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GLOBAL MAXIMUM POWER POINT TRACKING
EXTRACTION IN PHOTOVOLTAIC SYSTEMS USING
PARTICLE SWARM OPTIMIZATION UNDER PARTIAL
SHADING CONDITIONS

EXTRAGEREA PUNCTULUI GLOBAL DE PUTERE
MAXIMA IN SISTEME FOTOVOLTAICE
UTILIZAND OPTIMIZAREA CU ROI DE PARTICULE
IN CONDITII DE UMBRIRE PARTIALA

Kamal BOUJAGHAMA!, Essadike ZAITA?, Youssef EL BID?,
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and Najib EL BIAZE®

Abstract: In recent years, photovoltaic (PV) energy systems have been largely
expanded, thanks to advances in technology, the gradual decrease whether in
installation or maintenance costs. According to the literature, Numerous
maximum power point tracking (MPPT) techniques have been proposed to
enable PV systems to operate at their MPP. However, under complex
environmental conditions such as partial shading, PV characteristics become
more complex, exhibiting multiple local maxima instead of a single global
maximum. Conventional MPPT methods often fail to identify the global
maximum power point (GMPP) in such scenarios. In order to improve MPPT
extraction and to increase accuracy of the MPP tracking in PV systems, we
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propose in the present work two different optimization-based approaches
namely, the Perturb and Observe (P&O) and Particle Swarm Optimization
(PSO) technique. In this context, by assessing both approaches under various
partial shading conditions, we use MATLAB/Simulink to evaluate and compare
their effectiveness.

Keywords: Partial shading, MPPT, Perturb and Observe, Particle Swarm
Optimization

Rezumat: [n ultimii ani, sistemele de energie fotovoltaicd (PV) s-au extins
considerabil datorita progreselor tehnologice si scaderii treptate a
costurilor de instalare si intretinere. Conform literaturii, numeroase
tehnici de urmarire a punctului de putere maxima (MPPT) au fost propuse
pentru a permite sistemelor PV sd functioneze la punctul lor de putere
maxima (MPP). Cu toate acestea, in conditii de mediu complexe, cum ar fi
umbrirea partiald, caracteristicile PV devin mai complexe, prezentand mai
multe maxime locale in loc de un singur maxim global, iar metodele
conventionale MPPT esueaza adesea in identificarea punctului de putere
maxima global (GMPP) in astfel de situatii. Pentru a imbundtdti extractia
MPPT si a creste acuratetea urmaririi MPP in sistemele PV, propunem in
aceastda lucrare doua abordari diferite bazate pe optimizare, si anume
tehnica Perturb and Observe (P&QO) si algoritmul Particle Swarm
Optimization (PSO). Tn acest context, prin evaluarea ambelor aborddri in
diverse conditii de umbrire partiala, utilizam MATLAB/Simulink pentru a
evalua si compara eficienta acestora.

Cuvinte cheie: Umbrire partiala, MPPT, Perturb and Observe, Optimizarea
cu roi de particule

1. Introduction

Solar photovoltaic (PV) technology has become a promising
renewable energy solution due to its environmental advantages, decreasing
installation costs, contributing to reduce greenhouse gas emissions and
dependence on fossil fuels[1], [2]. However, several challenges still limit their
overall performance, including relatively low energy conversion efficiency
and high initial investment costs. Consequently, efforts are focused on
enhancing system efficiency, improving reliability, and optimizing energy
harvesting under various operating conditions. Moreover, it is well established
that the output power of PV systems is highly sensitive to environmental
factors, particularly solar irradiance and temperature variations, which
directly influence their electrical chcaracteristics.[3].
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In order to improve the efficiency of the PV systems. The MPPT
techniques was adopted to to continuously adjust the MPP of the PV
generator so that it extract the maximum available power under changing
environmental conditions. Under fixed irradiance, the power—voltage (P—
V) characteristic typically presents a single distinct MPP. However, in real
conditions, PV systems are often subjected to non-uniform conditions such
as partial shading caused by clouds, nearby obstacles, or dust
accumulation. Under such conditions, the P-V characteristic becomes
more complex and exhibits multiple local maxima instead of a single peak
[4]. This nonlinearity increases the difficulty of accurately tracking the
global maximum power point and may lead to significant power losses if
not properly addressed.

