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Abstract—Partial shading, from obstacles such as buildings
or trees, is a major challenge for photovoltaic systems, causing
unpredictable fluctuations in solar energy production and
underlining the need for advanced energy management
strategies. In this paper, we propose an innovative approach
that combines hybrid metaheuristic optimization with
maximum power point tracking control (MPPT), using particle
swarm optimization (PSO) in conjunction with the incremental
conductance (IC) algorithm. We compare the proposed method
with the conventional Perturb and Observation (P&O)
algorithm. The choice of P&O as a comparison method is due
to its simplicity, its familiarity with the scientific literature, its
low cost of implementation. The main objective of swarm
optimization combined with the IC algorithm lies in its ability
to overcome the challenges posed by partial shading, ensuring
accurate and efficient tracking of the point of maximum
power, thanks to dynamic adaptation to variations in solar
irradiation, thus enhancing the performance and resilience of
the photovoltaic system. This approach is of crucial
importance, offering considerable potential for solving the
complex challenges associated with partial shading. Our results
show that this hybrid MPPT algorithm offers superior
tracking efficiency > 98% , faster convergence 500ms , better
stability and increased robustness compared to traditional
MPPT approaches. The system is composed of a PV and a
boost converter that connects the input to the resistive load.
The algorithms were implemented with MATLAB/Simulink as
the simulation tool. These results not only reinforce the
viability of sustainable energy solutions, but also open the way
for the development of more sustainable energy solutions.The
perspectives of this work are oriented towards a practical and
extended integration of the proposed hybrid approach in real
photovoltaic systems, with a particular emphasis on
experimental validation.

Keywords—Photovoltaic; MPPT; Partially Shaded
Condition; Hybrid; Particle Swarm Optimization; Incremental
Conductance; Perturb and Observe; Boost Converter; Energy
Management.

L INTRODUCTION

Photovoltaic solar energy represents one of the most
promising solutions for meeting our energy needs while

reducing our carbon impact. However, this renewable
energy source is not immune to the challenges posed by
changing environmental conditions [1]. One of the most
complex and unpredictable obstacles is partial shading,
which can lead to unexpected perturbations in energy
production [2], [3].

The ultimate objective is to optimize energy conversion
efficiency by adjusting the output voltage of photovoltaic
panels in real time, even in the presence of partial shading
[4], [5]. To solve this problem, specialists have focused on
three main elements: the design of solar irradiation tracking
systems, the integration of efficient power converters and
the formulation of MPPT algorithms. While the first two
elements only concern new photovoltaic systems, the third
can be used in both new and existing systems [6], [7]. The
central objective of our research is to maximize the
efficiency of energy conversion under partial shading
conditions PSC. This is part of the broader context of
environmental sustainability and the global transition to
renewable energies [8]. By optimizing the performance of
photovoltaic systems in the face of challenges such as
partial shading, our work contributes directly to promoting
more sustainable solutions and advancing global renewable
energy goals [9], [10].

In recent years, numerous researchers have introduced
algorithms for MPPT based on optimization techniques, as
detailed in the following articles [11]-[25]. One notable
example is found in [11], where particle swarm optimization
PSO was employed to ascertain MPPT by incorporating two
additional conditions: convergence detection and detection
of changes in solar insolation. Another contribution,
presented in [12], involves an enhanced MPPT algorithm
utilizing PSO to mitigate steady state oscillations.
Furthermore, [19] proposes the PSO-based IC algorithm for
MPPT, which was applied in the boost converter circuit.

