er-
ror rates due to oscillations at the maximum point.
In recent years, researchers have conducted extensive
studies on MPPT in PV energy systems. Methods
developed in this field can be broadly classified into
two main categories: conventional approaches and soft
computing techniques [4]. Among the conventional
methods, P&O [5] [0 [7], Global MPPT techniques [§],
Incremental Conductance [9], Fractional Open Circuit
(FOC) [10], and Fractional Short Circuit (FSC) [IT]
approaches are widely employed. Frequently used tech-
niques like P&O and IncCond can only track the MPP
under uniform irradiance. However, in cases of partial
shading, where panels are exposed to varying levels of
irradiance, these methods do not perform adequately.
Disadvantages of these techniques include low conver-
gence speed, slow tracking performance, and significant
oscillations in steady-state conditions. Due to their
lower accuracy, FOC and FSC methods are typically
preferred for low-power applications. In order to effec-
tively track the MPP under partial shading conditions,
conventional methods need to be integrated with other
techniques.

In PV research, soft computing and evolutionary al-
gorithms have been proposed as solutions to the lim-
itations of conventional methods. These techniques
are considered among the primary choices for nonlin-
ear optimisation because they can handle nonlinear
structures, explore extensive search spaces, and reach
global optimum regions. Notable techniques used in
MPPT applications include Artificial Neural Networks
(ANN) [12], 13|, Fuzzy Logic Control (FLC) [14} [15],
Particle Swarm Optimisation (PSO) [16], and Genetic
Algorithms (GA) [I7]. Among soft computing tech-
niques, ANN and FLC stand out as knowledge-based
systems requiring detailed information for their imple-
mentation. While the training process and rule ap-
plication of these algorithms lead to high memory de-
mands, they are widely preferred for their advantages
in responding rapidly and effectively to environmen-
tal changes, achieving successful results in nonlinear
systems, and minimising steady-state oscillations. In
particular, Fuzzy Logic (FL) control can be seamlessly
integrated into existing PV systems without requiring
prior information on external hardware or system pa-
rameters. This integration not only enhances steady-
state accuracy but also offers higher tracking speed and
reliable performance [15].

The MPP algorithm precisely characterizes the
power-voltage (P-V) curve of the PV cell. At the MPP,
the power slope is zero, with positive values observed
to the left and negative values to the right of this point.
This distinctive feature allows the MPP algorithm to
optimize the PV cell’s output consistently, maximizing
energy efficiency [18]. The algorithm operates by de-
termining a reference voltage value for the PV module.

This voltage is then communicated to the secondary
control loop through a transfer function, ensuring ef-
fective regulation [I9]. Ullah et al. have presented
an MPPT control technique based on FLC to improve
MPPT in solar energy generation systems. Supported
by simulations conducted in the Matlab/Simulink en-
vironment, this method enhances energy efficiency in
PV systems by reducing output power fluctuations and
increasing system efficiency to 97% [20]. For MPPT
in solar energy systems, it offers a highly efficient ap-
proach by combining FLC with the Improved Farm-
land Fertility Optimization algorithm. This new al-
gorithm is specifically designed to improve energy ef-
ficiency, particularly under partial shading conditions
and environmental variations [2I]. Similarly, Kayigh
has developed an MPPT algorithm based on sliding
mode control and type-2 FL to enable PV systems to
track the MPP more effectively under varying irradi-
ance conditions. The combination of super-twisting
sliding mode control and type-2 FL optimizes system
efficiency by reducing steady-state fluctuation issues
and enhancing stability [22]. Youssef et al. have in-
troduced a reconfigurable FPGA implementation with
FLC for MPPT in PV systems. The proposed de-
sign offers advantages such as rapid response to vary-
ing irradiance and temperature conditions, low cost,
and reduced energy consumption. Tests conducted
in Matlab/Simulink and VHDL environments high-
light the design’s flexibility and reconfigurability [23].
Ammar et al. aimed to enhance the fractional-order
incremental conductance (FO-IncCond) algorithm for
MPPT in PV systems using meta-heuristic optimiza-
tion techniques. The proposed FO-IncCond algorithm
has demonstrated high tracking accuracy and fast re-
sponse time under variable weather conditions, deliver-
ing efficient performance across diverse environmental
scenarios [24].

