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Abstract 

Photovoltaic (PV) systems perform a vital role in addressing the worldwide energy crisis and fulfilling the escalating energy 
demand. The variability in irradiance, temperature, and unpredictable weather conditions possess a direct impact on the 
productivity of PV systems. Furthermore, the existence of partially shaded conditions intensifies the complexity of PV systems, 
resulting in significant power degradation. These conditions present significant challenges for PV systems to achieve maximum 
power output and produce optimal energy. To address the prevailing challenges, this study introduces a maximum power point 
tracking (MPPT) control methodology utilizing a sand cat swarm optimizer (SCSO). This ingenious strategy adapts the sand cat 
hunting style. The investigation centers on optimizing energy harvesting in PV systems, with a specific emphasis on enhancing 
precision, rapid convergence, and minimizing oscillations. The suggested SCSO performance is evaluated under a variety of 
weather situations, including both instances of partially shaded and uniform irradiance. The SCSO results are juxtaposed with 
other existing bio-inspired algorithms, such as grey wolf optimization (GWO), particle swarm optimization (PSO), and tunicate 
swarm algorithm (TSA). The proposed SCSO technique achieves 99.94 % tracking accuracy on average and shows superior 
performance, with faster tracking response and less power oscillation. Moreover, the proposed SCSO generates significantly 
more energy than the rest compared algorithms. The performance of the suggested method is further validated through a 
hardware-based experimental assessment, demonstrating an optimal level of tracking performance. 

Keywords: energy harvesting; maximum power point tracking (MPPT); partially shaded conditions; photovoltaic (PV) system; 
sand cat swarm optimization (SCSO). 

 
 

I. Introduction 

The world currently faces a critical challenge in the 
guise of warming climates, which presents a substantial 
danger to the worldwide economy, the natural 
environment, and the sustenance of human life. This 
pressing issue is primarily driven by an increasing 
concentration of greenhouse emissions in the Earth's 
atmosphere, largely resulting from human events such 
as the combustion of fossil fuels, industrialization, and 

urban development [1]. Due to increasing world energy 
demand and rising fossil fuel prices along with growing 
concern about environmental issues, governments and 
researchers worldwide have recognized the urgency of 
addressing this problem and have initiated investments 
in renewable energy sources and the development of 
green technologies. 

Among these renewable energy sources, solar 
energy stands out as one of the most promising 
solutions to our energy needs [2]. Solar photovoltaic 
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(PV) systems have gained substantial attention due to 
their effortless installation, abundant sunlight 
availability, low maintenance costs, and silent 
characteristic [3]. These devices utilize the 
photoelectric effect to capture and convert solar energy 
into electrical power. However, despite extensive 
schemes to enhance the productivity of PV systems, 
they still face substantial challenges and limitations, 
particularly related to their nonlinear characteristics 
and poor efficiency in converting energy [4]. One of the 
major challenges associated with PV systems is their 
dependency on atmospheric conditions, such as 
temperature and radiation levels, which continually 
change throughout the day. The complexity of this task 
becomes even more complex when partial shading 
occurs, a situation which refers to the unequal 
distribution of solar radiation across the PV system due 
to obstructions like clouds, trees, and buildings in the 
nearby area [5][6]. It generates multiple maximum 
power point (MPP) with global maximum power point 
(GMPP) as the peak power, and the lower power point 
is local maximum power point (LMPP) [7]. Thus, the 
generated power of PV decreases significantly, 
resulting in a substantial amount of energy being 
inefficiently dissipated. 

To address these challenges and improve the 
efficiency of PV systems, special controllers known as 
maximum power point tracking (MPPT) controllers 
are employed [8]. The MPPT controller plays a crucial 
function in a PV system by effectively optimizing power 
generation and efficiency. The controllers, which are 
commanded by advanced control algorithms, are 
responsible for regulating the duty cycle of the DC-DC 
converter to accurately follow the GMPP under varying 
atmospheric conditions. Various classic conventional 
MPPT techniques have been introduced over the years, 
among them perturb and observe (P&O) [9], 
incremental conductance (INC) [10], and hill-climbing 
(HC) [11]. While these methods are relatively simple 
and easily accessible, they suffer some challenges like 
power oscillation, poor convergence time, and the risk 
of failure in achieving GMPP when exposed to rapidly 
fluctuating irradiance or partially shaded 
circumstances [12]. As a result of these deficiencies, the 
energy harvested is extremely inefficient and very small. 
Some improvements have been made by applying a 
variable step size instead of a constant step size, which 
enhanced power amount and tracking speed. However, 
it didn't fully address the oscillation problem and often 
increased algorithm complexity. 

