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ARTICLE INFO ABSTRACT

Keywords: This article presents a comprehensive study focused on understanding and optimizing the behavior of a

PV Panels photovoltaic (PV) generator. The study explores Maximum Power Point Tracking (MPPT), a critical technique

:f)larlce_us used to optimize the energy output of a PV generator by dynamically adjusting under varying conditions of solar
imulation

irradiance and temperature, ensuring that the PV generator operates at its most efficient level. By also accounting
for shading effects, which can significantly impact energy production and overall performance, this research
includes a detailed analysis of the shading effects on the illuminated area based on optimization-MPPT algo-
rithms. Advanced modeling and simulation techniques are employed, with a particular emphasis on the
Levenberg-Marquardt method for parameter estimation. This method is used to fit mathematical models to
experimental PV generator data and extract relevant parameters. Additionally, the study leverages the “Curve
Fitting Toolbox™” method in MATLAB to fit mathematical models for experimental I-V and P-V data. The inves-
tigation utilizes an industrial polycrystalline silicon PV module and compares simulated results with experi-
mental data. One significant aspect of the analysis is the examination of partial shading’s impact on the PV
generator. The results highlighted that partial shading poses a substantial challenge to the PV system, leading to
a notable reduction in power output. The study presents various techniques for Maximum Power Point Tracking
(MPPT) and analyzes their capabilities and performance metrics. The research methodology involves a combi-
nation of simulated and experimental data to understand how PV panels behave under different shading con-
ditions. Furthermore, the study proposes an optimized configuration and advanced MPPT algorithms to enhance
system performance in the presence of partial shading. The optimized setup not only increases power output but
also enhances overall system efficiency and reliability by mitigating issues such as shading-induced hotspots and
potential panel failures. The findings and strategies outlined in this study could be adapted and applied to various
types of PV modules.

Shading behavior Optimization
Power output
Energy efficiency

1. Introduction

As a result of different inducement initiatives and specific market
circumstances in many European countries and globally, photovoltaic
(PV) systems have risen as a key solution for residential housing and

dependability, and security of PV systems, whether they operate inde-
pendently (standalone) or are integrated with the electrical grid [4,5].
Due to the continued decrease of the world’s traditional energy sources,
PV systems play a growing part in the mix of energy used to generate
modern electric power. The key benefits of PV power systems include:

(1) the absence of moving components; (2) the generation of negligible
noise; (3) the minimal to no maintenance requisites and an

other independent applications [1,2,3]. This strategy brings to the
forefront novel and vital concerns regarding the effectiveness,

Abbreviations: PV, Photovoltaic; MPPT, Maximum Power Point Tracking; I-V, Current-Voltage characteristic; P-V, Power-Voltage characteristic; MPP, Maximum
Power Point; P&O, Perturb & Observe; MP&O, Modified Perturb and Observe; IC, Incremental Conductance; RCC, Ripple Correlation Control; SCC, Short Circuit
Current; OCV, Open Circuit Voltage; PSO, Particle Swarm Optimization; GWO, Grey Wolf Optimization; ACO, Ant Colony Optimization; ABC, Artificial Bee Colony;
GN, Gauss Newton; FLC, Fuzzy Logic Controller; ANN, Artificial Neural Network; SMC, Sliding Mode Control; DISMC, Double Integral Sliding Mode Control; FPSO,
Fuzzy Particle Swarm Optimization; ANFIS, Adaptive Neuro Fuzzy Interface System; FLC, Fuzzy Logic Controllers; TCT, Total Cross-Tied; SP, Series-Parallel; FCM,
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environmentally benign nature; (4) the renewable essence; (5) the high
adaptability and dependability; (6) the suitability for installation in
nearly any geographical location [6]. Critical facets of electricity gen-
eration, particularly its reliability and steadiness, exert substantial in-
fluence over the escalating demand for dependable electricity supply,
thereby enhancing consumer safety [7,8]. Nonetheless, electricity pro-
duction derived from renewable sources introduces challenges con-
cerning harmonization with the prevailing electrical grid. A prominent
challenge within PV systems revolves around power storage, consti-
tuting an important facet for enhancing performance in solar-powered
communal setups [9,10]. Prior research has yielded design approaches
for distributed and shared batteries; nevertheless, these existing meth-
odologies hinge on aggregated community energy disparities [11,12].
While this approach may avert excessive battery sizing, it could pre-
cipitate a distinct issue, specifically substantial electricity losses during
the transmission process, attributable to extended power transmission
distances [13]. A notable research gap in the analysis of diverse algo-
rithm applications related to optimizing the operation of PV systems,
considering their performance, balance, and robustness under various
shading conditions, is addressed in this study centered on Maximum
Power Point Tracking (MPPT) and partial shading [14,15,16]. The
findings obtained from this research could have implications for the
application of other algorithms in optimizing various standalone or grid-
integrated PV systems [17].

In order to obtain higher performance and commercialization of PV
systems, it is essential to carry out individual analyses for each type of
application, examining in detail their operational integration in specific
contexts [18,19].

The operational optimization of PV systems depends on the refine-
ment of MPPT techniques, that allow to be used for improved electrical
performance of PV systems even under fluctuating operating conditions,
largely influenced by meteorological factors but also by mechanical ones
(e.g., dirt degree) [20,21].

The significant contribution of this paper revolves around the opti-
mized enhancement of a PV system through: (1) investigation and
implementation that involves a progressive approach employing ser-
ies—parallel evaluation to examine shading effects on the studied PV
generator (panel); (2) the precise operation of a PV system via numerical
modeling to investigate the consequences of temperature and solar
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irradiance on PV device performance, as well as its response to shading
conditions [22,23]. This study’s structure is built upon an enhanced
numerical simulation model, implemented in MATLAB Simulink,
directly leading to performance improvements in the PV generator.