In research conducted by Kabalc1 et al., a hybrid
microgrid system based on renewable energy sources
(RES) has been examined. The designed system con-
sists of 33 kW PV panels, a 100 kW fuel cell, and a
50 kW wind turbine. The IncCond-MPP algorithm
has been used for power management, and the wind
and fuel cell systems have been controlled with a
Proportional-Integral (PI) controller. The system has
been tested under various conditions, and its perfor-
mance has been experimentally verified [25]. A study
utilising the IncCond method examined the effects on
zeta-converter and buck-boost circuit modelling using
a comparative analysis method. Simulations have been
conducted under standard test circumstances at 25°C
temperature and different irradiance conditions rang-
ing from 100 to 1000 W/m2. Both DC-DC convert-
ers used in the study have been designed for a grid-
connected one kWp PV system. The modelling results
observed that the efficiencies of both the zeta and buck-
boost converters have been maintained at maximum
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efficiency with the IncCond algorithm [26]. In another
study, optimisation of the IncCond algorithm has been
proposed to increase the reliability of MPP tracking
in rapidly changing environmental conditions such as
temperature and irradiance. This proposed method of-
fers an adaptive approach with variable step size, aim-
ing to enhance the performance of PV systems. The
step size, adjusted according to the dynamic system,
balances limiting oscillations around the MPP while
ensuring rapid and accurate MPP detection [27].

Tab. 1: Comparison of the study with other studies in the lit-

erature.
proposed | [3] | [9] | [22] | [25]
P&O V4 X | v | V X
FL-P&O vV ViV oV X
IncCond v X | x v vV
PSO Vv X | x X N

In this study, various MPP algorithms are combined
to be used in hybrid energy systems, and their ef-
fectiveness is evaluated. The block diagram of the
simulated RES is given in Fig. [I} and its compari-
son with other studies in the literature is presented in
Tab. [l Four different MPP methods have been exam-
ined in detail: conventional P&O, FL-P&O, IncCond,
and PSO. These algorithms have undergone evaluation
and analysis across a range of operating conditions.
The results significantly contribute to demonstrating
that MPP algorithms optimise power generation in hy-
brid systems most effectively. These analyses facilitate
strategic decision-making for more efficient and reliable
energy generation in terms of designing and managing
energy systems.

FL-P&O IncCond PSO
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Fig. 1: Block diagram of the simulated renewable energy sys-
tem.

The main contributions of this paper can be outlined
as follows:

1) It presents a comparative analysis of the perfor-
mance of various MPPT algorithms on a PV energy

system with storage. This analysis contributes to iden-
tifying suitable algorithms for improving energy effi-
ciency and stability in PV systems by assessing deter-
ministic and stochastic algorithms.

2) By conducting a comprehensive evaluation of
deterministic and stochastic optimization-based algo-
rithms in terms of performance metrics such as rise
time, settling time, overshoot rate, and battery state of
charge, the study clearly highlights the advantages and
disadvantages of each algorithm. This detailed perfor-
mance assessment serves as a guide for the optimal
selection of MPPT algorithms in resource-constrained
applications.

3) The developed simulation model, elaborated in
the Matlab /Simulink environment, provides an oppor-
tunity to examine the response of PV energy systems
under dynamic conditions. Within this context, the
superior performance of the FL-P&O algorithm is em-
phasized, underscoring its potential for ensuring stable
energy production in PV systems.

4) It offers a valuable perspective to the literature on
the effectiveness of integrating advanced energy man-
agement strategies with storage systems for renewable
energy applications. The findings of this study provide
important insights and recommendations for the design
and improvement of energy management systems.

2.  Emnergy System Components

2.1. Photovoltaic System

PV panels are obtained through numerous PV cells’ se-
ries and parallel connections. Commonly used in mod-
ern solar energy systems, PV cells can fundamentally
be described by a single-diode equivalent circuit model.
The main components of these cells consist of a diode
and a current source. The current produced by PV
cells varies in response to changes in solar irradiance
levels. In the absence of sunlight, the current source is
limited only by the characteristics of the diode. Fig-
ure [2 illustrates the commonly used single-diode PV
cell model, and Eq. - provides the mathematical
expression of this model.