The MPPT algorithm regulates the operating point of the
photovoltaic system by adjusting the reference voltage,
current or duty cycle of the PWM controller [26], [27].
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Unlike conventional MPPT algorithms, which use fixed
values to define the output voltage, the PSO allows
continuous optimization of parameters to maximize energy
production [28]. This flexibility means that variations in the
environment can be exploited to the full, resulting in greater
efficiency and a significant increase in energy output. This
innovative approach maximizes solar energy production
even under difficult environmental conditions, paving the
way for more efficient and resilient solar systems [29]. Fig.
1 shows the path of solar energy from the sun to the final
load, starting with solar irradiation from the sun. This
irradiation is captured by a photovoltaic cell, where it is
converted into electrical energy. The electrical flow then
passes through a diode, a power conditioner, a converter and
the load [30], [31].
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Fig. 1. Solar energy production stages
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This paper examines a hybrid system that merges the
principles of PSO and IC, an approach of paramount
importance for PV systems faced with partial shading
scenarios. We will juxtapose this method with a
conventional approach, P&O control [32]. PSO dynamically
adjusts system parameters to optimize energy production in
the sections of the solar panel that remain exposed to
sunlight. IC plays a key role in mitigating energy losses
attributed to partial shading [33], [34]. The combination of
PSO + IC approaches represents a promising solution for
maintaining peak energy production, reducing losses and
adjusting the efficiency of the photovoltaic system, even in
the presence of partial shading [35]. This integration aims to
offer a more robust and efficient solution, making a
significant contribution to the advancement of existing
solutions for the complex challenges associated with partial
shading in photovoltaic systems [36], [37]. Among PSO
based approaches, some have demonstrated notable
efficiency in terms of MPPT, underlining the robustness of
this metaheuristic under varying conditions. However, it is
essential to note that these approaches can present
limitations, such as slow convergence in dynamic situations
or sensitivity to variations in solar irradiance [38]. therefore
This hybrid approach aims to offer a more balanced and
adaptive solution, overcoming the specific challenges
encountered by conventional approaches in PSC, our
approach seeks to make a significant contribution to the
evolution of MPPT techniques in the field of photovoltaic
systems [39]. We employed MATLAB/Simulink for the
performance assessment of our proposed method. The
findings reveal that the hybrid algorithm surpasses
conventional methods in several aspects, including quicker
tracking, enhanced efficiency, and heightened resilience in
partial shading scenarios [40], [41].

The organization of this paper is as follows: Section 2
furnishes a system overview, Section 3 examines the P&O,
IC, and PSO algorithms, Section 4 showcases the simulation
results and their analysis, and the paper concludes with final
remarks. Each section plays a crucial role in enhancing the
comprehensive understanding of the proposed hybrid
system: Section 2 establishes the foundation, Section 3
explores the employed algorithms, and Section 4 analyzes
the results, collectively contributing to a holistic
comprehension of the hybrid system's design and
performance [42].

1L SYSTEM DESCRIPTION

Essentially, a photovoltaic energy conversion system
consists of four elements, as shown in Fig. 2: photovoltaic
array, boost converter for impedance matching, integrated
control algorithm and load (battery/inverter) [43], [44].

. ]p_lj MPPT Control
[ ||+ Unit

W

Fig. 2. Simulation of a PV system using

This system combines various components to make the
most of solar energy. The photovoltaic system 1 captures
solar energy using solar panels, the boost converter 2 adjusts
impedance for optimum efficiency, and the control
algorithm manages MPPT 3 and the load 4, such as a battery
or inverter, stores or converts electricity for later use[45].
This combination of components enables the system to
maximize the use of solar energy, contributing to a cleaner,
more efficient power supply [46], [ 47].

The current-voltage (IV) and power-voltage (PV)
characteristics of the photovoltaic (PV) model employed in
this paper under standard test conditions [48] are depicted in
Fig. 3. The (IV) and (PV) properties are detailed as follows.
Additionally, Fig. 4 illustrates the impact of partial shading,
considering ambient conditions such as irradiance (I, =
1000 W/m?) and temperature (T = 25 °C) [49].

I11. MATERIALS AND METHODS

This Section explores in detail the key algorithms used
in our approach, highlighting the P&O , the IC algorithm,
and the PSO . These algorithms play a central role in MPPT,
providing an in-depth understanding of their operation and
integration within our photovoltaic model [50].
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A. Perturb and Observe Algorithm (P&O)

P&O algorithm is a prominent MPPT method, primarily
employed in PV systems [51], [52]. Its principle is straight
forward: the controller continually perturbs the operating
point of the PV system by adjusting the voltage (or current)
and observes the resulting power variation. The objective is
to track the operating point that maximizes the power output
from the PV module [53], [54]. It is worth noting that,
despite its widespread use and simplicity, P&O algorithm
may exhibit limitations, such as oscillations around the
maximum power point, especially in low irradiance
conditions or during rapid fluctuations in weather conditions
[55]. Fig. 5 above illustrates the flowchart of the
conventional P&O algorithm [56], [57].
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Fig.3.I-V and P-V characteristics of a PV model under standard test
conditions
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Fig. 4. I-V and P-V characteristics of the partially shaded PV model