Another goal addressed by this study is the accuracy and complexity
of the investigation, which encompasses a broad spectrum in terms of
information flow and outcomes. This is particularly notable given the
scarcity of comprehensive practices in specialized literature. In the
literature, there are mainly 4 categories of MPPT techniques applied to
the PV systems.

These methods are designed to track MPP with high accuracy under
dynamic and changing weather conditions. They have a very high
capability to track the MPP efficiently. These techniques also involve
high complexity in control circuits and extensive data handling for pre-
training the system. To furnish a structured overview of these MPPT
techniques, Fig. 1 presents the main classification of MPPT techniques,
providing a good understanding for identifying the MPPT methods in the
scientific literature [24,25].

2. Advancement of photovoltaic technology
2.1. State of the Art

In the realm of PV research and scientific exploration, the develop-
ment of comprehensive models entails a meticulous consideration of
input parameters that collectively shape the accuracy, reliability, and
applicability of the model’s outcomes. These input parameters, often
referred to as input sizes or variables, serve as the bedrock upon which
the predictive power of the model is built. The accurate representation
of these parameters is paramount to crafting models that offer insights
into the intricate behavior of PV systems under diverse operational
conditions.

According to experts, individuals who own PV systems might expe-
rience a reduction of up to 30 % in potential energy production due to
shading. Surprisingly, this isn’t solely due to complete shading of a solar
panel. Even if only 20 % of the panel’s surface is shaded, the output
power can decrease by as much as 50 %, as indicated by certain reports
and research within the field. The main reason for this lies in the
interconnection of solar cells within an array [26,27,28].
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Fig. 1. Main classification of MPPT techniques.
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Shading effects occur when certain sections of a PV system receive
unequal solar irradiance due to obstructions [29,30]. In such scenarios,
cells exposed to lower irradiance levels may actually absorb power
instead of generating it. To mitigate this, bypass diodes are integrated to
lessen the impact of shading and safeguard the panels [31]. PV arrays
are often equipped with one or two diodes, usually positioned every 10
cells in a PV panel (adjusted based on the number of cells in a PV panel).
By configuring the PV array in specific structure, the influence of
shading on the whole PV system can be studied. To comprehensively
evaluate and understand the behavior of PV panels, an effective
approach involves the use of a MPPT system based on specialized al-
gorithms such as FLC, P&O, BC or IC [32,33,34]. Commonly, solar cell
arrays are linked in PV panels through a fusion of series — parallel
connections known as “strings.” When shadowing occurs, the losses
propagate throughout the entire string of cells. To prevent total failure,
bypass diodes are typically employed [35,36]. These diodes redirect
current away from damaged or inefficient cells. However, even with
these measures, while the entire array might not fail simultaneously, the
energy harvested from the cells is diminished. This leads to a reduction
in the string’s voltage, consequently lowering the energy efficiency of
the PV device [37,38].

A panel subjected to shading within a string can markedly diminish
its output power. However, the output power of a parallel string is un-
affected by the shading of another string. Consequently, an effective
solution involves segregating shaded panels into distinct strings (parallel
— series), which maximizes the overall output power of the PV array
[39,40]. In practical terms, arranging shaded panels receiving shade
from specific sources (like parapets) into one set of strings, while
grouping unshaded panels into separate, parallel strings, can optimize
power production. Determining the impact of shading on a PV panel
demands a theoretically intricate approach, involving numerical
modeling and simulation of the electrical parameters of the PV array
[41,42].

An alternative strategy to enhance partial shade efficiency involves
implementing an optimized controller [43,44]. This device adjusts
output I-V to sustain maximum power without affecting other PV array
performance. It is required to study algorithms for optimizing the MPP
with techniques like Fuzzy Logic Controllers (FLC) being pertinent
[45,46].

This approach facilitates efficient modeling and simulation of PV
panel behavior while enabling adjustment of panel operation. Concur-
rently, an optimization strategy based on MPP tracking algorithms
guarantees output power optimization accuracy, motivating ongoing
research to refine these models and enhance PV system efficiency
[47,48,49].

To illustrate, in a scenario where a shaded panel generates electricity
at a reduced current level, a controller optimizer (utilizing established
MPPT techniques) would elevate the output current to match unshaded
panels while simultaneously lowering the output voltage by the same
degree. This allows the shaded panel to contribute electricity without
hindering the output of other panels [50]. For a deeper understanding of
the shading impact, the present article schematically depicts the effect
on PV cells and the associated implications for output power, along with
potential optimization opportunities [51].

2.2. Literature review: Basic concepts and availability

In the specialized literature, topics concerning partial shading and
the optimization of PV systems through MPPT techniques have garnered
significant attention, engaging numerous researchers in the field. Some
noteworthy contributions include: 1) Viorel Badescu introduced a
straightforward constrained optimization approach, where the aim is to
enhance electrical output power while adhering to current-voltage
characteristics and energy balance within a series—parallel PV panel
[35]. The research underscored the pronounced impact of latitude and
climate on PV panel design, revealing that panels optimized for warmer
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climates possess more solar cells in series and fewer solar cell strings
compared to colder climates. Moreover, the optimal configuration of PV
panels is intricately linked to the quality of the PV cells. 2) J. Vandana
conducted a comprehensive study on the effects of shading patterns and
intensity on Fully Cross-Tied (FCT) PV array configurations through
advanced numerical simulations [16]. Also, their investigation encom-
passed three standard PV array setups utilizing series—parallel (SP)
connections. 3) Similarly, H. Rezk, et al. examined methods to enhance
efficiency and reduce investment costs in PV systems by employing a
symmetrical approach [23]. Their research integrates mathematical and
engineering principles to develop a balanced PV model, utilizing ser-
ies—parallel circuit theory, piecewise functions, and MATLAB/Simulink
simulations at an advanced level. 4) S. Chidurala, et al. proposed a
minimalist approach to modeling the performance of solar panels under
shading using the shading ratio. By integrating shadow area and opacity
into the PV cell model, the authors aimed to provide a clearer under-
standing of PV system operation under shaded conditions. Furthermore,
the analysis of shading ratios, coupled with image processing, offers
valuable insights for evaluating and predicting the I-V behavior and
MPPs of shaded PV panels. This approach is also applicable for moni-
toring operational PV installations [34]. 5) Carlos Robles Algarin et al.
underscored the necessity of MPPT techniques and demonstrated their
effectiveness in optimizing energy production across various climatic
conditions [62].

