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Abstract—Partial shading (PS) considerably restricts photo-
voltaic (PV) systems, requiring extraction of the global maxi-
mum power point (GMPP). This persistent challenge engenders
continuous fluctuations in the maximum power point (MPP) and
demands utmost attention. In this regard, this paper presents
a novel hybrid scanning technique and a Perturb and Observe
(P&O) algorithm meticulously designed to accurately track the
PV array’s GMPP encountering PS, non-uniform dust deposition,
or any common failures. Furthermore, it serves as an efficient
tool that operates in tandem with the dynamic reconfiguration
approaches. Extensive simulation tests were carried out using
MATLAB Simulink software, while the validation and verifi-
cation processes were conducted using an integrated Arduino
board. Consequently, the simulation results exhibit outstanding
accuracy and stability.

Index Terms—Photovoltaic Array, partial shading, scanning,
P&O, Failures, GMPPT.

I. INTRODUCTION

In recent years, the worldwide manufacturing and commer-
cialization of photovoltaic (PV) panels have experienced a
remarkable surge. This significant trend primarily stems from
the failure of traditional energy sources to comply with strin-
gent greenhouse-gas emission mitigation [1]. Consequently,
photovoltaic energy plays a crucial role, exhibiting broad
applicability across multiple sectors and making a substantial
contribution to the advancement of sustainable and clean
energy solutions. To ensure the efficient utilization of pho-
tovoltaic energy, it is imperative to address the various chal-
lenges associated with its operation. By effectively managing
these issues, one can unleash the full potential of photovoltaic
technology, thereby achieving optimal performance. In this
context, reconfiguration, floating photovoltaic plants, global
maximum power point tracking, solar trackers, cooling sys-
tems, and cleaning techniques are the foremost methodologies
applied to enhance the output efficiency of PV systems [2].
This investigation aims to provide substantial contributions
to the advancement of photovoltaic systems by shifting its
focus towards the rigorous exploration and implementation
of GMPPT in the presence of anomalies, mainly under

partial shading conditions, which may significantly exert a
profound influence on the electricity output [3]. Consequently,
the power-voltage (P-V) characteristic curve demonstrates a
distinct profile, marked by the emergence of multiple peaks,
thereby rendering the extraction of GMPP more challenging.
The literature consistently emphasizes different MPPT control
strategies based on their distinct operating principles and
levels of complexity, which ultimately yield varying degrees
of effectiveness. Conventional MPPT methods can reach the
MPP exclusively under uniform insolation conditions. Hence,
conventional MPP tracking becomes ineffective due to the
existence of several peaks in the P-V curve. Although several
GMPPT techniques have been developed to overcome the
limitations of conventional MPPT by accurately identifying
the true maximum power point among multiple peaks [4].
Through a rigorous literature review encompassing GMPPT
techniques, a meticulous examination revealed the ubiquitous
recognition that accuracy, stability, and convergence speed
remain persistent issues across all methodologies [S]. The
classification of GMPPT methods encompasses optimization-
based algorithms, hybrid methodologies combining several
optimization algorithms, and alternative approaches, such as
curve fitting and fuzzy controllers [6]—[8]. Moreover, con-
siderable attention has been directed toward the Distributed
Maximum Power Point Tracking (DMPPT) method. Undoubt-
edly, the integration of the DMPPT technique into photovoltaic
(PV) systems effectively mitigates mismatch failures. DMPPT
entails a multimodule PV configuration, where each module is
equipped with a dedicated switching converter that facilitates
efficient MPPT operations. However, such an approach is
not economically viable, particularly when considering large-
scale PV plants [9]. Numerous scholars have utilized MPPT
to identify and diagnose prevalent anomalies, such as open
circuits, short circuits, partial shading, and degradation, owing
to its practical attributes. For instance, the momentary change
in the rightmost MPP voltage can be used effectively to
differentiate between the partial shading conditions [10]-[12].
This paper introduces an improved GMPPT approach that



combines scanning and upgraded perturbation and observation
techniques to achieve PV array’s maximum power. Further,
this approach complements the reconfiguration process by ac-
curately identifying the GMPP and maintaining optimal power
tracking throughout the day. Consequently, the integration of
PV scanning with enhanced P&O methodologies demonstrates
tremendous potential for adapting to faulty operating condi-
tions. The investigation reported in this paper is divided into
four sections to clearly outline the main purpose:

o The second section is devoted to presenting PV panel
behavior under partial shading conditions, alongside an
elucidation of the specific scenarios taken into consider-
ation.

o The third section highlights the approach implementation,
as well as a discussion of acquired results.

o Fourth section introduces a brief conclusion along with
certain recommendations for subsequent investigations.