1 1

I = Iph _ID [QXP (V:‘/thRs> — 1:| — (V_; Rg)
P

1

kT,
Vin =

(2)

where I, represents the current generated in the PV
cell, Ip the reverse saturation current, I the output
current of the cell, a the ideal diode factor, R, the cell’s
series resistance, R, the cell’s parallel resistance, Vi,
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Fig. 2: Single diode equivalent circuit model of a photovoltaic
cell.
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Fig. 3: Real-time daily solar radiation.

the cell’s thermal voltage, K the Boltzmann constant,
T, the cell temperature, and ¢ the electron charge [28].
In the designed system, the SunPower SPR-305E-WHT
PV module with a power of 305 W has been chosen,
and three identical modules have been connected in
parallel to a 96 V DC bus via a DC/DC converter. The
system’s nominal power is 915 W at a temperature of
25°C and solar irradiance of 1000 W /m?.

Tab. 2: SunPower SPR-305E-WHT technical data.

Definition Value
Diode saturation current Iy = 6.3076e~ 12 A
Short circuit current I =595 A
Current in MPP Lopp = 5.57 A
Open circuit voltage Va =643V
Voltage in MPP Vinpp = 54.8 V
Number of cells in the module N, =96
Shunt resistance Rgn, = 393.205402
Series resistance R, = 0.37428¢)

In the RES model developed in the Matlab/Simulink
environment, actual solar irradiance data obtained
from the coordinates 38°49’02.7"N and 30°31°56.7"E on
October 12, 2024, have been used in addition to con-
stant irradiance scenarios. The dataset shown in Fig.
covers an irradiance range of 0 to 960 W/m2, enabling
the PV system to perform under realistic environmen-
tal conditions. This approach goes beyond analyzing
the system’s behaviour under steady-state conditions,
providing a model that closely approximates the vari-
able conditions encountered in real-world scenarios.

2.2. Energy Storage System

Lithium-based batteries offer distinctive features such
as high energy density and long lifespan. These char-
acteristics enable their use across various applications,
from portable devices to electric vehicles. Lithium bat-
teries’ high energy storage capacities result in longer
usage life and more effective energy storage, meeting in-
dustrial and consumer demands. Today, lithium-based
batteries are favoured as the most economical solution
for meeting the energy needs of electrical systems. Key
factors influencing the selection are their energy and
power density, almost complete coulomb efficiency, ex-
tensive cycle life, lack of memory effect, and minimal
self-discharge rate [29].

Tab. 3: Lithium-ion battery technical data.

Definition Value
Nominal voltage Vi, =48V
Nominal capacity Qnom =5 Ah

Nominal discharge current | Iz = 2.1739 A
Initial charge level SOC ="70%
Battery internal resistance | R, = 0.096 Q2

According to the lithium-ion battery data provided
in Tab. [3] the battery’s nominal voltage is 48 V, and
its capacity is 5 Ah. The battery output voltage is
expressed by Eq. 7 while Eq. describes the vari-
ation in the battery’s state of charge depending on the
battery current and capacity.

1

Vo= Voo Roly— K——% | Acap (—B/ det)
Q — [, Ivdt 0

(3)

"I,
SOC = SOC;; — / e gy (1)
o @

where V; represents the battery terminal voltage, Vj
and I the battery’s open circuit voltage and nominal
current, respectively, R the internal resistance, A and
B the battery’s exponential voltage and capacity, K
the polarisation constant, SOC},; the initial state of
charge, and @ the battery capacity, n the battery effi-
ciency [30]. In PV systems, batteries provide a backup
energy function during insufficient sunlight or at night
when energy demand persists. With these capabilities,
lithium batteries play a critical role in enhancing the
reliability and efficiency of solar-powered systems.
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3. Algorithms Used in
Photovoltaic Systems
3.1.  Perturb and Observe Algorithm

The P&O method is a commonly utilised algorithm
within the field. This technique continuously moni-
tors the power fluctuations of the PV module, subse-
quently controlling the direction of voltage changes in
the module. Based on this information, adjustments to
the duty cycle are made for future updates and correc-
tions. Typically, the power and voltage characteristics
of the module are employed to track the operational
point of the module output [3I]. The flowchart for the
P&O algorithm is presented in Fig. [} Upon examin-
ing the flowchart of the P&O algorithm, the initial step
involves measuring the system’s power output. Next,
the voltage of the PV module is slightly increased or
decreased. After this adjustment, the new power value
is compared with the previous one. If the power value
has increased, the change is in the correct direction,
and the adjustment in the same direction continues. If
the power has decreased, the voltage change is made in
the opposite direction. This process is repeated until
the system reaches the MPP. The algorithm iteratively
adjusts the voltage until it finds the value closest to
the optimal power point.

