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Enhanced variable step sizes
perturb and observe MPPT
control to reduce energy loss in
photovoltaic systems
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This study proposes a modified variable step-size perturb and observe (VSS-P&O) control to improve
the efficiency of photovoltaic (PV) systems. Traditional VSS-P&O control often suffers from power
losses due to rapid variations in solar irradiance, temperature, and resistive load. The proposed
approach enhances the maximum power point tracking technique by incorporating a buck-boost
converter to regulate the input and improve tracking accuracy. MATLAB simulations show that the
new method significantly outperforms conventional methods, achieving a relative improvement in
performance and an 80% reduction in power ripples under varying conditions. Compared to traditional
algorithms, the proposed approach reduces response time and undershoots by 30%, demonstrating
superior reliability and performance. These findings highlight the effectiveness of the proposed
method in addressing power loss issues and improving the overall performance of PV systems, making
it a promising solution for future applications.
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Abbreviations

MPP Maximum power point

PV Photovoltaic system

FL Fuzzy logic

MPPT Maximum power point tracking
P&O Perturb and observe control
VSS Variable step-size

EE Electrical energy

PSO Particle swarm optimization

ES Energy system

FOSC Fractional-order synergetic controller
PI Proportional-integral controller
RCC Ripple correlation control

IC Incremental conductance

IR Incremental resistance

REs Renewable energies

SMC Sliding mode control

TOSMC Third-order sliding mode control

FOISMC  Fractional-order integral sliding mode control
SSE Steady-state error

STC Super-twisting control
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SVM Space vector modulation
DPC Direct power control

Currently, the production of electricity is insufficient to meet the increasing consumer demand, prompting
researchers to explore various electrical energy (EE) sources!. A significant portion of global EE comes from
environmentally harmful sources such as gas and oil derivatives, contributing to climate change through pollutant
emissions”. The use of non-renewable sources increases production and consumption costs, leading to social and
economic challenges in non-oil countries. Proposed alternatives include renewable energy sources (RESs) like
solar energy (SE)°, wind energy (WE)*, and sea waves®, which are widely available worldwide®. These energy
systems (ESs) are cost-effective and simple to harness, addressing the rising demand for EE while reducing
production and consumption costs’. These systems often rely on converting mechanical energy (ME) into EE?,
reducing the need for electrical lines and protecting the environment and agricultural land®. The author believes
in the work?, that renewable energies (REs) will have a major impact on human life in the future, which requires
giving them great importance at present and trying to develop them to achieve the goals sought from their use.
According to the work done in', the use of REs allows to significantly reduce the severity of the high demand
for EE. Also, the use of these various energy sources allows reducing the costs of producing and consuming
EE, which allows economic growth for governments in non-petroleum countries. These sources are many and
varied, as several sources can be used together or each source alone to generate EE. In'2, the author used WE as
a source for generating EE, where a multi-rotor wind turbine (MRWT) was used to convert WE into ME. The
importance of this ES in the field of EE generation was discussed, as the results showed the effectiveness of the
ES and its ability to improve the characteristics of the wind farm. The negative of this ES is that it is expensive
and requires regular maintenance as a result of it containing a large number of mechanical components. Relying
on MRWT to generate EE will significantly change the concept of ESs, as a single MRWT turbine can be used
to supply power to an entire city'®. Also, the use of MRWT allows to significantly reduce the area of wind farms,
which further reduces the cost of producing EE, which is desirable!*. In'%, the author used WE along with SE
to generate EE. The use of this hybrid ES allows for an increase in energy production and reduces the severity
of the use of traditional sources in generating EE, as the use of this ES allows for reducing the phenomenon of
global warming. The simulation results showed the effectiveness and high performance of this system under
different climatic conditions. This system was discussed in detail in the work done in'®, where its positives and
negatives were mentioned, along with mathematical modeling of each part of it. However, relying on this ES
has drawbacks, such as difficulty in control, high costs, and not storing surplus energy, which is negative. In the
work!’, the author used SE to generate EE while storing the surplus energy in batteries. This system is of great
importance as it generates and stores energy at the same time. This system was implemented in the MATLAB
environment using several scenarios to verify the efficiency of the system. The simulation results showed the
extent of its efficacy and effectiveness. However, this system has disadvantages that lie in the high costs of using
batteries, as their use increases the costs of the system and the degree of difficulty in controlling it. Also, under
difficult weather conditions, there is a large fluctuation in supplying the network with the necessary energy,
especially when the duration of bad weather increases and the battery becomes unable to supply the network
with the necessary energy. In the work!8, WE, SE, and a diesel generator (DG) were used to generate EE. This
system relies mainly on generating EE using both SE and WE and in difficult weather conditions, a DG is relied
upon to compensate for the use of SE and WE in generating EE. Therefore, this system can generate energy in
all difficult weather conditions. This ES was tested using MATLAB, and the results showed the effectiveness
and importance of this system. Despite this performance, this system has drawbacks that limit its spread, as it
is characterized by complexity, high costs, and difficulty in implementation. Also, this ES does not depend on
storing surplus energy, which increases energy and financial losses.