They introduced an FLC based on MPPT controller, demonstrating its
superiority and precision through simulation and numerical modeling.
6) D. Craciunescu and colleagues pioneered a novel approach for diag-
nosing faults in PV arrays using Fuzzy C-Mean (FCM) clustering and
fuzzy membership algorithms. This method facilitates the examination
of electrical characteristics of PV systems under various fault scenarios
[14]. 7). Hameed, et al. proposed an FLC model for implementing a PV
peak power tracking system, thereby demonstrating its effectiveness
[25]. Their research also involved constructing an analytical model for
the PV system based on the manufacturer’s specifications. This approach
incorporated a solar panel and converter model, along with a developed
FLC algorithm designed for continuous maximum power tracking.

These valuable contributions collectively highlight the complex
research landscape and varied strategies employed to improve the effi-
ciency and performance of PV systems operating under shading
conditions.

3. Methodological approach. Data and method
3.1. Numerical model of the PV solar cell

The application of the two-diode model’s mathematical framework
reveals the intricate electrical properties of solar cells [52,53,54].
Various advanced models designed to account for specific conditions
such as partial shading offer promising avenues for investigation
[55,56]. One such model is the Bishop Model [57], which necessitates a
negative voltage across its terminals, resulting in negative cell voltage
and positive cell current—effectively consuming power. Conversely, the
Direct Reverse Model [58] replicates solar cell behavior under various
biasing modes to accommodate fluctuations in temperature and solar
irradiance. This analysis addresses two main aspects: 1) the interaction
between positive cell voltage and current, and 2) the contrast between
negative cell voltage and positive cell current, which are critical for
power analysis and estimating losses during partial shading scenarios.
Future research could focus on optimization methods to tackle chal-
lenges in parameter estimation, potentially minimizing estimation er-
rors and computational overhead.

In the operation of solar cells, various parameters play critical roles
in determining their performance. Hence, a conventional solar cell
model is used, which is illustrated in Fig. 2 and shows the current I
provided by the cell, denoted as:
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Fig 2. The electrical schematic diagram of a solar cell, illustrating both the
photo-sensitive and diode-type characteristics of the cell, along with the series
and shunt resistances.

Lt = Iph I —In (€9)

where I, I and I, represent photo-generated current, reverse cur-
rent, and shunt current — the current that bypasses the main circuit of the
cell, often due to defects or non-ideal characteristics, negatively
impacting overall efficiency. The voltage across the solar cell is denoted
as Ve, representing the electrical potential difference generated by the
cell when is exposed to light. In the context of the solar cell’s operation,
there is also a voltage V that develops across the shunt resistance Rgp.
The relationship between these two voltages is expressed by the equa-
tion: V = Ve + Rylcer, where R is the PV cell series resistance. The shunt
current is given by Iy = V/Rg,.

The classic diode theory provides the following values for the reverse
current:

_ LA
Ir - IO |:exp (BcellKTcell> ! :| (2)

where I represents the reverse saturation current, B is the thermal
voltage constant, K is the Boltzmann constant, and T is the cell tem-
perature. The electron’s electric charge is also known as g. Given the
connections Eq. (1) can be written as:

Rsh module (NRsh + NRs + MRsmodule) + NRsmadule (Rsh + Rs)
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3.2. Numerical model of the theoretical PV generator (panel)

In. [49] several solar cell interconnection systems were evaluated
from the perspective of stability and viability (i.e., the capacity to work
continuously for a predefined period of time). These strategies included:
(a) a simplified series—parallel PV array configuration comprising M
parallel strings, each string consisting of N solar cells connected in se-
ries; (b) a cross-connected system derived from the series—parallel
configuration by adding additional connections along each junction
row; and (c) a bridge arrangement, where the solar cells are connected in
a manner similar to a bridge rectifier configuration. The approach pre-
sented in this paper is specifically designed for the basic series—parallel
configuration. However, it remains adaptable for implementation in
other interconnection strategies. Fig. 3 illustrates a PV panel consisting
of M parallel strings where each string contains N identical series solar
cells. The relationship between the voltage across the PV panel denoted
as Viodule and the voltage across an individual solar cell denoted as Ve
is expressed by the following relation:

Vmodule + ImoduleRsmodule

Leen = N (6)

where Rgmodute is the resistance in the module series. The module’s
shunt resistance is being current through at I’, M — parallel strings and
N- solar cells connected in series. The source of Rg shunt is:

Vmodule + ImuduleRsmodule

r= %)
Rsmodule

and the current “I“ is defined as:
I” = InellM = Imodule + r (8)

By applying Eq. (3) for the solar cell and Egs. (6)-(8) with algebraic
manipulation, the resulting characteristics of the PV module I,4,-
le—Vmodule Tespectively module’s current-voltage relationship can be
derived (refer also to [56]).

NRsh + NRs + MRsmodule

Imodule :MIph -

Vmodule -

N. Rth Rslunodule

q |: (M +N Bs > + Vmodule + <NRs + MRsmodule + Nm) Imodule:|
-1

Rshmodute Rshmodute

NRNR shmodule
MiI, < exp
q(Vcell + RsIcell) Vcell + RsIcell
Loy =Ly—1I T BuKTw | /T Ry ’
cell 'ph 0 {exp |:eXp BeenKTcen R ( )

Silicon solar cells can be utilized with the following relationships:

Iph = GT ° (’[C{) L4 SAcell (4)

E,
IO = KcellAcelngeueXp( - KTg ll) (5)
cel

In Eq. (4) G (ra), s and Ay respectively denote the global irradiance
at the level of the solar cell, the effective transmittance-absorptance
product, a constant, and the cell’s surface area. Moreover, K. and Eg
represent the band gap of the cell material and the cell constant,
respectively [62].