Read Vyu(k), Ly (k)
Py (K)=Vop(K) X Lyp (K)

deu= pu(k]’Ppu(k’l]
dVou=Vv (k)-Vou (k-1)

A Vyer=Vyy (k-1)+stepsize

Vrep=Vpy (k-1)-stepsize [

‘ >

Fig. 5. Flowchart of the conventional perturb and observe algorithm
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B. Incremental Conductance (IC) Algorithm

The IC algorithm is a methodology employed in
photovoltaic systems to optimize energy production,
especially in the face of variable conditions like partial
shading or temperature fluctuations [56]. When coupled
with PSO, this algorithm becomes a potent tool for
dynamically adjusting the electrical conductance of PV
system components, optimizing the conversion of solar
energy into electricity. Fig. 6 outlines the operational
process of the IC algorithm [57], [58].

In this setup, the variation in voltage and current is
computed to derive the current-voltage characteristic's
derivative. The conventional incremental conductance
algorithm primarily relies on comparing this current
derivative  with  the instantaneous current-voltage
characteristic of the photovoltaic generator [59]. Essentially,
the algorithm tracks the MPP by adjusting the reference
voltage based on the current state of the photovoltaic
system. Specific conditions must be satisfied at the MPP, as
detailed in [60], [61].

dpP

—=0 1

= (M)
dp  d(V.I dav dl
@ _dvn_ v, 4 @
av av dav av

dl I

= 3

av V ®)

. . di _—
In this formulation, v represents the derivative of

current with respect to voltage, while é represents the
instantaneous current of the photovoltaic cell as a function
of voltage [62], [63]. Furthermore, when j—‘ll is greater than
zero, the reference voltage increases incrementally by a

dr .
fixed value. Conversely, when s less than zero, the
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reference voltage decreases incrementally by a fixed value.
It is important to note that the performance of both
algorithms depends largely on the step size set by the user
[64], [65].

Read V,y,,(K), T,(K)
Py (R)=V,0 (K) X Iy, (K)

l

dP,,=P,,(K)-P,, (k1)
aV,,=V,, ®)-V,, (k1)

Vref=Vpv(k-1)+step | o Vref=Vpv(k-1)+step
size size
» Return PR
L g d

Fig. 6. Flowchart of the conventional incremental conductance algorithm

C. Particle Swarm Optimization (PSO) Algorithm

The PSO algorithm is a non-linear technique that draws
its inspiration from the behaviors observed in birds, fish and
bees. This approach is widely applied in various fields of
engineering and science to optimize processes and design
efficient systems [66], [67] PSO is based on two
fundamental principles: the retention of information on past
performance, and communication between the agents
forming the swarm. By combining these two principles,
PSO offers an elegant solution to complex optimization
problems [68], [69]. The operating principle of the PSO
algorithm is illustrated in Fig. 7 and Fig. 8.

The central rules that guide the behavior of swarm
agents, also known as particles, are as follows: all particles
aim to follow the one with the best performance, moving
towards the conditions that prove optimal. Once the end
criteria have been met, the speed and position of the best-
performing particle are adopted as [70], [71]. This leading
particle acts as a guide for the others, encouraging them to
converge towards an overall optimal performance [72].
Mathematically, this dynamic is expressed by the
conventional updating of velocity and position within the
PSO framework [73]. And the Fig. 9 shows the system
studied. PSO complements other algorithms, such as P&O
and IC, bringing a more robust and global approach to
system parameter optimization. Whereas P&O and IC can
sometimes be sensitive to environmental conditions and
variations, PSO offers a more adaptive and stable solution,
helping to improve the accuracy of PV system parameter
adjustment in a variety of scenarios, including those with
partial shading [74].
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Fig. 8. Flowchart of the PSO algorithm principle

Vitk + 1) = wVi(k) + Cyry (Pbest - Xi(k))
+ Cary(Gpest — xi(K))

These equations describe the iterative process by which
PSO particles explore the search space based on their
individual experience and the knowledge shared between
particles. With w : nertia weight, regulating the influence of
the previous velocity. V; (k) :Current velocity of particle i at
iteration k. C; and C,: Acceleration coefficients, controlling
the impact of the best personal (Pbest) and global (Gbest)
positions. r; and 1, : Random numbers between 0 and 1.
Pbest: Best personal position of particle i. Gbest: Best
global position among all particles. x;(k): Current position
of particle i at iteration k [75]. x;(k + 1): New position of
particle i at iteration k + 1. x;(k): Current position of
particle i at iteration k. V;(k + 1): New velocity of particle i
at iteration k + 1.