Energy quality and costs of energy production are some of the most prominent features that must be focused
on in selecting and implementing ESs, as energy quality plays an important role in the effectiveness of the
network and the operation of the systems!®. Therefore, it is necessary to choose an ES based on specifications
such as high durability, ease of implementation, fast response time (RT), low costs, ease of control, and reduced
use of traditional sources and the spread of toxic gases®®. The author believes in the work?! that the control
approach has a major role in increasing system durability, and power quality, and reducing costs. Therefore, in
this work, a simple ES is proposed that relies on the use of SE to generate EE, while using a control approach
characterized by high performance and great durability.

The photovoltaic (PV) system is one of the most important systems proposed and used for generating EE due
to several features that make it different from other systems?2. This system relies on the use of PV cells in the form
of panels, as they are characterized by simplicity, inexpensive, and easy to manufacture, which allows their use to
reduce the costs of production and consumption of EE. Also, using a PV system helps reduce toxic gas emissions
and protects the environment from pollution, which is desirable. This system is easy to use and does not require
large areas, as solar panels can be placed on the roofs of houses, allowing for reducing production costs and EE
consumption. Compared to WTs, PV systems based on SE are considered one of the most prominent ESs due to
their ease of operation, availability of SE year-round, environmental friendliness, and cost-effectiveness?®. This
study focuses on generating EE from PV systems, with particular emphasis on the control approach.

As is known, PV systems operate silently compared to WE systems that cause noise, and this feature makes
this system widespread and desirable?!. This system can be used in street lighting, water pumping, and electric
vehicles, and can be integrated into hybrid ES modules. However, PV cells have relatively low conversion
efficiencies (15-30%) compared to other energy sources. Maximum power point (MPP) tracking (MPPT)
strategy is a technology used to control a PV system?®. This approach is characterized by simplicity, inexpensive,
easy to use and apply, and its use does not require knowledge of the mathematical model of the system?®.
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Various MPPT approaches have been developed, such as Hill-climbing?’, neural networks?, fractional short
circuit current?, fractional open-circuit voltage®’, incremental conductance (IC)*!, perturb and observe (P&0)*2,
fuzzy logic (FL) control®, particle swarm optimization (PSO) algorithm?*, backstepping control (BC) strategy™,
incremental resistance (IR)*, and ripple correlation control (RCC)¥. Among these, the P&O technique has
gained significant attention but faces challenges with power loss during rapid changes in atmospheric conditions,
as highlighted in previous studies®®. To address this, solutions incorporating changes in current (AI), power (AP),
and voltage (AV) have been proposed®. Modifications such as a modified P&O algorithm?’, a PSO-based neuro-
fuzzy approach?!, and a crow search algorithm*? have been suggested. Additionally, in*, the author introduced a
novel MPPT model for PV systems using a nonlinear approach known as the neural BC approach. This modified
approach is renowned for its robustness, high competence, simplicity, and ease of implementation. MATLAB
simulations confirmed that the MPPT technique based on the neural BC approach outperforms the traditional
approach in terms of performance, robustness, steady-state error (SSE), overshoot, and power quality. Neural
networks are combined with sliding mode control in* to obtain a strategy that can overcome the problems of
the MPPT approach of PV system. The proposed strategy is compared with the MPPT-P&O technique, MPPT-
FL strategy, and MPPT strategy based on the neural proportional-integral (PI) controller. The proposed strategy
is implemented in a MATLAB environment, where the obtained results show the efficiency and effectiveness of
the proposed approach in improving the characteristics of the PV system compared to other strategies in terms
of improving the quality of power and current. In*, the crow search algorithm was used to improve the MPPT
strategy characteristics of the PV system. This strategy is characterized by simplicity, ease of implementation,
low cost, and excellent performance. The results showed that using the crow search algorithm outperforms the
traditional approach in terms of improving the quality of power and current.