Take the Vpy and Ipy values.

VonK)=V ()T (k)
AP=P(K)-P(k-1)
AV=V(R)-V(k-1)

ES AP>0 i

{leP:D(k-ll-\l)} [D(k)zn(k-lw\ll} {D(k):D(k-IH\I)J

'T ! !

¢—1
]—

Fig. 4: Perturb and Observe algorithm flowchart.

Update the Variables.
V(k-1)=V(k) ve P(k-1)=P(k)

3.2.  Fuzzy Logic Based Perturb and

Observe Algorithm

FL is an artificial intelligence approach used to solve
problems containing uncertainties. Unlike conventional
methods, this method evaluates input data under fuzzy
concepts within certain rules. FL algorithms systemat-
ically make inferences using these fuzzy concepts and

obtain results. This method has advantages such as the
ability to handle uncertainties, the capability to model
complex systems, and the flexibility to cope with real-
world data.

Figure [5| illustrates the Mamdani-type fuzzy infer-
ence system, which comprises four main components:
input-output membership functions, a set of fuzzy
rules, a fuzzy inference engine, and a defuzzifier. The
FL controller is structured around two inputs and one
output. The input variables are error and the rate of
change of the error, while the output variable is a pulse
width modulation signal used to drive the switching el-
ement. Both inputs are fuzzified using FL. This logic
encompasses seven fuzzy subsets: positive big (PPB),
negative big (NNB), negative medium (NM), positive
medium (PM), negative small (NNS), positive small
(PPS), and zero (Z) [3].

Output Membership Functions

2
Degree of mf

Fuzzy
Inference
System

Fuzzy
Centre of
Gravity

Degree of mf

Fuzzy Rule Base
Rule 1 ~ Rule 49

Fig. 5: Fuzzy inference system block diagram.

Various membership functions such as Gaussian,
trapezoidal, triangular, bell curve, and sigmoid are
available in FL. In this study, triangular membership
functions shown in Fig. [§ have been preferred. This
type of function relies on three main parameters: the
start («), the end (c), and the highest degree of mem-
bership (b), and is defined in Eq. (§). Finally, the
fuzzy output is converted into a crisp control signal
in the defuzzification process. This process uses the
centre of gravity method defined in Eq. @

(x=a)

a<xr<b— —a)
N(x;aaba C) = b<r<c— ((Z:"Z)) (5)
r<aorx>c—0
. Doy wiga(;)
TooGg = st (6)

Z?:1 M(l‘l)
where x; is the output of the i, fuzzy rule, u(z;) is the
inference result of the iy, fuzzy rule, and z{, ) is the
output of the fuzzy controller. In FL, the rule table
used to determine input and output values is shown
in Tab. @ An FL rule table is used to determine the
outputs corresponding to a specific input combination.
This table defines the behavior of the FL, specifying
which outputs should occur under which conditions.
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Tab. 4: Fuzzy inference system rule table.

e/de NNb | NM | NNS Z PPS | PM | PPB
NNB Z Z Z NNB | NNB | NNB | NNB
NM Z Z Z NM NM NM NM
NNS | NNS Z Z NNS | NNS | NNS | NNS
Z NM NNS Z 7 PPS PM PPB
PPS PM PPS | PPS PPS Z 7 PPS
PM PM PM PM PM 7 7 7
PPB | PPB | PPB | PPB | PPB Z 7 7
3.3. Incremental Conductance 3.4. Particle Swarm Optimisation

Algorithm

The IncCond algorithm is a widely used approach in
adaptive control applications. This algorithm repre-
sents an iterative process to optimise system behaviour.
The initial step determines the system’s starting con-
dition. Subsequently, objectives are defined. An initial
estimate representing the current state of the system
is made. Based on this estimate, the control signal
is calculated, and the system’s state is updated. The
system’s behaviour is then reviewed to assess whether
the objectives have been met. The control calculation
and application are repeated if the objectives have not
been reached or the specified criteria have not been
met. These steps are repeated until a specific termina-
tion condition is met [32].