4)

The Fig. 9 shows a simplified configuration comprising
photovoltaic cells generating solar energy, a boost converter
that regulates the output voltage, a representation of the
components of the PSO method such as w, C;, C,, and a
load that consumes the energy produced. This visual
representation illustrates how the PSO method is integrated
into the system to optimize boost converter performance by
dynamically adjusting parameters (w, C;, C;) in response to
changing environmental conditions, maximizing MPPT
[76].
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The choice of Particle Swarm Optimization (PSO) is
based on its ability to perform an efficient global
exploration of the search space, enabling rapid adaptation to
variations in solar irradiance, while offering rapid
convergence and greater robustness than some traditional
methods such as Perturb and Observe (P&O) [77].

PSO
Ve s .y Global best particle
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| \pv‘ -I Best experin
Trradiance . v. >‘ est experince
' r . Duty
@# _ 8 .  Diode
Temperature ‘ . -
MPPTPWM | J

DC-DC Boost Converter
PV array

Fig. 9. Simulation circuit diagram of the designed system

V. SIMULATION AND RESULTS

A partially shaded photovoltaic system was tested using
the proposed hybrid maximum power point algorithm. The
60 photovoltaic cells are divided into 3 models, with 20
cells per model. Evaluate the 20-unit model using the
parameters in Table I below. The three models are
connected in series, each featuring a bypass diode. The aim
of this work is to demonstrate the system's efficiency in
terms of maximum power tracking, convergence speed,
system stability and robustness to changes in solar
irradiation [78] The Simulink model of the three-series
photovoltaic systems is depicted in Fig. 10.

TABLE I. ELECTRICAL CHARACTERISTICS DATA OF PV MODULE

Electrical characteristics data of PV module
Voc (open-circuit voltage) 12.64 V
Vmpp (voltage at nominal power) 10.32 V
Isc (short-circuit current) 8.62 A
Impp (current at nominal power) 8.07A
Pmpp (Nominal Power) 83.2824 W

o

Fig. 10. Simulation of 3 PV modules in series in MATLAB/ Simulink

The Table II shows the essential components of a boost
converter, a key device in photovoltaic systems, The
inductor, the output capacitor ,the switching frequency and
the load. These elements interact to boost the input voltage,
providing a regulated output tailored to the system's needs.
Table III shows the values of parameters used in the PSO
command.The inertia weight parameter (w) is used to
ensure a balance between the search for the global
maximum and the local search. On the other hand, cognitive
learning (C;) and social learning (C,) direct the particles'
search direction. The C; parameter directs particles towards
the Ppese value, and the C, parameter directs them towards
the global maximum Gy, [79], [80]. The higher the value
of the cognitive and social learning parameters, the smaller
the search area of the particle, resulting in a faster
convergence time.

TABLE II. BOOST CONVERTER PARAMETERS USED

Element Value

Inductance 3 mH
Output capacitor 100 pF

Load 30Q
Switching frequency | 10 KHZ

TABLE III. PSO PARAMETERS USED

PSO parameters
Cy 1.2
C, 1.2
W 0.1

In this simulation, a signal builder was utilized to depict
various irradiation levels, while maintaining a constant
temperature and resistance (25 °C and 30 Q, respectively).
The maximum power point was configured at 104 watts,
and to attain this, a boost converter was interposed between
the photovoltaic solar panel model and the load. The
simulation results presented in Fig. 12, Fig. 13, Fig. 14 and
Fig. 15 showcase the experimental data for power, voltage,
current, and duty cycle, respectively. These results are used
to compare the proposed method with traditional Perturb
and Observe (P&O) Algorithm.