The double integral sliding mode approach is the solution proposed in“® to improve the characteristics of the
MPPT strategy of the PV system. This strategy differs from the traditional strategy in terms of principle, durability,
performance, and results provided. Simulation and experimental work were used to ensure the robustness and
effectiveness of the proposed strategy while comparing the results with the traditional strategy. The proposed
approach reduced the energy ripples and SSE value significantly compared to the conventional approach. Using
the double integral sliding mode in the strategy creates the problem of chattering, which is an undesirable
negative. A new MPPT strategy is proposed in*’ based on the use of the bacterial foraging optimization (BFO)
algorithm to increase the performance. This proposed strategy is used to control the DC-link capacitor voltage
of a solar PV converter. The use of this proposed strategy allows for optimal control of active and reactive
power. MATLAB was used to implement the MPPT-BFO strategy based on different scenarios. The simulation
results showed that the overshoot and settling time values in the case without solar-PV inverter were 44.32%
and 5.2 s, respectively. In the case with solar-PV inverter, the settling time and overshoot values were estimated
to be 3.02 s and 7.66%, respectively. In the case with the MPPT-BFO-based solar-PV inverter, the overshoot and
settling time values were estimated to be 3.88% and 1.1 s, respectively. Therefore, using the MPPT-BFO strategy
leads to a significant improvement in the values of both settling time and overshoot. Also, the results showed
that the power quality is higher in the case of using the MPPT-BFO strategy compared to the conventional
approach. Bacterial swarm optimization (BSO) algorithm is proposed in*® to overcome the drawbacks of the
MPPT strategy of PV-STATCOM (Static synchronous compensator). This proposed strategy is different from
the traditional strategy. The proposed strategy is characterized by high robustness, excellent performance, easy
implementation, and low cost. Using this proposed strategy does not require knowing the mathematical model
of the system under study accurately, which gives this strategy an advantage in case the machine parameters
change compared to the traditional approach. MATLAB was used to implement and verify the efficiency of
this proposed strategy, comparing the results with the traditional MPPT approach. The simulation results show
that the MPPT-BSO approach improves the overshoot and settling time by 82.53% and 70.28%, respectively,
compared to the conventional approach. These improvements make the MPPT-BSO approach interesting for
other energy applications. In*, a comparison of three smart strategies is proposed to find out the best strategy
that has the greatest efficiency in improving the MPPT of PV-plant operates as VSC (Voltage Source Converter)-
STATCOM (Static synchronous compensator). These three smart strategies are the PSO algorithm, the BFOA
(Bacterial foraging optimization algorithm), and the hybrid PSO-BFOA. These proposed strategies were used
to mitigate and control the power fluctuations of a PV farm. MATLAB was used to implement these proposed
strategies, and the simulation results showed that the MPPT strategy of the PV system based on the hybrid PSO-
BFOA algorithm is superior in terms of mitigating the power fluctuations and improving the dynamic response
of the output power of the PV system.

Despite the promising results, there are drawbacks to the designed approaches. These include power and
current ripples, which are undesirable. In*, a fractional-order integral SMC (FOISMC) was used to control
a three-phase grid-connected PV inverter. The system simultaneously generates and filters energy, making it
significant in the energy field. The FOISMC strategy was used alongside a PSO approach for gain estimation,
leading to satisfactory results. The approach outperformed conventional PI regulators in terms of performance,
robustness, and competence. In°!, the author proposed a super-twisting control (STC) based on a genetic
algorithm (GA) to improve both direct power control (DPC) and MPPT of PV systems. This method is
simple, inexpensive, and model-independent, with a notable reduction in total harmonic distortion and power
fluctuations. The approach also improved the DC link voltage and overall system stability.

An enhanced Beetle Antenna Search (e-BAS) was used in®? to control a solar PV system. This approach
provided high robustness and efficiency without requiring a model of the ES, showing superiority over traditional
methods in terms of power quality and reducing energy fluctuations. In the work®?, it was proposed to use
coordinated voltage control to improve the characteristics of the PV system. This work aims to reduce energy
loss while keeping the voltage within reasonable limits, where a discrete jellyfish search algorithm was presented
to calculate the gain values of the proposed approach and to achieve the best results. Simulation was used to
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verify the effectiveness and efficiency of the proposed approach in improving power quality, where several
different tests were used. Simulation results show that the proposed approach significantly reduces energy usage
as well as losses and voltage variation.