NMBcellchell

©)

An improved version of Eq. (4) where the module shunt resistance
Rsy module was disregarded is Eq. (9), [49]. The PV module’s Ppodute
electric power output is provided by:

Produte = Imodute Vimodute 10)
The total PV module’s energy balance is as follows:
MNAceHSGT(Ta) - MNAceH Ucell(Tcell - Ta) - Imodule Vmodule =0 (11)

where T, represents the ambient temperature, while U, and Ty are
average PV module values of the heat dissipation coefficient (convec-
tion) and the temperature of the solar cells. In Eq. (11), the first term
denotes the rate of solar irradiance absorption by the PV module, while
the second term is the heat flux transferred by convection from the solar
cells to the ambient environment. Note that the second term includes all
PV module resistances’ Joule effect heat losses. The third term
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Fig. 3. The equivalent circuit diagram of a series—parallel PV module, featuring the series resistance. (Rg_modure) and shunt resistance (Rsp_modue)-

represents electric energy leaving the PV module. The ratio of electrical
output power and the incident solar radiation on the PV module rep-
resents the global efficiency # and is given by the Eq (12):

P, ‘module

— (12)
GTAmadule

n
where Apodule = MNA(e determines the area of the PV module.
The quantitative and qualitative aspects related to the I-V curve,

including I, Vo, and MPP, are thoroughly investigated in the following

sections. These analyses are conducted using numerical simulations with

MATLAB/Simulink software.

3.3. Temperature influence on numerical model of the PV generator

The PV modules are generally used at temperatures ranging from —
15C -+ 60C and to even higher temperatures in space applications and
concentrator systems. Many studies have pointed out that the perfor-
mance of solar cells degrades as temperature increases. The variation of
R, and Ry, with temperature affects slightly efficiency.

In this paper, we analyze the variation of parameters Vi and Ip with
temperature. The thermal voltage dependence on temperature is:

oo kT LT

Vi(T) = q = Vinpe (13)

where V*y, is the thermal voltage at the standard temperature T =
298 K.
The reverse-bias saturation current depends on temperature ac-
E,

cording to Attivissimo [35]:
. [TV T-T
L(D == B
oDl (T“) P [qu:v;h ( T ) }
where E; is the bandgap energy of the absorber layer Ij = Io|,_;- and
Eg depends on temperature by the relationship:

aT?
=E0) -7

14)

E,(T) (15)

where Eg (0) is the band gap value at T ~ 0 K, and a and b are
constants. The values of the parameters in Eq. (15) are Eg (0) = 1.166 €V,
a=4.73 x10 — 4 eV/Kand b = 636 K [52]. The decrease of maximum
output power is of 19.48 % for a temperature increase of 30 K, from T*
298 K to T = 328 K. This aspect is mainly due to the temperature
dependence of the current Iy [Eq. (14)] that undergoes a rapid increase
with temperature.

Temperature coefficient of the short circuit (I;) characterizes how
the short-circuit current varies with temperature changes. Elevated
temperatures tend to enhance electron mobility, leading to a higher
short-circuit current. Integrating this coefficient into models enhances
their accuracy in forecasting current variations as the panel temperature

changes. This coefficient is particularly relevant in regions with signif-
icant temperature fluctuations. The research indicates that the temper-
ature is a major factor in decreasing the PV panel performance [59],
which has to be considered in panel design. Also, the studies from
related literature clearly highlight temperature as a significant factor
responsible for the decline in PV panel performance [60]. Consequently,
one must account for temperature fluctuations to maximize the effi-
ciency and longevity of PV systems. [61,62].

3.4. Investigation of the behavior and output events of PV generator

The methodology, detailed through a block diagram, guided the
numerical modeling of the PV panel’s electrical characteristics,
including the I-V and P-V curves, as shown in Fig. 4's flowchart. This
diagrammatic approach provided a clear and structured framework for
the simulation process, ensuring that each step of the modeling was
methodically planned and executed. A key benefit of this MATLAB-
based approach is the ease with which the PV generator model can be
integrated or adapted to evolving system models. In addition, MATLAB’s
extensive library of functions and toolboxes supports advanced and
complex analysis of the PV panel’s performance under various

-
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Fig. 4. Simulink flowchart.



A.-M. Badea et al.

Table 1

Comparison of the electrical characteristics and performances of the PV panel.
Parameters U.M. I-V Full -V 80 % -V 70 % I-V 60 %

Mluminated Iluminated Iluminated Mluminated

Voc W) 43.36 43.36 43.36 43.36
Isc (A) 6.098 6.098 6.098 6.098
Ppax w) 264.409 264.409 264.409 264.409
Pyipp W) 225.087 187.546 144.831 88.99
Vem w) 37.76 37.66 37.56 39.36
Ipm A) 5.961 4.893 3.856 2.261
FF -) 0.851 0.709 0.547 0.336
n (%) 22.508 17.410 14.48 8.89

conditions. This capability is essential for identifying potential in-
efficiencies and areas for improvement, thereby enhancing the overall
performance of the PV system.

Power output optimization was examined under fixed area condi-
tions. For consideration of the I-V and P-V curves characterizing the PV
system under consideration, the authors developed a mathematical
model that considers the influence of varying degrees of illumination
(different shading conditions).

The simulation outcomes, which explored varying levels of shading
(20 %, 30 %, 40 %), indicate that partial shading leads to a notable
decrease in output power. These comprehensive results provide a
detailed understanding of how shading influences the overall system
performance and stability. Table 1 presents the main parameters
resulting from numerical simulations of the PV panel.