Researchers have placed forward multiple types of 
bio-inspired algorithms as a reaction to the problems 
found in conventional methods [13]. For instance, 
particle swarm optimization (PSO) was proposed by 

many researchers. It makes PSO the most frequently 
used algorithm for PV MPPT [14]. While the PSO 
algorithm demonstrated precision in attaining the MPP 
and remained stable under consistent radiation 
conditions, it encountered difficulties in achieving swift 
convergence when faced with fluctuating radiation 
conditions and presented implementation challenges in 
real-world scenarios [15][16]. Others, grey wolf 
optimization (GWO), have demonstrated abilities in 
MPPT [17]. However, these algorithms have been 
hindered by complex functions and long processing 
times, making the physical hardware system 
challenging. 

Reference [18], the falcon optimization algorithm 
(FOA) has been shown to be effective in GMPP 
tracking with promising accuracy and low energy losses. 
However, it can suffer from inadequate performance if 
it is not properly initialized or tuned. Moreover, FOA 
has a high computational cost and it can be slow to 
converge on complex problems [19]. Reference [20], a 
tunicate swarm algorithm-based MPPT control is 
introduced. This algorithm models the tunicate's talent 
to find food in the sea using their jet propulsion to 
move and record the best position. The simulation 
findings demonstrate the ability of good tracking in 
various climate situations. However, the main 
drawbacks are the protracted convergence speed and 
the strong influence of the initial position. Recently, an 
innovative approach involved the reptile search 
optimizer (RSA) method, which was proposed with a 
sequential update mechanism. RSA demonstrated 
robustness, strong potency, and adaptive capabilities in 
tracking the MPP of the system. However, RSA MPPT 
still has some limitations including steady-state 
oscillations, difficulties in parameter initialization, and 
the practical implementation [21]. 

After a comprehensive assessment of these 
published algorithms, it became evident that while 
many of them proved successful in conducting GMPP, 
they occasionally underperformed in certain 
circumstances by being taken at LMPP. The 
performance of these algorithms depended on the 
complex configuration of the PV system and the 
environmental conditions. From this perspective, there 
is a consistent encouragement to enhance the 
performance of MPPT by inventing or implementing a 
novel intelligent algorithm that exhibits greater 
prospects for MPPT application. 

Following a thorough literature research on the 
newly introduced intelligent optimization algorithms, 
sand cat swarm optimizer (SCSO) algorithm has been 
noted due to its easy implementation, fewer 
mathematic models, adaptive capabilities, and notable 
design [22]. SCSO has a unique method inspired of the 
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noise detection behavior of sand cats to find prey. The 
sand cats have a wide auditory range, which makes 
them detect low frequencies signal below 2 kHz. This 
hearing talent ensures that sand cats have a special 
ability to search and hunting in nature. The 
mechanisms are allowing the algorithm to preserve 
diversity among potential solutions while identifying 
the optimal one. Moreover, it ensures to balanced 
behavior between exploitation and exploration. 
Compared to the general cats which inspire a cat swarm 
optimizer (CSO), CSO emphasizes cat hunting 
strategies of seeking and tracking, which translates into 
more general exploration-exploitation [23]. In contrast, 
SCSO's focus on mimicking sand cat hunting through 
sound localization introduces a more balanced and 
targeted exploration-exploitation mechanism, making 
it potentially faster at converging toward good 
solutions [24]. The proposed SCSO algorithm can 
efficiently track the global solution and avoids local 
optima with a swift tracking time and slight power 
fluctuation. The advancements of the SCSO algorithm 
are essential to boosting the harvested energy of PV 
systems, thus contributing to the broader goal of 
reducing greenhouse gas emissions and mitigating 
global warming. 

II. Materials and Methods 

A. Photovoltaic system 

A general equivalent circuit of a single-diode PV 
panel model is shown in Figure 1. It contains of current 
source parallel connected with a diode and resistor 

shunt, then connected with a series resistor at the 
output terminal. According to the PV equivalent circuit, 
the 𝐼𝐼 -𝑉𝑉  characteristic of the PV panel is given in 
equation (1). 𝐼𝐼𝑝𝑝ℎ  current which is a PV current 
generated from the converting process of solar energy 
into electrical energy, is given in equation (2) [25]. 