Other nonlinear controllers, such as a simplified STC**, and an integral robust nonlinear BC approach®®, have
also been designed to improve the MPPT strategy and DPC technique. These controllers are characterized by
simplicity, robustness, and high efficiency, though they face challenges related to complexity and the number of
parameters required for tuning. In%, a synergetic control (SC) approach was highlighted as improving system
robustness and dynamic response compared to conventional PI controllers. The use of fractional-order SC
(FOSC) strategy further enhanced power and current quality, though power fluctuation issues persist. In*’, the
author combined supervised learning and deep reinforcement learning techniques to improve the characteristics
of the PV system. This strategy is characterized by high performance and great effectiveness in improving power
quality, and this is shown by the simulation results compared to the traditional strategy. Also, using this suggested
approach helps track the global MPP, which is positive. The predictive control approach®® was suggested to
improve system durability and reduce errors, though its complexity and cost remain a concern.

In conclusion, the key challenge in PV system control lies in selecting the appropriate control strategy to
enhance system performance and power quality. This underscores the need for further research into simpler yet
efficient solutions that balance robustness, simplicity, and cost-effectiveness.

Existing MPPT approaches for PV systems, such as fixed-step P&O strategy, variable step-size P&O
(VSS-P&O) strategy, and heuristic techniques like the PSO approach and FL strategy, have shown significant
limitations. These include energy loss during rapid environmental changes, slow response time, and
computational complexity. Addressing these challenges, this paper proposes a modified VSS-P&O algorithm
designed to enhance the MPPT strategy process. The proposed method offers improved energy efficiency, faster
RT, and simplicity in implementation, making it a robust solution for minimizing energy loss under dynamic
operating conditions. The results demonstrate its superiority over conventional methods in terms of reduced
energy loss, faster tracking, and enhanced stability.

A critical review of existing literature reveals that existing solutions for power loss optimization in PV
systems yield unsatisfactory results. To address this, the paper proposes an innovative approach to minimize
power loss during rapid changes in solar irradiation (SI), temperature (T), and resistive load (RL). The proposed
method incorporates derivative functions (AG/At, AT/At, ARL/At) and changes in SI (AG), T (AT), RL (ARL),
power (AP), and voltage (AV) within a modified VSS for the MPPT-P&O technique. The proposed MPPT-P&O
approach based on modified VSS is a modification and development of the MPPT-P&O technique. Simplicity,
ease of realization, high performance, great robustness, and effectiveness in improving the characteristics of the
system under study are among the most prominent features of the proposed approach. The primary objective
of this study is to develop a robust and efficient modified VSS-P&O algorithm tailored to enhance the MPPT
strategy of PV systems. The proposed approach addresses the challenge of energy loss during rapid variations in
solar irradiance, temperature, and resistive load by integrating derivative functions and adaptive decision-making
processes. This method significantly improves system responsiveness by reducing RT, undershoot, and power
ripples, thereby ensuring faster dynamic performance and greater stability compared to traditional techniques.
The study also focuses on maximizing solar energy utilization and minimizing energy losses, contributing to
improved sustainability and reduced dependence on non-RESs. The effectiveness of the algorithm is rigorously
validated through MATLAB simulations under varying environmental and load conditions, demonstrating
superior performance metrics such as higher efficiency, reduced energy drift, and enhanced robustness.
Additionally, the study establishes a scalable framework for future enhancements, including its potential
application in hybrid systems and under partial shading conditions, paving the way for further advancements
in the field of RE systems.

Therefore, the MPPT-P&O approach based on modified VSS is the main contribution of this paper.
Developing an effective strategy for responding rapidly to changes in SI, T, and load is a significant challenge
in SE. The proposed approach overcomes this by creating models and ESs that adapt quickly to environmental
variables and operating conditions. The proposed strategy was implemented in the MATLAB environment,
comparing the performance and efficiency with the traditional strategy, where several different tests were used
to study the performance of the proposed approach. The objectives achieved from this completed work can be
identified in the following points:

« Enhanced variable step size perturbation: The step size perturbation is finely tuned to adjust to rapid environ-
mental changes, ensuring maximum SE conversion efficiency without oscillations.

o Accurate data reading and decision-making: The approach ensures precise data collection, which is crucial for
making fact-based decisions and optimizing MPPT performance.