The curve presented in Fig. 11 illustrates the fluctuating
levels of irradiance over time t;, as characterized by the
following model:

= Consistent irradiation during the designated intervals :
(0,t1), (ty, tp) and (ts, t4);

* Fluctuating irradiance within the interval:
(ts3, ty) and (ty, ts);

= Irradiance experiences abrupt changes at certain points
in time t;, t, and ts.

(tZ' t3),

The instability in meteorological conditions within this
irradiation profile provides a valuable test for evaluating the
photovoltaic system performance.

During the first second of time (0, t;), with consistent
irradiation of 800W/m?, the power of the PV panel stabilizes
at around 205W. The PSO+IC method quickly extracts this
maximum power from the PV panel, requiring around
500ms to do so, whereas the P&O method couldn't follow
the MPP, because at 500ms it just attained value 149 W.
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The power attained 78.4V and currant 2.53A. The duty
cycle for PSO+IC is kept relatively constant to ensure
system stability.

Concerning the second interval (t4, t,), the irradiation is
200 W/m?, the power of the PV panel decreases to about 15
W due to this lower irradiation, and for the P&O method the
power is only 10W. The voltage and current decrease in turn
to 20V/0.7A respectively.

For the interval (t,, t3), irradiation reaches 1200 W/m?2,
then decreases to stabilize at 900 W/m?, power rises from
240W, then decreases slightly to 225W for PSO+IC, while
P&O was unable to keep up with PPM, where power is
around 60W.The duty cycle for PSO+IC is adjusted around
0,6 to maintain stability at this reduced irradiance level.

For the interval (ts,t,), irradiance increases from 900
W/m? to 1200 W/m?, power continues to increase, reaching
around 248 W, while P&O was unable to keep up with
PPM, with a very long response time of 2.7s. The voltage
and current have reached their maximum value of
85.9V/2.82A.

Similarly, in the third interval this one decreases to 600
W/m? in the interval( t,, t5) the power decreases to 150 W
for PSO+IC and P&O.
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Fig. 11. An irradiance profile is employed in the simulation
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Fig. 15. Duty cycle at different irradiation and constant temperature

While irradiance had stabilized at 300 W/m? for the last
few intervals, power dropped significantly to around 58.8 W
for PSO+IC and 49.1W for P&O. The current is adjusted to
match the available power, and the duty cycle is adapted to
optimize power extraction at this low irradiance level. For
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the P&O method the duty cycle it changes several times,
and still the MPP cannot be reached in all intervals.

Current and voltage trends are similar for the two
methods compared, although they follow the respective
irradiations with different follow-up times (P&O lags
behind PSO+IC). In summary, these curves highlight the
effectiveness of PSO++IC hybrid control, compared with
P&O, in adapting to variations in solar irradiance and
maintaining optimum power output with reduced tracking
time.

Parameters such as voltage, current and duty cycle are
adjusted accordingly to maximize the power extracted from
the panel, demonstrating the system's ability to successfully
manage changing conditions. A comparison of the overall
performance of the different MPPT algorithms is
summarized in Table IV.

TABLEIV. A COMPARISON OF THE DIFFERENT PERFORMANCES OF P&O

AND PSO+IC
Ability
Effien- of
MPPT . Acc- Com- Tarcking | Implem- | tracking
. Ciency . .
algorithm % urancy pexity speed entation In
¢ partial
shading
P&O >85% | medium low medium easy no
PSO > 98% high medium fast medium yes
proposed
V. CONCLUSIONS

In this study, the proposed method (PSO+IC) is applied
to a photovoltaic (PV) system operating under partial
shading conditions (PSC) and connected to a load with a
constant temperature (30 Q at 25°C), in comparison to the
Perturb and Observe (P&O) method. P&O is recognized for
its simplicity and familiarity in the scientific literature,
making it easily understandable and accessible.

The hybrid system presented in our work demonstrates a
strong capability to identify the global optimal solution,
resulting in improved system efficiency when contrasted
with the P&O approach. Our solution achieves over 98%
efficiency, contributing to reduced setup time (i.e., faster
tracking) and Reduced variations in power output (i.e.,
fewer steady-state oscillations).

Future work will involve an in-depth experimental case
study to further validate the proposed MPPT method's
performance in a PV system connected to a load.
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