The IncCond algorithm identifies the peak of the P-V
curve by analysing its slope, aiming to locate the MPP.
In this approach, the incremental conductance (dI/dV)
and instantaneous conductance (I/V) are calculated to
track the MPP. The relationship between these two
values determines the position on the PV module’s P-V
curve, utilising Eq. to @]) Equation @ indicates
that the PV module is operating at the MPP, while
Eq. and (9) signify that the module is operating
to the left and right of the MPP on the P-V curve,
respectively.

1+V%:0 (10)

The IncCond algorithm uses Eq. to detect the
MPP. The MPP tracking system’s control device mea-
sures the PV module’s voltage and current. If Eq.
and @D are satisfied, the converter’s duty cycle should
be decreased or increased, respectively. If Eq. is
satisfied, no change should be made to the duty cycle
[33].

PSO is a recognised technique among control algo-
rithms for tracking the MPP in PV systems. This al-
gorithm has been developed to maximise power out-
put under variable weather conditions. Inspired by
the social behaviours of birds or fish, the traditional
PSO method aims to find the optimal solution by util-
ising a swarm of particles moving in a multidimen-
sional search space. This method has proven effective
in tracking the MPP in PV system controls, managing
to deal efficiently with low-frequency oscillations. In
order to track the MPP, the positions and velocities of
the particles are optimised by continuously updating
the duty cycle of the DC/DC converter [34]. Initially,
this method starts with a randomly distributed particle
population where each particle represents a potential
solution. The positions and velocities of the particles
are altered using updated equations that consider both
individual and collective experience histories [35].

When used for MPP tracking in PV panels, each par-
ticle calculates parameters typically representing out-
put variables such as voltage or current. As these par-
ticles progress through the problem space, they evolve
towards the best solution, thereby maximising power
output from the PV panel. In this way, PSO is an
effective method for enhancing the efficiency of solar
energy systems.

4. Results and Discussion

This study involves a comparison of MPP control
techniques used in the power production of PV sys-
tems. Modelling and simulation studies have been con-
ducted in the Matlab/Simulink environment, address-
ing four operating conditions. The voltage stability of
the storage-integrated PV system, created using PV
panels, has been examined according to critical and
variable load profile scenarios. The proposed storage-
integrated PV system utilised the PV panel parameters
listed in Tab. [2| and the lithium-based battery param-
eters specified in Tab. [3] The time-dependent changes
in scenarios related to the storage-integrated PV sys-
tem are illustrated in Fig. [6]
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)

Fig. 6: Time-dependent changes in scenarios for the storage-
integrated PV system.

In the simulation study, the initial charge level of the
energy storage unit has been set at 70%. The simula-
tion model analysed commonly preferred methods such
as conventional P&O, FL-P&O, IncCond, and PSO.
The system performance has been evaluated in detail
using these four different methods. The simulation ran
for a duration of 3 s. The solar irradiation level ap-
plied to the PV panel started at 600 W/m?, was in-
creased to 1000 W/m? at 0.5 s, and then reduced back
to 800 W/m?2 at 1 s. This irradiation level and duration
have been maintained for all algorithms. In addition
to a critical load of 600 W, two loads, each with a
capacity of 200 W, referred to as Load-1 and Load-2,
have been included in the system. The time-dependent
changes in the loads are depicted in Fig. [6] (b) and (c).
The effects of different algorithms on PV and battery
power, the optimisation of energy transfer, and their
responses to system dynamics are detailed in Fig. [7]
The time-dependent changes in PV power and lithium-
based battery power can be observed in Fig. m (a) and
(b), respectively.

1000 ¢ ——
fj Th

wn f——— T L ]
w| (]
£ |
= 0 850 |
z

W)

P8O

FLP&O
IncCond
®) SO

0 05 1 L5 2 25 3
Time (s)

Fig. 7: Change of power in photovoltaic and energy storage
unit.

Upon examining Fig. [7| (a), it is observed that right
from the start of the simulation, the FL-P&O algo-
rithm, informed by expert opinion, met a 543 W en-
ergy demand in just 1 ms, displaying a significant speed
advantage over other algorithms. Moreover, the con-
ventional P&O algorithm reached the MPP of the PV
power in 6 ms, while the system operated by the Inc-
Cond algorithm completed this in 75 ms. Similarly, the
PSO algorithm exhibited a variable power profile char-
acterised by sharp declines and rises, achieving system

stability within 20 ms. During the initial 0.5 s, while
only a critical load of 600 W was active in the system,
the entire 543 W power demand was met by the PV
system, and the battery group supplied the remaining
power demand.