« Improved SE utilization and reduced losses: By increasing the efficiency of SE usage, the method minimizes
losses, thereby improving sustainability and maximizing RE utilization.

« Significant progress in the SE field: This method contributes to advancing PV systems, offering the potential
for wide application to enhance their role in RE.

In addition to the above-mentioned goals, using the proposed approach allows for improving the dynamic
power response compared to the traditional approach. Moreover, its use leads to a reduction in both ripples and
the undershoot value of power compared to traditional techniques.

In conclusion, the proposed approach significantly improves PV system efficiency, helping reduce reliance on
environmentally harmful energy sources and mitigating harmful emissions.
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Fig. 1. PV system.

Parameter | Value

C, 560 pF
o 560 pF
L 350 uH

Table 1. DC-DC-BBC parameters.

Fig. 2. PV cell model. Where, R Series resistance of the PV module; I , - PV stream source; D: Diode
connected in parallel; Vo PV voltage; R, Shunt resistance; I v Difference between the photocurrent I o and
the diode stream I, and I, which is given by Eq. (1).

The structure of the article is as follows: section “PV system and its model” presents the PV system and its
model, section “Modified VSS-P&O approach” modifies the VSS-P&O approach, section “Simulation analysis”
introduces the simulation analysis, and section “Conclusions” concludes with the main contributions.

PV system and its model

The ES arrangement depicted in Fig. 1 aims to regulate the MPP of the PV module and steer the ES towards an
operational point near the MPPT technique®. This proposed system is simple, inexpensive, easy to implement,
and low maintenance. Relying on this system allows for the reduction of dependence on traditional energies and
thus protects the environment, which is a good thing. This system can be used on the roofs of buildings, allowing
the reduction of SE farms. The power output from this system changes depending on the change in SI, T, and
the resistive load.

The PV module’s output is linked to a DC-DC buck-boost converter (DC-DC-BBC), a crucial element in the
operation of the MPPT technique. The specifications for the DC-DC-BBC component are detailed in the Table
1. The MPPT technique manages the duty cycle (D) of the DC-DC-BBC to attain MPP. The system’s output is
connected to both a fixed (10 Q) and a variable resistive load (Ranging from 5 Q to 8 Q and then from 8 Q to
5Q).

PV model

The PV system is one of the simplest ESs that has been used in recent years due to its low cost and ease of
maintenance®, as its use does not require complex technology. This system relies on solar cells similar to a
diode with a PN connection, as these cells work when exposed to the sun to convert this light ray into an electric
current®!. To obtain the necessary energy, several solar panels must be used. According to the work done in®,
controlling the PV system is simple and does not require the use of complex strategies, as the MPPT strategy
can be used for this purpose. Despite the advantages of this system and its high ability to mitigate the severity
of global warming and the high energy demand, it is characterized by drawbacks that limit its spread, such as
energy ripples and fluctuations in EE production in difficult weather conditions. The mathematical model for
a PV cell is simple, and this model was discussed in detail in the work done in%. This model of a PV cell is
represented in Fig. 2.

Ipy = Ipn — 1qg — Isp (1)
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)

Ipv = In — 1o [exp <qVPV + quIPV) B 1} _ Vpv + Rslpv

N.,KTa Rsp

I is the saturation stream, K is Boltzmann's constant (1.38 x 1072 J/K), q is charge of an electron (1.6x 107" C),
a is diode ideality factor, and N, is the number of cells in series.

I o is expressed as,

G

Iph = [ISC + Ksc (T — 298)} Goo

3)

where, I is the short-circuit stream at standard test conditions, G (W/m?) is the SI on the cell surface, and K is
the short circuit stream coeflicient.
I is influenced by the temperature according to the following equation,

Isc + Ksc (T —298)

I, = .
exp [Voo + Kv (T —298) /a x V] — 1 (4)

V,, is the thermal voltage of the cell, which is expressed as,
Vin=(K xT)/q 5)

DC-DC-BBC model
The DC-DC-BBC in the studied PS functions as a buck-boost chopper, serving as an impedance adaptor. By
adjusting the D, it aligns its input impedance with that of the PV module to achieve MPPT technique. Figure 3
represents the architecture of the DC-DC-BBC used in this paper. Component specifications are listed in Table
1. The MPPT technique is realized by measuring the PV module’s electrical parameters and using an MPPT
controller to drive D%

Equation (6) represents the input and output voltages. Using Eq. (6), the ratio of Output voltage from the
converter to Input voltage to the converter is calculated. This ratio is related to the Duty cycle.