The results obtained using the MATLAB/Simulink programming
environment are presented in Fig. 5, highlighting the PV system’s
sensitivity to reduced illumination variations (shading) and the non-
uniform distribution of shading. Based on these results, it can be
concluded that implementing optimization MPPT algorithms is crucial
for maximizing output power.

4. Numerical analysis of the industrial PV generator
4.1. Modelling and simulation of an industrial PV generator

An industrial PV panel was analyzed based on the theoretical model
discussed above. We analyzed a PV panel consisting of Ns = 144 poly-
crystalline silicon cells.

The performance of a PV panel is analyzed by numerical simulation
for AM 1.5 G solar spectrum and standard temperature conditions. The I-
V curve with model parameters of Table 2 is traced in Fig. 6 and
compared with that from the datasheet.

Solar Energy 285 (2025) 113082

The analysis of the correlation coefficient, which exceeds 0.99,
demonstrates a strong agreement between the modeled parameters and
the empirical data derived from the PV panel’s datasheet. This high
correlation coefficient indicates that the model effectively captures the
underlying physical behavior of the PV generator. The parameters uti-
lized in this model, including Saturation Current The model parameters
including Saturation Current (Ip), Series Resistance (R;), Shunt Resis-
tance (Rg), Ideality Factor (Bpy) and Temperature Coefficient (y) are
critical in evaluating the performance of PV generator under varying
incident light flux power densities. These parameters are determined by
fitting the Lambert W function to the datasheet data for the PV gener-
ator. The fitting program is based on the Levenberg-Marquardt method,
which enhances the accuracy of the parameter estimation.

The application of the Levenberg-Marquardt method, a widely used
nonlinear least squares fitting technique, enhances the robustness of the
parameter estimation process. This methodological approach allows for
precise fitting and adjustment of the model, ensuring that the

Table 2
Model parameters obtained by fitting Eq. (1) with the I-V curve from the
datasheet.

Parameters Ip [A] R, [Q] Ry [Q] Y Pev

429.96 1.18 0.9

12.963 0.253

I-V characteristic
16

15
14 Xoussssssas o
13
12
11
10

Current (A)

O= I Whaswno

— Product datasheet
O Fitted

0246 810121416182022242628303234363840424446
Voltage (V)

Fig. 6. I-V characteristic of the industrial PV panel for two cases: datasheet
and fitted.
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Fig. 5. The behavior of the I-V and P-V characteristics for different degrees of illumination (shading).
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Table 3
Electrical characteristics & performances of the PV generator.

Parameters Datasheet value Calculated value Relative error [%]
Prax [W] 560 532 5.348
- [W] 0+5 - -

oc I\ 50.2 49.3 1.793
Ie [A] 14.11 13.76 2.481
Vip [V] 42 43.528 —3.638
Inmp [A] 13.35 13.81 —3.446
- [A] 25 - -
Tn [°C] 43 +£2 — _
Neens [-1 144 - -
FF [%] — 78.56 -
n [%] 21.1 21.4 —1.422

parameters reflect the operational characteristics of the PV generator
under real-world conditions.

The results are listed in Table 2. A dedicated MATLAB software
solves and computes the specific equation used for PV panel parameters:
Short-Circuit Current (Is¢), Open-Circuit Voltage (Voc), Fill Factor (FF),
Maximum Power (Pp,q,) and Efficiency ().

It should be noted that the FF indicates the quality of the PV panel.
The calculated FF value is 78.56 %, suggesting good panel quality.
Additionally, the () shows a slight improvement in the calculated value
compared to the datasheet, indicating a potentially better performance
than expected one (21.4 %). The relative error offers insights into po-
tential discrepancies and areas for further refinement in the model. Such
evaluations are essential for advancing the design and optimization of
photovoltaic systems.

These values are presented in Table 3 and compared with the data-
sheet ones (Industrial panel). By comparing the calculated values with
those provided in the datasheet of the industrial panel, it becomes
possible to evaluate the accuracy of the fitting model.

In conclusion, the strong correlation coefficient and the resulting
parameter estimates underline the effectiveness of the model in assess-
ing PV panel performance.

4.2. Experimental approach of the electrical characteristics of PV
generator

This chapter sets the stage for a holistic exploration into the assess-
ment of PV potential across in Constanta city, Romania — a country in

Eastern Europe, on the Black Sea shore, with great PV potential.

Table 4

Solar Energy 285 (2025) 113082

Recognizing the complex interplay of the environmental variables, the
primary objective is to present an integrated framework that balances
computational efficiency with precision.

The measurements serve as a benchmark to validate the accuracy of
th simulation models. By comparing modelled results against actual
measurements, we can refine and calibrate the models, as well as
improving the predictive capabilities. High-quality data contributes
significantly to achieving a reliable level of approximation and enhances
precision, especially when contrasted with directly observed values. By
combining the use of average data, site-specific validation, and trend
analysis, this research aims to provide a large view regarding the per-
formance and operation optimization of PV generators and could be
considered suitable and applied in many investigations.

The accuracy of the results is contingent on both the quality of data
sources and the refinement of the trained models utilized in simulations.

In order to investigate the dynamic behavior of the proposed PV
generator, the authors used MATLAB/Simulink, environment incorpo-
rating MPPT techniques and a specific MPPT algorithm. The authors
have conducted a study to investigate the influence of varying incident
solar irradiance flux power densities on the current-voltage character-
istic of a PV system.

The study also considered the impact of temperature as described in
the mathematical model presented in Section 3.3. In Table 4 are presents
a set of 100 measured values for irradiance and another 100 measured
values for temperature. Subsequently, the collected data facilitated a
comprehensive comparison and optimization of the PV generator, which
is illustrated in Fig. 5.