𝐼𝐼𝑝𝑝𝑝𝑝 = 𝐼𝐼𝑝𝑝ℎ − 𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠 �𝑒𝑒
𝑞𝑞∙�𝑉𝑉𝑝𝑝𝑝𝑝+𝑅𝑅𝑠𝑠∙𝐼𝐼𝑝𝑝𝑝𝑝�

𝑎𝑎∙𝑘𝑘∙𝑇𝑇 − 1� − 𝑉𝑉𝑝𝑝𝑝𝑝+𝑅𝑅𝑠𝑠∙𝐼𝐼𝑝𝑝𝑝𝑝
𝑅𝑅𝑠𝑠ℎ

 (1) 

𝐼𝐼𝑝𝑝ℎ = 𝐺𝐺
𝐺𝐺𝑛𝑛

[𝐼𝐼𝑠𝑠𝑠𝑠 + 𝑘𝑘(𝑇𝑇 − 𝑇𝑇𝑛𝑛)] (2) 

where 𝐼𝐼𝑝𝑝𝑝𝑝  is the output current (A) and 𝑉𝑉𝑝𝑝𝑝𝑝  is the 
output voltage (V) at the output terminal, which is 
directly connected to the load. 𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠  is the saturation 
current (A), 𝐼𝐼𝑝𝑝ℎ  is PV current (A), 𝑅𝑅𝑠𝑠  and 𝑅𝑅𝑠𝑠ℎ  are 
series resistor and parallel resistor of PV panel (Ω), 𝑞𝑞 is 
electron capacity or electron charge (1.6 × 10−19 C), 𝑘𝑘 
is Boltzmann’s constant (1.3806503 × 10−23 J/K), a is 
the ideal diode factor. Then, 𝐼𝐼𝑠𝑠𝑠𝑠  is the short circuit 
current of PV panel (A) in the standard test condition 
(STC), 𝐺𝐺  is irradiation received by the PV panel 
(W/m2), 𝐺𝐺𝑛𝑛 is irradiation in the STC (1000 W/m2), 𝑇𝑇 is 
cell temperature (K), and 𝑇𝑇𝑛𝑛 is the temperature in the 
STC (298.15 K). PV panels used for this system are ST-
Solar Polycrystalline 100 Wp. The parameter of this 
panel is shown in Table 1. 

The amount of power generated is greatly 
influenced by the level of solar irradiation. It can be 
stated that the power generated is proportionate to the 
radiation value. The PV exhibits a non-linear 
characteristic of power and voltage. Under partially 
shaded array conditions, the shaded panel produces 

 
Figure 1. Single-diode PV equivalent circuit model. 

Table 1. 
PV parameter. 

Parameter Value 

Number of cells 36 

Rated maximum power (𝑃𝑃𝑚𝑚𝑠𝑠𝑚𝑚) 100 W 

Voltage at max (𝑉𝑉𝑚𝑚𝑝𝑝) 17.8 V 

Current at max (𝐼𝐼𝑚𝑚𝑝𝑝) 5.62 A 

Open-circuit voltage (𝑉𝑉𝑜𝑜𝑠𝑠) 21.8 V 

Short-circuit current (𝐼𝐼𝑠𝑠𝑠𝑠) 6.05 A 

Standard test condition 1000 W/m2; 25 °C 
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lower energy than the non-shaded panel. It exhibits 
multiple peak points. Figure 2 displays the 
characteristics of the PV under different conditions. 
The lower peaks are denoted as LMPP, whereas the 
highest point is identified as GMPP. 

B. DC-DC boost converter 

Boost converter acting as MPPT controller to 
operate the PV array at the objective value and produce 
the highest power. The DC-DC converter used for this 
paper is a DC-DC boost converter, which is it affords to 
generate higher output voltage during lower output 
current. For obtaining the GMPP of PV panels, the duty 
cycle of the DC-DC converter is changed by the MPPT 
algorithm. Changes in the duty cycle can make the 
output voltage and current of the PV vary to get the 
GMPP value. The parameter of the boost converter is 
obtained from equation (3) to equation (6) [26]: 

𝑉𝑉𝑜𝑜 = 𝑉𝑉𝑖𝑖𝑛𝑛
1−𝐷𝐷

 (3) 

𝐷𝐷 = 𝑇𝑇𝑜𝑜𝑛𝑛
𝑇𝑇𝑠𝑠

 (4) 

𝐿𝐿𝑚𝑚𝑚𝑚𝑛𝑛 = 𝐷𝐷(1−𝐷𝐷)2𝑅𝑅
2∙𝑓𝑓

 (5) 