II. PV PANEL BEHAVIOR UNDER PSC AND SUGGESTED
SHADING SCENARIOS.

A. PV panel behavior under PSC

Throughout the year, the uniform illumination of the solar
array by sunlight is a rare occurrence owing to various
constraints, including partial shading and dust accumulation.
Consequently, these factors hinder the direct exposure of
photovoltaic cells to sunlight, resulting in the emergence of
multiple peaks in the power-voltage (P-V) curve. Among these
peaks, the largest corresponds to the global maximum power
point, whereas the others represent local maxima [4], [13].
Fig 1 depicts the P-V curve, showing its distinctive multi-
peaks. Namely, the PV array utilized in this study comprised
12 PV units strategically arranged into three parallel-connected
strings. Each string consists of four PV modules intercon-
nected in series. Fig 2 provides further detail on the PV array.
Moreover, the photovoltaic module properties under standard
test conditions (STC) are listed in Table 1.
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Fig. 1: PV array’s P-V curve under partial shading conditions.

B. Suggested Partial Shading Models

This section explicitly describes various circumstances that
may occur during the dynamic reconfiguration process. The
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Fig. 2: Proposed PV array configuration .

TABLE I: TDC-P20-36 polycrystalline PV module features at
STC.

Characteristics Values
Priaz Maximum Power 20 W
Vinpp Voltage at Maximum Power 172V
Impp Current at Maximum Power 1.17 A
Voc Open Circuit Voltage 212V
Isc Short Circuit Current 1.28 A

Operating temperature —40°C to 85°C
Dimension (m) 0.48 x 0.35 x 0.017
Number of Cells 36

scenarios were systematically classified into two distinct
groups of partial-shading patterns. The first group focuses on
the shading pattern observed in typical operational scenarios.
In this case, a PV array is subjected to four randomly selected
shading patterns, which correspond to the standard models
published in the literature, including short and wide, short and
narrow, tall and wide, and tall and narrow [9]. A graphical
representation of these patterns is shown in Fig 3.

The second cluster of shading patterns manifests predom-
inantly during the reconfiguration process. The first scenario
involves the deliberate manipulation of the irradiance contrast
experienced through the PV array, where the PV curve retains
its distinctive shape, while the global maximum power point
value evolves progressively according to the solar irradiance
profile throughout the day. In this instance, the shaded panels
are subjected to a linear increase in irradiance ranging from
200 W/m? to 1000 W/m?. Fig 4 illustrates the P_V curve
corresponding to the first scenario of the second category of
the partial shading patterns. In contrast, the second scenario
involves dynamic topology reconfiguration, leading to a signif-
icant distortion in the shape of the PV curve and, consequently,
a substantial shift in the global maximum power point value.
Fig 5 shows the PV curve of the series-parallel and total cross
topologies, along with its basic interconnection schemes.

III. PROPOSED GMPPT TECHNIQUE
A. Proposed GMPPT concept

The current investigation deploys the GMPPT methodology,
a hybrid technique that combines scanning and an enhanced
P&O approach. The scanning strategy involves a meticulous
process of plotting and analyzing the P-V curve of the photo-
voltaic system to precisely identify and select the global peak.
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Fig. 3: First cluster of partial shading models.

While the improved P&O technique effectively initiates track-
ing of the GMPP using the value identified during the scanning
approach, allowing its gradual tracking, which reflects the solar
irradiance profile throughout the day to effectively manage its
fluctuations. In the event of sudden anomalies, such as full
or partial shading, open circuit, short circuit, or during the
dynamic reconfiguration process, the algorithm systematically
restarts the PV curve scanning procedure, ensuring continuous
GMPP tracking. Fig 6 shows the flowchart of the proposed
algorithm.

B. Implementation of the proposed approach on MATLAB
software.

The primary aim of this deployment is to conduct an in-
depth assessment of the effectiveness, reliability, and robust-
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Fig. 4: P_V curves representing the second scenario of the
second partial shading category.

ness of the GMPPT methodology to achieve optimal GMPP.
This assessment aims to enable adaptive operations in the
presence of failures and ensure the effectiveness of dynamic
reconfiguration techniques, thus contributing to the overall
optimization of the PV system. The Model in the Loop (MIL),
Software in the Loop (SIL), and Processor in the Loop (PIL)
validation tests were meticulously performed using MATLAB
Simulink along with the Arduino board, utilizing a performant
laptop equipped with AMD Ryzen 16-Core processor running
at 4.5GHz and 64GB of RAM. This configuration ensures
efficient and precise simulations. Fig 8 provides a clear visu-
alization of the validation cycle and offers insights into the
process. The objective of this evaluation is assessed through
the incorporation of all the aforementioned shading models.
Well-lit PV modules maintain a consistent irradiance level of
1,000 W/m?2. In contrast, shaded panels are subjected to a
steady irradiance of 200 W/m?. Furthermore, for the shading
model related to the daily irradiation profile, the irradiation
level ranges from 200 W/m? to 1,000 W/m?2. The imple-
mentation of the improved scanning procedure in the Matlab
software adheres to the following meticulous guidelines.

o Step 01: Launching the P_V curve scan while progres-
sively increasing the duty cycle value from the minimum
to the maximum value [0.05, 0.85].

o Step 02: Indicates the maximum power output and its
corresponding duty cycle, respectively.

o Step 03: Apply enhanced P&O approach based on the
corresponding duty_cycle value, voltage, and power iden-
tified in the second step.

o Step 04: Check if a specific power threshold has been
surpassed. If affirmative, reset the variables and restart
the scanning procedure.