Fig. 7 provides a detailed analysis of the voltage and output power
behavior, demonstrating the impact of an operational optimization
method based on the MPPT (Maximum Power Point Tracking) tech-
nique. The figure can be interpreted as follows:

Voltage Behavior (top plot): The top plot illustrates how panel
voltage changes under different conditions and highlights the optimi-
zation gain achieved through the MPPT process. The datasheet voltage
(orange line) remains nearly constant, just below 45 V, which represents
the ideal voltage specified by the manufacturer under Standard Test
Conditions (STC). This voltage is stable because it assumes ideal, con-
stant conditions that aren’t replicated in the real-world experimental
setup. The fitted voltage (cyan circles) remains relatively stable around
45 V throughout the time period, representing a best-fit voltage model
that serves as an ideal reference. In contrast, the measured/experimental
voltage (blue line) fluctuates more, which is expected under real con-
ditions influenced by environmental factors. The MPPT-optimized

Meteorological raw data (solar irradiance and temperature) for clear sky and partial cloudy sky.

Irradiance Data (W/m2)

Temperature Data (°C)

Sunny Day Solar Partly Sunny Day

Sunny Day Ambient Partly Sunny Day

1100 1005 1050 1000 1060 650 605 655 600 660
1050 1020 1035 1085 1045 600 620 640 685 645
1150 1045 1125 1090 1015 700 645 715 690 615
1125 1110 1110 1035 1000 725 710 710 645 600
1080 1095 1080 1065 1150 680 700 685 665 725
1130 1135 1100 1040 1105 730 740 705 640 685
1115 1055 1120 1155 1125 715 630 725 755 705
1090 1040 1025 1120 1075 690 625 625 725 675
1075 1165 1010 1030 1135 675 755 610 635 740
1125 1145 1170 1025 1050 725 735 770 630 655
1060 1140 1140 1145 1080 640 730 735 750 685
1035 1000 1030 1175 1035 615 600 635 770 640
1190 1015 1190 1020 1020 790 615 790 620 625
1010 1025 1185 1095 1195 610 625 780 695 790
1175 1195 1060 1115 1180 770 790 660 715 775
1060 1185 1075 1100 1040 760 780 675 700 645
1030 1165 1130 1055 1010 635 755 725 655 610
1180 1095 1160 1070 1170 780 700 760 670 770
1085 1070 1150 1165 1160 665 675 750 760 760
1105 1075 1005 1180 1065 695 680 605 775 665

33.5 36.3 33.8 37.2 47.1 22.8 23.1 22.4 22.8 23.1
40.2 48.2 50.0 49.7 36.1 21.5 22.1 21.0 21.5 22.1
42.8 49.8 39.5 34.4 49.4 23.7 21.9 23.5 23.7 21.9
38.7 37.1 34.3 44.0 44.4 22.0 23.2 24.1 22.0 23.2
36.4 38.5 47.0 40.0 33.0 24.5 22.5 22.7 24.5 22.5
48.9 40.9 40.7 45.0 42.5 21.8 21.4 21.3 21.8 21.4
45.6 34.0 421 42.6 46.2 23.3 23.4 23.9 23.3 23.4
37.9 47.9 36.8 39.9 45.7 22.2 22.3 22.6 22.2 22.3
44.2 49.1 39.3 46.0 40.3 22.9 21.6 21.7 22.9 21.6
39.1 37.3 35.6 35.2 38.1 23.6 23.8 24.3 23.6 23.8
36.7 33.9 41.3 48.5 35.0 22.4 22.8 23.1 22.4 22.8
47.3 42.7 44.6 41.1 33.7 21.0 21.5 221 21.0 21.5
42.0 36.5 49.5 45.5 37.6 23.5 23.7 21.9 23.5 23.7
41.5 45.3 46.3 47.6 34.2 24.1 22.0 23.2 24.1 22.0
35.8 41.8 37.7 34.6 39.6 22.7 24.5 22.5 22.7 24.5
43.7 44.9 38.4 43.8 41.9 21.3 21.8 21.4 21.3 21.8
46.5 46.7 32.0 39.7 48.4 23.9 23.3 23.4 23.9 23.3
34.9 38.0 48.6 37.8 40.4 22.6 22.2 22.3 22.6 22.2
39.8 43.2 43.4 38.8 43.0 21.7 22.9 21.6 21.7 22.9
32.6 48.1 33.5 32.9 48.3 24.3 23.6 23.8 24.3 23.6
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Fig. 7. Temporal analysis of PV generator performance: comparative evaluation of gain, voltage, and power based on experimental data, datasheet values, and MPPT

optimization.

voltage (orange-red line) fluctuates between 35 V and 40 V, reflecting
the real-time adjustments made by the MPPT system to maintain effi-
cient panel operation under varying conditions. It’s also noteworthy that
the measured voltage closely tracks the MPPT-optimized voltage,
demonstrating the effectiveness of the optimization. On the left axis, the
gain shows how much improvement is achieved through the MPPT
process. It remains stable above 1.2, peaking at around 1.35, indicating
that the MPPT technique improves voltage efficiency by approximately
20-35 %.

Power Output Behavior (bottom plot): The bottom plot represents
the output power as a function of solar irradiance. The datasheet power
(orange line) reflects the ideal power output under STC, fluctuating but
generally stable between 400 W and 500 W. This curve represents the
expected power production under ideal, consistent conditions. The
experimental power (blue line) shows the actual power generated by the
panel under real conditions. This line is more volatile, frequently
dropping below 300 W, and follows a similar pattern to the fluctuating
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solar irradiance throughout the time period, highlighting the difficulty
of maintaining consistent power output in varying sunlight conditions.

The MPPT-optimized power (red line) fluctuates within the 300 W to
400 W range. Although it is variable, the optimized power generally
stays higher than the experimental one, demonstrating the benefits of
the MPPT technique in boosting overall power output.