𝐶𝐶 = 𝐷𝐷
𝑅𝑅∙𝑓𝑓∙𝑟𝑟𝑉𝑉𝑜𝑜

 (6) 

where 𝑉𝑉𝑚𝑚𝑛𝑛  denoting the input voltage from the PV 
panels (V), while the converter output voltage is 
represented as 𝑉𝑉𝑜𝑜  (V), 𝐷𝐷 indicated the duty cycle (%), 
𝑇𝑇𝑜𝑜𝑛𝑛  refers to the switching is turned on (s), 𝑇𝑇𝑠𝑠  as the 
switching period (s). 𝐿𝐿𝑚𝑚𝑚𝑚𝑛𝑛  signifies the minimal 

inductance value (H), while operating in continuous 
current mode (CCM). Then, 𝑅𝑅  stands for load 
resistance (Ω), 𝑓𝑓  is switching frequency (Hz), 
𝐶𝐶 symbolizes the capacitance value (F), 𝑟𝑟𝑉𝑉𝑜𝑜 be present 
the ripple output voltage of the converter (%). Notably, 
the system targets a 0.1 % value for the ripple output 
voltage. The corresponding parameter values for the 
boost converter are summarized in Table 2. 

C. Sand cat swarm optimizer 

The SCSO algorithm was inspired by the surviving 
behavior and unique characteristics of sand cat in 
nature. Sand cat is known to inhabit desert areas 
characterized by sandy and rocky deserts, including the 
Arabian Peninsula and Sahara. They eat small desert 
animals, tiny reptiles, snakes, and flying insects. The 
surviving behavior of sand cat is different than 
domestic cat. Despite their similar physical 
characteristics, sand cats possess a broader hearing 
range. Which enables them to detect and respond to 
low-frequency sounds under 2 kHz, even the prey 
below the sand surface. It makes the sand cat find and 
attack their food rapidly [27]. 

The hunting mechanism of the sand cat, 
characterized by searching and attacking, became the 
inspiration for the mathematical modeling of the SCSO 
algorithm. The search procedure necessitates agents to 
traverse a broad expanse, which is also referred to as the 
exploration phase. Then, the attack procedure allows 
them to get the prey with a quick move and effectively. 
It is called exploitation. These processes generate a new 

 
Figure 2. PV characteristic. 

Table 2. 
Component value of the boost converter. 

Component Value 

Capacitor 1.2 µF 

Inductor 571 µH 

Resistor load 60 Ω 

Switching frequency 20 kHz 
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position for each sand cat, where the position 
represents the duty cycle value of the converter. 

The search process, as the exploration phase, 
obliges agents to prowl over a wide area. The search 
area is generated randomly around the limited defined 
area. The formula of searching is described in 
equation (7) 

𝑋𝑋(𝑖𝑖𝑖𝑖 + 1) = 𝑟𝑟 ∙ (𝑋𝑋𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠 − 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∙ 𝑋𝑋𝑠𝑠𝑐𝑐𝑟𝑟𝑟𝑟𝑏𝑏𝑛𝑛𝑠𝑠) (7) 

𝑟𝑟 = 𝑟𝑟𝐺𝐺 ∙ 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (8) 

𝑟𝑟𝐺𝐺 = 𝑆𝑆𝑀𝑀 − � 𝑆𝑆𝑀𝑀∗𝑚𝑚𝑠𝑠
𝑀𝑀𝑠𝑠𝑚𝑚 𝑚𝑚𝑠𝑠

� (9) 

where 𝑋𝑋 is position of sand cat, 𝑖𝑖𝑖𝑖 is iteration, 𝑀𝑀𝑟𝑟𝑀𝑀 it is 
maximum iteration, 𝑋𝑋(𝑖𝑖𝑖𝑖 + 1) is the updated position, 
𝑋𝑋𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠 is the best position, 𝑋𝑋𝑠𝑠𝑐𝑐𝑟𝑟𝑟𝑟𝑏𝑏𝑛𝑛𝑠𝑠 is current position of 
cat, 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 is random number from 0 to 1, 𝑟𝑟 simulates 
the hearing sensitivity of cats as modeled in equation 
(8), and 𝑆𝑆𝑀𝑀  is the maximum sensitivity range with a 
value of 2. The sensitivity range, 𝑟𝑟𝐺𝐺 , is updated using 
equation (9). 

After they locate the prey position, sand cat attacks 
their prey quickly. The new position was exploiting 
around the best solution so far. The movement is 
determined by random angle ( 𝜃𝜃 ). The attacking 
mechanism is modeled in equation (10) where 𝜃𝜃  is a 
circular random angle, 𝑋𝑋𝑟𝑟𝑠𝑠𝑛𝑛𝑟𝑟  is a random position as 
calculated by equation (11). Each cat has a different 
angle, which aims to get the optimal position and avoid 
getting trapped in the local optimal. 