According to the literature, several MPPT techniques are adopted,
among them Conventional methods such as Perturb and Observe and
Incremental Conductance[5]. These techniques are simple to implement
and have low computational requirements. Nevertheless, their performance
can be limited in the presence of rapid environmental changes or multiple
power peaks, where they may converge to a local maximum instead of the
GMPP[6]. For this reason, more advanced approaches have been
developed, including intelligent control techniques and optimization-based
algorithms. Among them, Consequently, more advanced methods,
including intelligent and optimization-based techniques such as fuzzy logic
control[7], Artificial Neural Network[8], Particle Swarm Optimization [9]
and metaheuristic algorithms, have been developed to enhance tracking
accuracy and robustness under complex operating scenarios.

In this context, the objective of this work is to enhance the
extraction of maximum power from PV systems operating under varying
irradiance conditions, particularly in the presence of partial shading. Two
MPPT strategies, namely P&O and PSO, are implemented and
comparatively analyzed under different environmental scenarios using
MATLAB/Simulink.

This paper is organized into 5 sections. Section Il introduces the
mathematical modeling of the PV system. Section |1l describes the MPPT
techniques employed. Section IV discusses the simulation results and
analyzes the performance of the proposed methods. Finally, the conclusions
are drawn in the last section.
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2. Modeling of the PV system
2.1. Photovoltaic cell

The PV system model developed in MATLAB/Simulink consists of a
PV generator interfaced with a DC/DC SEPIC (single ended primary inductor
converter). This converter is employed to implement and evaluate the
performance of two MPPT controllers. Both control strategies are integrated
within the SEPIC converter to ensure optimal power extraction from the PV
system. The PV generator is modeled using the two-diode model, with its
parameters extracted using a hybrid parameter extraction method [10] applied
to define the parameters of the PV module

Ipq Ip; R, 1

| 9 Cf) Ry 174

Figure 1. Equivalent circuit of a solar cell using the double diode model.

The current generated by the PV module can be expressed as:

V + Rl
Rp

I = Iph —Ipy —Ip; — (1)

V and | represent the output current and voltage of PV module,
respectively, I,, denotes the photocurrent generated by solar irradiation,
while I, and 1I,, correspond to the currents flowing through diode 1 and
diode 2. The diode currents are given by:

Iy, =1 ( (V A RSI) 1) 2

p1 = lo1 | €XP aVon (2)
V + Rl (3)

In, =1 (ex ( ) — 1)

D2 02 p aVon



58 K. Boujaghama, E. Zaita, Y. El bid, R. Oualaid, N. Khaldi, R. Markazi, N. El Biaze

Substituting Equations (2) and (3) into Equation (1) leads to :

1=t =l (e () = 1) = o (o0
= Ipp 01| €xXp aVon 02 | éxXp

ayVip

v+ R51> 1) V + Rgl
Ry

(4)

In this study, the KC200GT PV module is chosen due to its suitable
electrical characteristics, which make it appropriate for modeling and
evaluating the performance of the proposed PV system. The module has a
maximum power of 200 W, a voltage at MPP of 26.35 V, and a current of 7.59
A. The main electrical characteristics and technical specifications of the
KC200GT module are presented in Table 1.

Table 1. Electrical charcterististics of KC200GT module

Maximum Current at Voltage at Short circuit Open circuit
Power in [W] maximum maximum currentin [A] | voltage in [V]
power in [V] power in [V]
200 7,59 26,35 8,21 32,9

2.2. SEPIC Converter

The electrical circuit of the SEPIC converter is presented in Figure 2.

|

<
2
—=
||

Figure 2. SEPIC converter coupled with PV system

The SEPIC converter performs DC-DC voltage conversion by
transferring energy between the inductive elements L1 and L2 and the
coupling capacitor C1. The amount of transferred energy is controlled by a
MOSFET. According to [11], the dynamic behavior of the SEPIC converter
can be described by the following mathematical equations:

dv,,

dt

Lpy

Cin

()
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dVey _ (1 =Wy, n dIL1 (6)
dt C; Cy
dVO _ (1_u)(IL1+IL2)_ VO (7)
at C, RC,

where V,,, and I, are the voltage and current provided by the PV generator,
respectively. Cin is the input capacitance of the SEPIC converter, while I,
and I, represent the currents through inductors Ly and Ly, respectively. V¢q

is the voltage across the coupling capacitor €4, and C, denotes the output
capacitance. V represents the output voltage of the converter, R is the load
resistance, and u is the duty cycle of the MOSFET. The variable trepresents
time.