In both plots, the orange and red curves (representing datasheet and
MPPT-optimized values) clearly demonstrate how the MPPT system
optimizes performance. By dynamically adjusting the voltage, it helps
maintain higher and more stable power production compared to the
unoptimized experimental conditions. Overall, Fig. 7 underscores the
advantages of MPPT optimization in stabilizing voltage and increasing
power output, despite the challenges posed by fluctuating solar irradi-
ance. While the optimized power consistently outperforms the experi-
mental one, it does not reach the datasheet’s ideal power, as expected,
due to real-world factors such as changing irradiance, temperature
variations, occasional shading, and material quality.

TO WORKSPACE |
1 Vmodule [V]

P-V CHARACTERISTICS
P, [W] ' <
| ° o y —
> TO WORKSPACE
$ [ module [A) ‘
Ve V] '
T . TO WORKSPACE 2
—p P module [W] ]

I-V CHARACTERISTIC

>:)}
A

MPPT TECHNIQUES (FPSO, GN. ANFIS,

P&O, FLC, PS&O, ANN, MP&O)

Fig. 8. Conceptual block diagram of implemented in MATLAB/Simulink.
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5. Advanced numerical modelling method of the electrical
characteristics of the PV generator based on MPPT techniques

5.1. Optimization procedure

The application of Maximum Power Point Tracking (MPPT) tech-
niques involves eight algorithms, namely: Perturb and Observe (P&O),
Modified Perturb and Observe (MP&O), Particle Swarm Optimization
(PSO), Genetic Algorithm (GN), Fuzzy Logic Controller (FLC), Artificial
Neural Network (ANN), Fuzzy Particle Swarm Optimization (FPSO), and
Adaptive Neuro-Fuzzy Inference System (ANFIS), categorized into four
distinct groups. These algorithms continually assess the actual output
power of the PV generator against a reference power and an estimated
peak power at specified intervals. The controller then adjusts the power
reference, accordingly, adding it to the previous value at each interval.

The highest identified power value is deemed the maximum. The
controller’s output is converted into a Pulse Width Modulation (PWM)
signal to regulate the voltage duty cycle, optimizing the PV system’s
performance at its peak power. The MPPT techniques based on the al-
gorithms proposed in the paper were implemented in MATLAB using
specific software tools, such as the Simulink module. Parameters for
inputs and outputs, along with the MPPT algorithms’ calculation
models, were set up in the software’s GUI editor.

A conceptual PV generator model was created in MATLAB /Simulink
v_R2021 to outline its electrical properties (see Fig. 8).

The inputs for the optimization procedure are as follows: One knows
the climate where the PV application is implemented and the utilization
period (here a yearly operation is assumed). Therefore, information
about the average available solar irradiation during the period is known.
The average electrical power to be provided during the period by the PV
module is a choice.

The MPPT algorithm compares the actual power of the PV system
(PPV) with the reference power (maximum one) (P,) — estimated value,
via the MPPT controllers, at equal time intervals. The output of the
MPPT controllers can direct the reference power to a new value, which is
added to the previous value of each interval. The highest value can be
considered as the maximum one. The output from the MPPT controllers
is routed to a PWM signal (Pulse Width Modulation) to control the
operating cycle of the DC-DC voltage converter. This device raises the
voltage to a value at which the PV system can operate at full power. The
FLC-based MPPT technique was implemented based on tool/library
from MATLAB/Simulink. The first step is to define the MPPTs parame-
ters (inputs, outputs) and methods (e.g.: rules, fuzzification and defuz-
zification in the case of FLC).

After the creation of the MPPT controllers in the MATLAB/Simulink,
based on considered algorithms we made the controller configuration
for each component of the PV system. In Fig. 9 for example the diagram
of the MPPT controller is shown, where we have: Ppy — actual power of
the PV system, Ipy — the current in the system, Vpy — the system voltage,
Pr — the maximum estimated reference power, and S — the MPPT signal.
In Fig. 10 the logic diagram is presented for implementing the control
algorithm MATLAB / Simulink; the input to the MPPT controller is
determined by the estimated reference power (Pr) and PV system actual
power (Ppy), while the output from the MPPT is determined by the
command signal (S).

5.2. Response of the PV generator to eight MPPT algorithms

In accordance with the data provided by Fig. 1 of Chapter 1, a se-
lection of algorithms representing each category (Classical Method,
Optimization Method, Advanced Method, and Hybrid Method) was
made for the purpose of comparative analysis. The aim was to assess
their respective performances and determine the most suitable algo-
rithm for investigating the shadow effect, as discussed in the subsequent
chapter of this article. Given that the first category held limited interest,
the most representative algorithms, denoted as P&0O and MP&O, were

Solar Energy 285 (2025) 113082

Fig. 9. MPPT controller configuration.

1/2 Pr

X —F

Delay unit

Pr

S —

Fig. 10. Logic diagram for implementing the control algorithms in MAT-
LAB/Simulink.

—»

PWM

Pr

chosen as a reference. From the remaining three categories, two algo-
rithms were selected, specifically from Category 2 — PSO and GN,
Category 3 — FLC and ANN, and Category 4 — FPSO and ANFIS. In total,
eight distinct MPPT algorithms were subjected to comparison and
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Table 5
Weather conditions.

Approach Irradiation (G) Temperature (T)

100 to 1000 W/m? (Fig. 11)
100 to 1000 Wm? (Fig. 11)

Dynamic weather 25°C

10 to 65 °C (Fig. 12)

1000
900
800
700
600
500
400
300
200
100

——Irradiance

Irradiance (W/m?)