𝑋𝑋(𝑖𝑖𝑖𝑖 + 1) = 𝑋𝑋𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠 − 𝑟𝑟 ∙ 𝑋𝑋𝑟𝑟𝑠𝑠𝑛𝑛𝑟𝑟 ∙ cos𝜃𝜃 (10) 

𝑋𝑋𝑟𝑟𝑠𝑠𝑛𝑛𝑟𝑟 = 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∙ 𝑋𝑋𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠 − 𝑋𝑋𝑠𝑠𝑐𝑐𝑟𝑟𝑟𝑟𝑏𝑏𝑛𝑛𝑠𝑠 (11) 

To make the searching and attacking structure 
proportional, a roulette wheel selection (𝑅𝑅) was used. 
The 𝑅𝑅 function is defined as equation (12). As the value 
of 𝑟𝑟𝐺𝐺  getting smaller, the random value of 𝑅𝑅 will also be 
reduced as well. 

𝑅𝑅 = 2 ∙ 𝑟𝑟𝐺𝐺 ∙ 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑟𝑟𝐺𝐺  (12) 

When |𝑅𝑅| > 1, the sand cats search or scout a new 
solution, diversely the sand cat assaults the prey. The 
balancing scheme of the proposed SCSO is useful for 
reaching rapid and accurate convergence points, 
making it suitable for finding the GMPP. The full 
flowchart of SCSO is illustrated in Figure 3. 

Figure 3 shows that SCSO initiates the population 
at the first state, including the sand cat position, 
maximal iteration, and number of agents. Then, the 
initial position of the sand cat was ranked by their best 
fitness. The sand cat position is updated at each 
iteration loop based on their hunting mechanism using 
equation (7) and equation (10). Phase selection 
between searching and attacking is based on a Roulette 

Wheel selection ( 𝑅𝑅 ). If |𝑅𝑅| ≤ 1 , attacking phase 
equation (7) was run by the algorithm. Contrarily, if 
|𝑅𝑅| > 1 , the algorithm executes equation (10) as 
searching phase. After that, the solutions are assessed 
using a recalculated fitness function inside each 
iteration loop to identify the chameleon with the best 
fitness. The fittest solution is referred to as the best 
position of the chameleon that finds prey. All the steps 
in SCSO except the initialization step are repeated at 
each iteration until the maximum number of iterations 
is met. SCSO as the MPPT controller should achieve the 
GMPP state with swift movement and fewer 
oscillations. It leads the proposed system to boost the 
amount of energy harvested from the PV array. 

III. Results and Discussions 

A. Simulation test 

In this section, the MPPT PV system is modeled and 
simulated using PSIM software. The proposed 
simulation model is shown in Figure 4. The circuit 
system consists of a series connection of five PV panels, 
a boost converter, an MPPT controller, and a resistive 
load. The performance effectiveness of the suggested 
SCSO-MPPT controller is assessed and contrasted with 
the performance of GWO, PSO, and tunicate swarm 
algorithm (TSA) algorithms. Table 3 states the 
parameter configurations of the algorithms. To 
maintain a fair execution of the test, several measures 
have been implemented. The quantity of particles 

 
Figure 3. Flowchart of SCSO-MPPT. 
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involved in the experiment has been restricted to 5, the 
upper limit for iterations has been set at 10, and all 
agents have been assigned an identical initial value. 

The performance of the proposed SCSO is evaluated 
throughout two simulation assessments, including 
uniform conditions and partially shaded conditions. 
Table 4 presents the assortment of various patterns 
chosen for the PV system while retaining a constant 
temperature value of 25  C. The P-V characteristic of 
tested patterns is shown in Figure 5. Pattern 1 and 
pattern 2 are characterized by the uniform condition 
(UC), this condition only has one GMPP. The power 
peak of pattern 1 and pattern 2 are 500.2 W and 304.1 
W, respectively. Pattern 3, pattern 4, and pattern 5 
exhibit the partially shaded condition (PSC), which 
generates multiple peaks. There are four LMPPs in 
pattern 3 to pattern 5 and one GMPP, developed from 
5-series PV panels. The GMPP of pattern 3 is 289.1 W, 
followed by pattern 4 at 228.9 W and pattern 5 at 
202.9 W. 