At 0.5 s, solar irradiation has been increased from
600 W/m? to 1000 W/m?. The installed capacity of
the PV system, 915 W, has been fully transferred by all
MPP algorithms except for the PSO algorithm, which
has been limited to 891 W. During this period, while
the critical load has been entirely powered by the PV
system, 315 W of energy has been stored in the battery
group. At 1 s, the solar irradiation value dropped to
800 W/m? and remained at this level until the end of
the simulation. As seen in Fig. [6] Load-1 has been ac-
tivated at 1 s and Load-2 at 1.5 s. Load-1 and Load-2,
including the critical load, have been steadily supplied
throughout the simulation.

In the storage-integrated PV system, a performance
comparison of the bus voltages has been provided in
Fig. [l When evaluating the performance of the algo-
rithms, the characteristics related to each one’s initial
response, stability, and peak performance have been
examined. The storage-integrated PV system has been
connected to a common DC bus with a nominal volt-
age of 96 V. Upon the start of the simulation, the bus
voltages for FL-P&O, conventional P&O, PSO, and In-
cCond algorithms have respectively dropped to 95.13
V,94.39V,92.76 V, and 90.47 V, and have then quickly
risen back to the reference bus voltage, maintaining
their voltage stability. During load changes in the sys-
tem, it is visible from Fig. [§] that the FL-P&O algo-
rithm has restored the reference voltage more quickly
than others.

—P&0

——FLP&O
100 IncCond

—Pso

Output Voltage (V)
®
|
L

001 002 003
0 05 1 15 2 25 3
Time (s)

Fig. 8: Comparative graphs of PV panel output voltage for
maximum power point algorithms.

Throughout the simulation, the changes in the DC
bus voltage obtained using different algorithms have
been calculated as the highest positive 5$ and lowest
negative €, voltage regulation values according to Eq.

and [36].

uy, — min(uy)

-100 (11)

6 = —
Uk

g, — max(uy)

ep = -100 (12)

Uk
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Fig. 9: Change in SOC levels under variable load conditions.

where, Uy, represents the reference bus voltage and uy,
denotes the voltage value at the time of operation. Af-
ter the system stabilised, the highest positive fluctua-
tion in the bus voltage occurred at 0.5 s, and the largest
negative fluctuation occurred at 1 s. Upon examining
the 80 ms oscillations, the highest fluctuations have
been observed with the IncCond algorithm, where eﬁ
and €, have been calculated as +3.44% and -3.54%,
respectively. These values are within the limits set by
the IEEE 1547-2003 standard.

The responses of MPP tracking algorithms to a unit
step input have been compared based on overshoot, rise
time, and settling time performance metrics. They are
detailed in Tab. [f] While the PSO algorithm has the
best overshoot value at 9.57%, the FL-P&O algorithm
stands out in terms of performance with a rise time of
14.281 ms and a settling time of 51.606 ms. Accord-
ing to the findings, when comparing overshoot values,
the PSO algorithm performs 56.03% better than its
closest competitor, the FL-P&O algorithm. Regarding
rise time, FL-P&O performs similarly to the nearest
conventional P&O algorithm by a margin of 3.708%.
These results demonstrate that FL-P&O is superior to
the conventional P&O algorithm.

In the simulation studies conducted in the PV sys-
tem, changes in battery State of Charge (SOC) levels
are presented in Fig. [9] Beginning with a SOC of 70%,
the energy requirements of the load are supplied by
both the PV panel and the battery, resulting in a re-
duction of the SOC level. At 0.5 s, as solar irradiance
increased from 600 W/m? to 1000 W/m?2, not only was
the critical load continuously powered, but the battery
group also began to charge. However, at 1 s, with
the activation of Load-1 and the decrease in solar ir-
radiance to 800 W/m?2, the PV system could not meet
the total demand alone, and the battery switched to
discharge mode. At the end of the simulation, the FL-
P&O algorithm provided the best result, with a SOC
level of 69.97%.

The 24-hour solar irradiance data presented in Fig-
ure [I0] were measured using a pyranometer and covered
an irradiance range from 0 to 960 W/m?. These actual
solar radiation data enable a more detailed examina-
tion of PV system performance under realistic envi-
ronmental conditions. The daily irradiance data were
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Fig. 10: Time-dependent variation of actual solar data, Loadl
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scaled to 24 s and utilized in the simulation studies
accordingly.