I

0 0.5 1
Time (s)

1.5 2

Fig. 11. Weather condition: solar irradiance.

analysis. Consequently, P&0O, MP&O, PSO, GN, FLC, ANN, FPSO, and
ANFIS controllers were created and simulated using MATLAB/Simulink.
The simulation results reveal an increase in both the power output of the
PV device and the overall power generated by the PV panel. These
outcomes, when viewed in the context of PV panel power output, as-
sume a critical role in the determination of electrical characteristics and
the corresponding system efficiency concerning electricity generation.
The authors of this study conducted a performance comparison of the PV
panel, employing four distinct categories of MPPT algorithms, as
mentioned above. This comparative analysis underscores the significant
role that MPPT algorithms play in optimizing the performance of PV
systems.

To investigate the power behavior of the generator, Table 5 provides
an overview of weather conditions. Utilizing experimental data obtained

Temperature
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from the inverter and detailed in Chapter 4, they were able to accurately
determine the solar irradiance, as illustrated in Fig. 11.

Additionally, experimental temperature data were incorporated into
this analysis, as shown in Fig. 12. These graphical representations of
solar irradiance and temperature were instrumental in conducting a
comprehensive comparison and evaluation of the eight MPPT algo-
rithms selected from the four categories discussed in this article, as
described in Fig. 1.

In Fig. 13 is presented the performance metrics recorded by the
controllers in terms of power gain for the entire PV generator. Although
the P&O and MP&O indicates weak performances, while PSO and GN,
indicate medium performances, FLC and ANN, indicate good perfor-
mances, while the FPSO and ANFIS techniques deliver excellent per-
formance under fluctuating irradiance conditions.

The simulation times for each MPPT method were recorded using
MATLAB’s built-in tic-toc command, providing a measure of the time
required for MATLAB to execute the relevant code.

Furthermore, Fig. 13 reveals that the maximum power output
recorded by the PV generator diverges from the manufacturer’s specified
rating of 560 Wp (ideal standardized test conditions).

This variance can be attributed to the impact of actual environmental
conditions, including fluctuations in solar irradiance and temperature.

The simulation results indicate a maximum power output of 501.23
W under dynamic real-time conditions. This numerical modeling holds
particular significance as it provides an accurate estimate of the PV
generator’s performance within genuine operational scenarios, empha-
sizing stability and power peak enhancement.

This numerical modeling holds particular significance as it provides
an accurate estimate of the PV generator’s performance within genuine
operational scenarios, emphasizing the realized power enhancement.

There are two major transitions in solar irradiance: one at approxi-
mately 0.5 s (increase) and another at 1.2 s (decrease). During these
transitions, all algorithms demonstrate a transient response, with minor
overshoots before stabilizing. In particular, around 1.2 s, when the solar
irradiance drops, all algorithms show a corresponding drop in power
output. However, the ANFIS and FPSO algorithms seem to recover the
fastest and most efficiently, reaching a stable steady state sooner than
others.

[EY
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1 1.5 2

Time (s)

Fig. 12. Weather condition: temperature.
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Fig. 13. Comparative analysis of the power-time representation of the maximum power point (MPP) for a PV generator under dynamic irradiance and temperature
conditions, evaluating the adaptability of eight distinct MPPT algorithms (FPSO, GN, ANFIS, P&O, FLC, PSO, ANN, MP&O) to sudden variations in oper-

ating conditions.

The FPSO and ANFIS techniques deliver the best results and
demonstrate improved accuracy with values closely matching those of
the PV generator (very close to the industrial PV panel datasheet values).
Solar irradiance values from Table 4 (Sunny Day Solar and Partially
Sunny Day) collected over a 2.5-hour period were considered to estab-
lish the highest power point and lowest MPP point (412 and 927 W/m?2).

To evaluate the robustness of these controllers, simulations also
considered variable temperatures ranging between 21.3 °C and 50.0 °C.

6. Discussions and Conclusions

The authors conducted a comprehensive analysis, exploring various
aspects such as the influence and behavior of different shading levels on
the performance of the PV generator. Additionally, a comparative
analysis was performed between the experimental data, the datasheet
values, and the results obtained through operational optimization based
on the MPPT technique. The study demonstrated and validated the
usefulness of optimizing generators, in terms of gains and power output
efficiency.

The study focused on enhancing existing techniques to optimize the
performance of the PV generator through MPPT algorithms, aimed at
maximizing electrical energy extraction from a PV system. In contrast to
other studies in the literature [31], which predominantly depend on a
three-point optimization approach for extracting the MPP, our approach
leverages five operational points. The previous research analyzed the
limitations of the rudimentary three-point operation, highlighting its
instability at the MPP under dynamic conditions. By assessing five points
on the P-V curve, as explored in prior research, our algorithm fine-tunes
its operation, reducing significant oscillations around the MPP,
improving stability, and minimizing energy loss [14]. Additionally,
adopting the five-point operation enables the system to detect subtle
changes in meteorological conditions (solar irradiance, temperature),
allowing for smoother adjustments.

The new advancement presented in this study consists in a compar-
ative analysis of eight different algorithms. The results revealed that the
ANFIS technique exhibits superior response times, while MP&O, GN,
PSO, ANN, and FLC demonstrate good adaptability to both sudden in-
creases and decreases in irradiance, with acceptable oscillation and
delay in reaching optimal performance, except for P&O. Both ANFIS and
FPSO demonstrated performance in relation to the leading methods
found in the literature.

11

This comprehensive approach not only improves electrical output
parameters but also provides valuable insights into managing sudden
fluctuations in solar irradiance. This novel insight explores the impact of
different MPPT techniques on the PV generator’s output power,
achieving operational optimization that closely aligns with the real
operating conditions of the PV system.

The implications of our findings are substantial, offering direct
benefits for enhancing output power. The results efficiently integrate
both qualitative and quantitative aspects, suggesting broad applicability
across various contexts, including both autonomous and grid-connected
PV systems. Overall, this distinct perspective represents a significant
contribution to the field, providing a validated framework for opti-
mizing PV generator performance through algorithmic enhancements.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
www.mdpi.com/1996-1073/16/3/1169.
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