Pattern 1 displays a single peak of 500.3 W, as 
illustrated in Figure 5. The tracking waveforms 
produced by the four MPPT techniques in pattern 1 are 
shown in Figure 6. The proposed SCSO method 
adheres to the GMPP with a tracking accuracy of 
99.98 % and an output power of 500.25 W in 2.25 s of 
tracking time. The PSO has demonstrated the highest 
accuracy of 99.99 % but at the cost of the longest 
tracking duration of 3.05 s. GWO and TSA exhibit 
significant oscillation as they approach convergence to 
the GMPP, with a tracking time of 2.95 s. The GWO has 
an output power of 499.48 W, whereas the TSA has an 
output power of 500.20 W. SCSO achieved the highest 
energy harvesting per 4 s simulation, followed by PSO, 
TSA, and GWO. Therefore, the SCSO approach 
exhibits the fastest tracking speed and yields the most 
captured energy. 

Pattern 2 displays a single peak of 304.1 W, as 
illustrated in Figure 5. The tracking waveforms 
produced by the four MPPT techniques in the case of 

Table 3. 
Profile of algorithm parameters. 

Algorithm Parameter 

SCSO 𝑆𝑆𝑀𝑀 = 2 

GWO 𝑟𝑟 = 2 to 𝑟𝑟 = 0 

PSO 𝑤𝑤 = 0.4;𝐶𝐶1 = 0.8;𝐶𝐶2 = 0.8 

TSA 𝑃𝑃𝑚𝑚𝑠𝑠𝑚𝑚 = 4;𝑃𝑃𝑚𝑚𝑚𝑚𝑛𝑛 = 0 
 

 

Figure 4. Proposed simulation model. 
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pattern 2 are shown in Figure 7. The proposed SCSO 
method fits the GMPP with a tracking effectiveness of 
99.99 %, a PV power of 304.03 W, and a rapid tracking 
time of 2.50 s. The PSO has a slow tracking duration of 
3.05 s and achieves a tracking effectiveness of 99.60 %. 
Both the GWO and TSA approaches have a tracking 
time of 2.95 s, with tracking effectiveness of 99.97 % 
and 99.93 %, respectively. The pattern 2 simulation 

results show that the SCSO demonstrated the greatest 
quantity of harvested energy compared to other 
algorithms. 

Figure 8 illustrates the tracking waveforms 
produced by the four MPPT techniques in pattern 3. 
Pattern 3 has four LMPPs and a GMPP of 289.1 W. The 
SCSO, as a proposed algorithm, effectively monitors 
the GMPP with a brief duration of 1 s and a tracking 

Table 4. 
Profile of irradiance for various patterns. 

Pattern Irradiance (W/m2) GMPP (W) 

PV 1 PV 2 PV 3 PV 4 PV 5 

1 UC 1000 1000 1000 1000 1000 500.3 

2 UC 600 600 600 600 600 304.1 

3 PSC 1200 500 800 600 700 289.1 

4 PSC 500 1000 600 300 800 228.9 

5 PSC 1100 300 400 600 800 202.9 
 

 
Figure 5. 𝑃𝑃-𝑉𝑉 characteristic of tested patterns. 

 
Figure 6. Result of pattern 1. 
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efficiency of 99.98 %. Additionally, it achieves a PV 
output power of 289.04 W. The GWO necessitates the 
longest tracking time of 3 s and exhibits a tracking 
efficiency of 99.97 %. PSO and TSA achieve 
convergence to the GMPP in a time frame of 2.95 s. The 
TSA has a tracking accuracy of 99.93 %, while the PSO 
has the lowest tracking accuracy at 99.60 %. Pattern 3 
simulation results revealed that PSO achieved the 
lowest energy, while SCSO obtained the maximum 
energy. 

Figure 9 exhibits the tracking waveforms produced 
by the four MPPT techniques in pattern 4. A GMPP of 
228.9 W and the presence of four LMPPs occurred in 
pattern 4, as depicted in Figure 5. The SCSO approach, 
as a proposed algorithm, achieves convergence to the 

GMPP in a time of 2.45 s. Additionally, it demonstrates 
a tracking efficiency of 99.86 % and a PV power of 
228.57 W. The GWO approaches the GMPP in 2.95 s, a 
longer duration than the previously discussed method. 
Additionally, it exhibits a tracking efficiency of 99.83 %. 
The PSO achieves a tracking efficiency of 99.27 % by 
accurately following the GMPP in 3.05 s, with a PV 
output power of 227.24 W. The TSA technique exhibits 
a tracking effectiveness of 99.83 % and a PV power of 
228.50 W. As the simulation time was held in 4 s, the 
proposed SCSO demonstrated exceptional efficacy in 
enhancing the harvested energy from PV. 