1% D
- 6
Vpv 1-D ©
where, Vs Input voltage to the converter, V,: Output voltage from the converter, D: Duty cycle.
Equation (7) represents input—output powers.
Ppy = Pr (7)
With:
Vv x Ipy = VL x I (8)
Vi _ Ipy ©)
Vpv Ir
where, I,,: Input current to the converter, I;: Output current from the converter.
Ipy D
- 10
Iy 1-D (10)
The input impedance (R,,) can be expressed as:
Vpv
o= Y 11
in =7 (11)
Diode I
Ipy L
> e L]
™~
VPV C
- L A S ¥

Fig. 3. DC-DC-BBC model.
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Substituting Egs. (6) and (10) into Eq. (11), the DC-DC-BBC input impedance can be expressed as:

(1-D)? v (1-D)

Rin - D2 X Z - D2

X Ry, (12)
From Eq. (12), this can be seen by changing D, the value of R, can be varied and matched with the optimal input
impedance (Ropt) of the PV panel at the MPP for R;, where:

Vurpp
Ropt =

13
Ivpp (13)

Switching transients in the buck-boost converter introduces voltage and current fluctuations, leading to
increased energy losses and potential stability issues. High-frequency switching events generate transient spikes
that can impact the converter’s efficiency and reliability. The proposed control method addresses these issues
by incorporating an adaptive step-size mechanism that dynamically adjusts the duty cycle to mitigate transient
oscillations. This ensures smoother voltage regulation and reduces power losses associated with abrupt switching
transitions.

Conventional variable step size P&O control

The VSS-P&O is a variant of the P&O algorithm, where the step size is automatically adjusted for fast and
accurate tracking®. A large perturbation improves dynamic performance, while smaller values enhance steady-
state accuracy. The D with adaptive step size is defined as follows®.

ADVSS::EMX|P(t)—P(t—l))/V(t)—V(t—l)l (14)

where, M is the scaling factor, tuned during design. Power loss affects the VSS-P&O algorithm more significantly
under rapid changes in SI due to the large perturbation value. Figure 4 illustrates the VSS-P&O algorithm.

In this work, the duty cycle D plays a central role in controlling the input-output behavior of the DC-DC
buck-boost converter. While Eq. (6) provides the fundamental relationship between the input voltage (V) and
the output voltage (V), the dynamic adjustment of D is influenced by the AVSS. The perturbation size AVSS
dynamically adapts based on the proximity of the operating point to the MPP: larger perturbations ensure faster
convergence when far from the MPP, while smaller perturbations enhance accuracy near the MPP, minimizing
oscillations. This adaptive adjustment indirectly modifies D, ensuring optimal tracking of the MPP under varying
environmental conditions. Consequently, AVSS is a critical factor influencing the efficiency and accuracy of the
MPPT algorithm, even though it does not explicitly appear in Eq. (6).

In this study, the PV panel was tested under three scenarios:

v

[ Measure V(1) . I(1) ]

v
[ P@)=¥ Ox 10 ]

AP = P(t)-P(t-1)
AV =V (@)-V(-1)

AP

s = M x

\ A / v v v

RETURN

Fig. 4. Traditional VSS-P&O approach.
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1. The rapid change in SI, with T and resistive load, held constant.
2. The rapid change in T, with SI and resistive load, held constant.
3. The rapid change in resistive load, with SI and T, held constant.

Figure 5 shows the three scenarios applied to the PV panel. In the first case, the T value is fixed at 25 °C, and the
resistive load value is set at 10 ohms. Also, the SI value changes upward from 600 W/m?, then 800 W/m?, then
1000 W/m? during periods 0's, 3 s, and 6 s, respectively.

In the second case, the SI value is fixed at 1000 W/m? and the resistive load value is fixed at 10 ohms. Also,
the reduction of the value of T is changed from 48 to 46 °C at the time point of 5 s. The value of T is raised from
35 to 45 °C at the time point of 5 s. In the third case, the values of SI and T are fixed at 1000 W/m? and 25 °C,
respectively. Also, the resistive load is changed by ascending from 5 to 8 ohms at the 3-s time point and the
resistive load value is changed by descending from 8 to 2 ohms at the 3-s time point.