3. Maximum Power Point Tracking Methods

Using MPPT techniques with DC-DC converter can allow the PV
system to operate continuously at its maximal operating point, even under
varying environmental conditions, including partial shading conditions. In
this study, two MPPT methods are employed, namely the P&O and the
PSO technique. Photovoltaic systems have nonlinear electrical characteristics,
and their MPP changes continuously with variations in solar irradiance and
temperature. Therefore, MPPT techniques are required to adjust the
operating point of the PV generator and maximize the extracted power
under different operating conditions. A DC/DC converter is generally used
as an interface between the PV generator and the load, allowing the
operating voltage and current to be controlled according to the MPPT
algorithm.

Under uniform irradiance conditions, the PV power-voltage
characteristic generally presents a single MPP. However, partial shading
conditions can produce multiple local maximum power points, among which
only one corresponds to the GMPP. This makes the tracking process more
challenging and may lead conventional MPPT techniques to converge to a
local maximum. Therefore, effective MPPT methods are needed to achieve
accurate  GMPP tracking with fast convergence and reduced power
oscillations.
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In this paper, we compare two MPPT techniques, namely the
conventional Perturb and Observe method and the optimization-based Particle
Swarm Optimization technique. Their flowcharts and implementation for PV
systems are presented, followed by a comparative evaluation of their tracking
performance under different operating conditions.

3.1. Perturb and Observe

The P&O technique [12] is based on applying a small change or
perturbation to the voltage and observing the resulting variation in the output
power. The current operating point is compared with the previous one to
determine the effect of the applied perturbation.

v

Measure V(t), I(t)

'

dV=V(D)-V(t-1)
di=1(0)-1(t-1)

D(t) =D(t—1)+ AD D(t) =D(t—1) — AD D(t) =D(t—1) — AD D(t) =D(t-1) + AD

v v v }

Duty Cycle D

Figure 3. P&O method’s flowchart
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If the power increases after the voltage perturbation, the operating
point is considered to be moving toward the MPP, and the voltage is perturbed
further in the same direction. In contrast, a reduction in the output power
indicates that the previous voltage perturbation has moved the operating point
away from the optimum, and the direction of the voltage variation is therefore
reversed. This adjustment is repeated to progressively bring the operating
point toward the MPP. Once the optimum is reached, the operating point
fluctuates slightly around it due to the continuous voltage perturbations.
Therefore, the perturbation step size plays an important role in the tracking
performance. A larger step enables faster convergence but results in greater
power oscillations, whereas a smaller step reduces these oscillations at the
expense of a slower response [13].

[ Measurement of V(j) and 1(j) ]
v
[ Po=vor10) |
v
[ PSO parameter setup ]
v

[ Particle initialization (positions and velocities) ]

v

[ Objective function assessment ]4—
v

[ Updating of local and global values ]

v

[ Adjustment of particle positions and velocities ]

v

Convergence check

Figure 4. PSO method’s flowchart
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3.2. Particle Swarm Optimization

The PSO algorithm[14] presents the collective behavior observed in
groups of animals such as bird flocks. The particles are randomly distributed
in the search space and iteratively updates their positions to approach the
optimal solution. The displacement of each particle follows simple interaction
rules, leading to a progressive convergence toward the global optimum. This
method is based on the concept of swarm intelligence [15].

ij+1 = wvjk + cirand, (ijest - x}‘) + corandy (Gpest — x]k) (8)

Pt+1)=P@) +Vi(t+1) 9)

where ij+1 is the speed, P, represents the best position of the particle,
Gpest 15 the best global position, ® is the inertia weight, x}‘ is the particle
position, ¢; and c, are the acceleration coefficients.

4. Results and Discussion

The proposed PV system consists of 3 modules of KC200GT, a
SEPIC converter, and an MPPT control techniques, developed using
MATLAB/ Simulink software. The performance of the MPPT techniques
was investigated under three different partial shading profiles in order to
analyze their behavior.

Under these conditions, the power-voltage characteristics reflects the
effect of non-uniform irradiance on the PV output, as multiple local maxima
appear along the curve as shown in the scenario 1 illustrated in Figure 5.
According to the results obtained in Figure 6 and Figure 7, P&O demonstrates
more stability with a better response faster than PSO method. In the other
hand, PSO show the ability to achieve the GMPP, reaching a power of 257W,
while P&O is limited to a local maximum of approximately 200W.