Pattern 5 has a GMPP of 202.9 W with the presence 
of four LMPPs, as illustrated in Figure 5. The tracking 
waveforms of pattern 5 depicted in Figure 10, are 

 
Figure 7. Result of pattern 2. 

 
Figure 8. Result of pattern 3. 
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produced by the four MPPT approaches. SCSO, the 
proposed algorithm, succeeds in convergence to the 
GMPP in a period of 1.85 s. It demonstrates a tracking 
efficiency of 99.90 % and a PV output power of 202.68 
W. The PSO algorithm achieves the GMPP in 3.05 s, the 
maximum tracking time. It exhibits a tracking 
efficiency of 99.86 %. The TSA achieves a tracking 
efficiency of 99.34 % by tracking the GMPP in 2.95 s, 
with a PV output power of 201.57 W. Nevertheless, the 
GWO technique encounters an obstacle at LMPP. The 
tracking efficiency is 92.40 %, and the PV output power 
is 187.48 W. SCSO achieved the highest level of energy 
collection from PV, followed by TSA, PSO, and GWO. 

The tracking graphs depicted in Figure 6 to 
Figure 10 demonstrate that while both PSO and TSA 

provide global convergence, they require a lengthy 
duration. Furthermore, power fluctuations appeared in 
TSA and PSO for a more extended period. It results in 
a substantial decrease in collected energy. Also, the 
GWO algorithm expresses a lengthy period of 
converging and is incapable of identifying the GMPP at 
pattern 5. By the simulation results shown in Figure 6 
to Figure 10, the SCSO method demonstrates superior 
performance compared to the GWO, PSO, and TSA 
methods regarding faster convergence to GMPP, slight 
power oscillations, and more tremendous harvested 
energy. This demonstrates the SCSO's ability to handle 
any atmospheric conditions proficiently. Table 5 
presents an overview of the simulation findings. The 
SCSO-MPPT method surpasses the other three existing 

 
Figure 9. Result of pattern 4. 

 
Figure 10. Result of pattern 5. 
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MPPT methods, with an average value of 99.94 % 
tracking accuracy and 1.78 s tracking time. Thus, the 
SCSO demonstrated exceptional efficiency in 
enhancing the harvested energy from PV. 

A comprehensive analysis is conducted to compare 
the SCSO technique with other methods created in the 
implementation of MPPT. The aim is to comprehend 
better the impact of the SCSO method on the 
application of MPPT. The Friedman ranking test was 
conducted to determine the comparative rank of the 

suggested algorithm within the overall ranks. Table 6 
contains the conclusions of the Friedman ranking test. 
Among algorithms tested for GMPP tracking under 
various patterns, the proposed SCSO emerged as the 
most superior algorithm, followed by TSA, GWO, and 
PSO. 

B. Experimental test 

The experimental prototypes for this study are 
photographed in Figure 11. It consists of a solar PV 

 
Figure 11. Experimental prototype. 

Table 5. 
Simulation results data. 

Pattern Algorithm Power output (W) Tracking time (s) Tracking accuracy (%) Energy (W·s) 

1 SCSO 
GWO 
PSO 
TSA 

500.25 
499.48 
500.28 
500.20 

2.25 
2.95 
3.05 
2.95 

99.98 
99.84 
99.99 
99.98 

1896.17 
1709.57 
1773.11 
1772.70 

2 SCSO 
GWO 
PSO 
TSA 

304.03 
304.02 
303.93 
303.84 

1.35 
2.95 
3.05 
2.95 

99.99 
99.99 
99.96 
99.93 

1163.11 
1110.56 
1083.66 
1137.91 

3 SCSO 
GWO 
PSO 
TSA 

289.04 
289.02 
287.94 
288.90 

1.00 
3.00 
2.95 
2.95 

99.98 
99.97 
99.60 
99.93 

1120.76 
1083.35 
1055.42 
1089.80 

4 SCSO 
GWO 
PSO 
TSA 

228.57 
228.50 
227.24 
228.50 

2.45 
2.95 
3.05 
3.05 

99.86 
99.83 
99.27 
99.83 

877.36 
841.98 
825.55 
850.11 

5 SCSO 
GWO 
PSO 
TSA 

202.68 
187.48 
202.62 
201.57 

1.85 
2.95 
3.05 
2.95 

99.90 
92.40 
99.86 
99.34 

779.73 
708.18 
726.47 
740.31 

Table 6. 
Result of Friedmann rank test. 