In the simulation studies, the initial charge level
of the energy storage unit was set at 70%. As in
other studies, performance analyses of four different
MPPT algorithms were conducted within this simula-
tion model, focusing on PV power and battery power,
and the results are presented in Fig. The find-
ings indicate that, compared to other algorithms, the
PSO algorithm was unable to fully track the maximum
power and was affected by load variations.
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Fig. 11: Change of power in photovoltaic and energy storage

unit.

This study presents a comparative analysis of various
MPPT algorithms within a PV energy system equipped
with energy storage, focusing on performance metrics
such as rise time, settling time, and battery state of
charge. Based on the findings of the study, the follow-
ing recommendations are presented:

1) The FL-P&O algorithm demonstrates superior
performance in terms of response time and stability. It
is recommended that this method be preferred in PV
systems where high precision and stability are critical,
especially in applications requiring rapid adaptation to
irradiance changes.

2) The integration of lithium-based energy storage
systems into PV systems has been found effective for
maintaining stable voltage and providing backup en-
ergy during fluctuations in energy production. Incor-
porating energy storage units into PV systems oper-
ating under variable irradiance conditions is recom-
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Tab. 5: Performance comparison of MPP tracking algorithms.

Parameters P&O | FL-P&O | IncCond | PSO

Overshoot (%) 17.40 17.08 21.56 9.57

Rise time (ms) 14.831 14.281 30.954 15.407
Settling time (ms) | 52.057 | 51.606 97.605 68.668

mended to enhance energy supply security and avail-
ability.

3) Although this study is conducted in a simulation
environment, testing these algorithms under real-world
conditions will be essential for evaluating their practi-
cal effectiveness. Experimental studies across different
PV configurations and varying environmental condi-
tions would provide valuable insights into the resilience
of each MPPT algorithm.

5. Conclusion

This study aims to identify the most effective solution
for PV systems by analysing the performance of MPP
tracking algorithms that employ various strategies, in-
cluding artificial intelligence and meta-heuristic opti-
misation. When compared with other algorithms, such
as conventional P&O, IncCond, and PSO, the FL-P&O
method has demonstrated a distinct superiority in en-
hancing the energy efficiency of PV systems. In sim-
ulations conducted under similar conditions, the FL-
P&O method successfully met a 543 W energy demand
within just 1 ms. In contrast, the conventional P&O
method reached the MPP in 6 ms, while the PSO al-
gorithm achieved system stability in 20 ms, and the
IncCond algorithm took 75 ms to stabilise the system.
This speed difference illustrates how effective the FL-
P&O method is in adapting PV systems to dynamic
environmental changes.

The responses of MPP tracking algorithms to a unit
step input have been analysed based on overshoot, rise
time, and settling time performance metrics. Accord-
ing to the results, the PSO algorithm possesses the best
overshoot value at 9.57% in voltage amplitude. In con-
trast, the FL-P&O algorithm stands out with a rise
time of 14.28 ms and a settling time of 51.6 ms. The
FL-P&O method provides faster response times and
better system stability than other methods and demon-
strates superior performance in the rise and settling
times. During the increase in solar irradiance from
600 W/m?2 to 1000 W/m?, the FL-P&O method suc-
cessfully transmitted the system’s maximum installed
power of 915 W, whereas the PSO method was lim-
ited to 891 W under the same conditions. This case
indicates that the FL-P&O method more effectively
tracks the MPP and responds quickly to sudden in-
creases in solar irradiance. Similarly, when examining
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the changes in battery SOC levels, the FL-P&O algo-
rithm has given the best result, with 69.97%.

The findings demonstrate that the FL-P&O ap-
proach can enhance the energy efficiency of PV sys-
tems due to its ability to respond quickly and effec-
tively to environmental variables. Furthermore, it re-
veals that FL effectively detects the MPP and main-
tains system stability. Lastly, according to the results
of this study, the FL-P&O method has the potential
to contribute to the sustainability of global energy sys-
tems and play a significant role in energy transfor-
mation processes. Future studies could focus on op-
timizing these algorithms under various environmen-
tal conditions and in real-time applications. Testing
their applicability with different PV system configura-
tions or other renewable energy sources is also recom-
mended. Experimental validation in field conditions,
complementing this simulation-based study, would be
valuable for revealing the real-world performance of the
algorithms.
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