Algorithm 1 provides the pseudocode of the proposed tech-
nique.
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Algorithm 1 Improved GMPPT scanning technique

Require: V (voltage),I (current)
Ensure: Appropriate D (duty_cycle)
> ***>l<***Initialisation*********
Delta <+ 0.01, dc(62,1), u, p(62,1), best_duty(62,1),
best_vol(62,1), count < 1
> ****Scanning Procedure®***
while ((count < 1) & (count > 40)) do
D=Dc; count=count+1;
end while
if (u<1) & (u>62) & (V x I > p(u))) then
p(u) =V x I; best_duty(u) = Dc; best_vol(u) = V;
else if u = 63 then
[P,ld,i] = max(p); D = best_duty(i);
V_old = best_vol(i — 1); Dold = D;
> **Improved P&O Procedure**

else if © = 64 then
P=VxI;dV =V -V,d; dP = P — Pold; M =

abs(dP);
if (M < 0.01) then
D = Dold,
else

if dP < 0 then
if dV < 0 then
D = Dold — 0.001 x M,
else
D = Dold + 0.001 x M,
end if
else
if dV < 0 then
D = Dold + 0.001 x M;
else
D = Dold — 0.001 x M,
end if
end if
end if
end if

IV. RESULT AND DISCUSSION

An exhaustive simulation study is conducted to rigorously
evaluate the effectiveness of the proposed algorithm under
transient irradiation conditions. Given the challenge of assess-
ing every non-uniform insolation scenario, this investigation
focussed on utilizing the two distinct partial shading models
as illustrated in Figs 3, 4 and 5 as the premise for testing
and analysis. The results of the initial test depicted in Fig 9
showcase the effective maximum power point tracking through
the application of four distinct partial shading patterns. The
outcomes of each scenario are delineated into two integral
parts: first, the scanning process, and second, the identifi-
cation of the GMPP accompanied by the utilization of the
P&O approach for robust power extraction management. The
scanning technique is promptly activated upon the detection of
an inexplicable power drop by the P&O approach, indicating
potential anomalous conditions. It is worth highlighting that
the scanning time exhibited exceptional efficiency, overcom-
ing the techniques reported in the literature. The results of
the second cluster of partial shading conditions are visually
depicted in Fig 9. These results specifically pertain to dynamic
reconfiguration strategies, which entail the imperative task of
extracting maximum power during the panel’s arrangement
phase alongside the astute selection of appropriate intercon-
nection schemes. Fig 10 unequivocally demonstrates the ef-
fective attainment of maximum power through the implemen-
tation of the serial-parallel topology (SP) and the total cross
configuration (TCT). Notably, the transition between these two
topologies is accurately detected, proving the effectiveness of
the implemented Perturb and Observe (P&O) algorithm. Fig
11 clearly shows the results of the second scenario of the
second partial shading group, which represents a gradual shift
in irradiation. The proposed methodology perfectly tracks the
maximum power of the photovoltaic array, demonstrating its
utility. Dynamic growth of power is seen particularly in the
interval [1s, 2s] when specific photovoltaic units get irradia-
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Fig. 6: Flowchart of the proposed GMPPT technique.
tion varying from 200 W/m? to 1000 W/m?. Following these ACKNOWLEDGMENT

extensive deliberations and the acquired results, the proposed
method has demonstrated its performance to track the GMPP
through a series of extensive shading tests. Consequently, the
scanning approach emerges as a compelling solution, offering
dual outcomes, both facilitating the implementation of the
reconfiguration technique and providing valuable insights into
the type of anomalies encountered through the P_V curve
analysis.

V. CONCLUSION

Ultimately, the proposed GMPPT approach proved to be
exceptionally effective in optimizing the power output of PV
systems under anomalous conditions. The proposed GMPPT
approach was demonstrated through extensive simulation tests
to properly track and maintain the maximum power by using
an Arduino board. Furthermore, this research undertakes a
novel approach to reevaluate traditional methodologies, such
as P&O, incremental conductance, and fuzzy logic by ef-
fectively illustrating their application. In this context, the
GMPPT technique unequivocally highlights its imperative role
in reconfiguration procedures and, intriguingly, as a potential
avenue for photovoltaic array fault detection and diagnosis
methods.
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