Pattern Rank at 1 Rank at 2 Rank at 3 Rank at 4 Rank at 5 Overall rank 

SCSO 1.33 1.00 1.00 1.00 1.00 1 

GWO 3.20 2.18 2.53 2.18 3.20 3 

PSO 1.45 3.43 3.20 4.00 2.53 4 

TSA 2.67 2.67 2.40 2.29 2.67 2 
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emulator, oscilloscope, boost converter, and DC 
electronic load. The partial shading condition was 
emulated using an unilluminated solar PV technique by 
3-series 100 Wp PV panels and DC power supply as the 
solar PV emulator. The PV panels should be oriented 
in a downward position to avoid direct exposure to 
solar irradiation. Subsequently, the current source for 
the PV panel is substituted with the DC power supply. 
With the unilluminated solar PV technology, the 
irradiation value on the PV panel can be regulated by 
adjusting the DC power supply. The oscilloscope is 
recorded in the tracking process of MPPT. DC 
electronic load is operated as a constant resistive load. 
For the experimental test, it needed to change the 

sampling time for measuring PV output voltage and 
current. It is used to achieve precise measurements of 
the PV output. Therefore, the simulation utilized a 
sample time of 0.05 s, while the experiment employed a 
sampling time of 0.5 s. 

The proposed SCSO-MPPT performance was 
examined under partially shaded conditions, with the 
irradiation values are 600 W/m2, 500 W/m2, and 1000 
W/m2. It exhibits a maximum power of 173.25 W, with 
the voltage and current being 56.62 V and 3.06 A 
respectively. The P-V characteristic of the experimental 
test is shown in Figure 12. 

Figure 13 shows the performance of SCSO with a 
maximum power of 172.23 W and a tracking duration 

 
Figure 12. 𝑃𝑃-𝑉𝑉 characteristic of the experimental test. 

 
Figure 13. MPPT experimental result of SCSO-MPPT. 
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of 14 s. The proposed SCSO-MPPT succeeded in 
securing the GMPP at a precision rate of 99.4 %, with 
the values of voltage, current, and duty cycle are 58.79 
V, 2.93 A, and 38 % respectively. Figure 14 to Figure 16 
show the performance of the compared algorithm. The 

tracking performance of GWO is shown in Figure 14 
with a maximum power of 135.83 W and a tracking 
duration of 21 s. Figure 15 shows the performance of 
PSO in getting GMPP with a maximum power of 
170.81 W and a tracking duration of 21 s. Figure 16 

 
Figure 14. MPPT experimental result of GWO-MPPT. 

 
Figure 15. MPPT experimental result of PSO-MPPT. 
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shown the performance of TSA with a maximum power 
of 168.15 W and a tracking duration of 20 s. The 
tracking diagrams illustrate that both PSO and TSA 
exhibit GMPP convergence, though with a long time 
period. In addition, PSO and TSA suffered power 
fluctuations over a longer duration. Moreover, GWO 
exhibits a protracted convergence period and fails to 
detect the GMPP. Regarding the experimental results 
depicted in Figure 13 to Figure 16, the SCSO technique 
exhibits superior performance in terms of faster 
convergence to GMPP, higher output power, and less 
power oscillations when compared to the GWO, PSO, 
and TSA methods. The experimental test results show 
that the proposed algorithm, SCSO, demonstrates the 
capability to effectively address partially shaded 
conditions in real-world scenarios with an optimal 
performance. 

IV. Conclusion 

This article introduces a SCSO-MPPT algorithm, 
inspired by the biological phenomena of sand cat. It is 
designed to optimize power extraction and enhance 
harvested energy from PV systems across diverse 
weather conditions. The SCSO algorithm undergoes 
rigorous testing, initially in two conditions of uniform 
irradiance. Subsequently, its performance is evaluated 
under three distinct partially shaded conditions. In 
uniform conditions, the SCSO method exhibits high 

tracking accuracy, averaging 99.98 %, with a shorter 
tracking time. Additionally, an average accuracy of 
99.92 % is reported under PSC. Overall, SCSO has a 
tracking accuracy rate of 99.94 % with quicker tracking 
time and minor oscillation. The SCSO algorithm 
distinguishes between local and global peaks, even in 
the presence of shadows. Comparative analyses with 
other bio-inspired methods consistently position SCSO 
at the forefront. Friedman rank tests further confirm 
SCSO's significant superiority over other evaluated 
MPPT methods. SCSO was ranked in the top place, 
followed by TSA, GWO, and PSO. Despite these 
successes, the proposed SCSO MPPT algorithm 
exhibits limitations, particularly challenges in 
parameter initialization. The remarkable results from 
the SCSO-MPPT technique underscore its efficacy and 
superiority in enhancing the optimal power of PV 
systems, especially when prioritizing in energy 
harvesting. 
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