The PV module’s electrical behavior is affected by the environmental
conditions, especially under varying temperature and irradiance. In Figure 6,
increasing temperature leads to a reduction in open-circuit voltage and
maximum power, while the current remains nearly unchanged at constant
irradiance. In Figure 7, higher irradiance levels result in a significant increase
in current and output power, with only a slight effect on voltage. These results
highlight that temperature mainly influences voltage, whereas irradiance
primarily affects current and power generation.
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Figure 5. Proposed P-V characteristics of scenario 1 under partial shading conditions
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Figure 8. Power extracted by P&O in partial shading conditions
of scenario 1
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Figure 9. Power extracted by PSO in partial shading conditions
of scenario 1

For Scenario 2 and scenario 3, which are shown in Figure 10 and
Figure 13, different partial shading patterns are applied. The results shown in
Figure 11 and Figure 14 confirm that the P&O technique tracks the first
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encountered peak and remains trapped at a local maximum. In contrast, the
PSO method successfully identifies the GMPP, ensuring higher power
extraction under these conditions.

200

166 W

150

Power (W)
)
o

50

0 20 40 60 80 100
Voltage (V)

Figure 10. P-V characteristics of scenario 2 under partial
shading conditions
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Figure 11. Power extracted by P&O in partial shading conditions
of scenario 2
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Figure 12. Power extracted by PSO in partial shading conditions
of scenario 2

Overall, the results indicate that the P&O method converges to the first
local maximum due to its inability to identify the GMPP. In contrast, the PSO
technique successfully tracks the global maximum.
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Figure 13. P-V characteristics of scenario 3 under partial
shading conditions
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Figure 14. Power extracted by P&O in partial shading conditions
of scenario 3
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Figure 15. Power extracted by PSO in partial shading conditions
of scenario 3

To further assess the tracking performance of the two MPPT techniques

under partial shading conditions, the extracted power obtained in the three
investigated scenarios is compared in Table. 2. In Scenario 1, with irradiance
levels of [1000, 600, 200 ] W/m?, the P&O and PSO methods extract 200 W
and 257 W, respectively. Thus, PSO extracts 57 W more than P&O,
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corresponding to an improvement of approximately 28.5%. In Scenario 2,
with irradiance levels of [200, 600, 400] W/m?2, the extracted power increases
from 120 W with P&O to 166 W with PSO, representing an improvement of
approximately 38.3%. The largest improvement is observed in Scenario 3,
where the irradiance levels are [400, 500, 800] W/mz2. In this case, PSO
extracts 257 W compared with only 160 W for P&O, corresponding to an
increase of 97 W, or approximately 60.6%. These results show that the
advantage of PSO becomes more significant as the shading pattern becomes
more challenging. Overall, the PSO-based approach achieves higher extracted
power in all investigated scenarios, demonstrating its better capability to
identify the GMPP under partial shading conditions compared with the
conventional P&O method.

Table 2. Extracted power of PSO and P&O

. R . MPP and GMPP (W)
Scenarios N Irradiation (W/m?) P20 PSO
1 [1000 600 200] 200 257
2 [200 600 400] 120 166
3 [400 500 800] 160 257

5. Conclusions

In this paper, we evaluate two MPPT techniques, namely the P&O and
the PSO-based approach, under critical operating conditions characterized by
partial shading, which represents a major challenge for PV systems due to the
presence of multiple local maxima on the P-V characteristic. The obtained
results demonstrate that the PSO algorithm provides higher tracking accuracy
and improved stability compared to P&O technique, with a better ability to
identify the GMPP under complex shading scenarios where traditional
methods converge to local maxima. In addition, PSO achieves high efficiency
in all scenarios, proving its robustness and effectiveness under variable
environmental conditions.

As future work, we aim to implement the investigated MPPT strategies on
a real-time experimental PV platform to validate the obtained simulation
results under practical operating conditions. The experimental tests will
consider different irradiance and temperature variations, as well as complex
partial shading patterns, in order to further assess the tracking accuracy,
stability, convergence speed, and efficiency of the different approaches. In
addition, future research will focus on improving the computational efficiency
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of the optimization-based MPPT methods and assessing their implementation
on embedded real-time control platforms. This experimental validation will
provide a better assessment of the practical feasibility and robustness of the
investigated MPPT strategies.
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