Power loss problem analysis
Power loss problem analysis during rapid change of SI
In Fig. 6, it is observed that the VSS-P&O causes power loss during rapid changes in solar irradiance (SI). Figure 7
provides a detailed explanation of this issue. When the SI is 600 W/m?, the power is 37.53 W. However, when
the SI rapidly increases from 600 to 800 W/m?, point 1 (37.53 W) shifts to point 2, then to point 4 (34.91 W),
instead of reaching point 3 (50 W), resulting in power loss. Similarly, when the SI suddenly rises from 800 to
1000 W/m?, point 3 (50 W) moves to point 5, then to point 7 (43.22 W). This issue arises due to errors in the
MPPT tracking direction, as VSS-P&O relies on AV and AP, which provide inaccurate information during rapid
SI changes, leading to power loss.

At point 1 the voltage is equal to 20.38 V and the energy is 37.53 W, and when the SI changed rapidly, point
1 moving to point 2 (20.95 'V, 49.39 W), this means that the change is:

AV =20.95-20.38 =0.578 V, AV >0
AP =49.38—-37.53 =11.86 W, AP >0

Because (AP/AV) > 0 the VSS-P&O algorithm thinks it is still moving in the same direction to find the MPP,
it maintains a large and negative VSS perturbation (ADvss = —M x |AP/ AV) and this is what causes the
energy loss problem.

Figure 8 shows the problem of energy loss when rapidly decreasing in the level of SI.
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Fig. 5. Different cases of atmospheric conditions.
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It is observed from Fig. 8b that when a rapid decrease in SI occurs, point A (20.24 V, 62.21 W) from the first
level curve (1000 W/m?) moves to point B (19.69 V, 49.58 W) from the second level curve (800 W/m?) near the
MPP (P, ). This change generates the following:

max:

AV =19.69 — 20.24 = —0.55V, AV <0
AP =49.58 — 62.21 = —12.63w, AP <0

In this case, the VSS-P&O algorithm takes the right direction search to make A Dy ss negative, but the rapid
change in SI causes it to make a wrong decision and this gives it a large step size perturbation ADy g5 (shows
Figs. 9 and 10) which causes the transition to point C (22.37 V, 40.9 W) far to P, , causing energy loss problem.

Power loss problem analysis during rapid change of T
Figure 11 illustrates the problem of energy loss when rapidly decreasing in T. The T change from high (48 °C) to
low (46 °C) increases the output energy of the PV panel as shown in Fig. 11a. The rapid change in T causes the
problem of energy loss, as shown in Fig. 11b1.

At T=48 °C, the MPP on the PV curve (Fig. 11c) is at point A (18.78 V, 58.01 W). When T rapidly decreases
to 46 °C, point A moves to a higher PV curve, reaching point B (18.79 V, 58.36 W), away from the original
maximum point.
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Fig. 11. (a) Power loss problem during decrease of T, (b) PV module output voltage in decrease of T, (c) PV
curve during rapid decrease of T, (d) Step size perturbation during rapid decrease of T, and (e) D during rapid
decrease of T.

AV =18.79—-18.78 =0.01 V, AV >0

At point B: {AP = 58.36-58.01 = 0.35 W, AP >0
At this moment, VSS-P&O technique moves in the correct search direction, but the rapid change in T causes an
incorrect decision, resulting in a large step-size perturbation (as shown in Fig. 11d1). This shifts point B to point
C (19.25V, 58.2 W), which is far from P .o causing energy loss.

Att=5satpoint C(AV > 0, AP < 0) the VSS-P&O decreases D significantly using a large VSS perturbation
(Fig. 11e), moving point B to point C, far from point D (MPPT), which caused energy loss.

Applying the same method, when the PV panel experiences a rapid temperature increase (from 35 °C to
45 °C), the results shown in Fig. 12 are obtained.

It is observed from Fig. 12 that when a rapid increase in T occurs from 35 °C to 45 °C, the maximum point
A (19.59 V, 60.39 W) located on the higher PV characteristic curve moves to point B (19.49 V, 58.11 W) of
the lower PV feature curve to the left of the new operating point D (18.97 V, 58.57 W), at this moment the
information is (AV < 0, AP < 0) and the VSS-P&O algorithm decreasing the D by a big VSS perturbation,
which makes point B moves to point C (19.79 V, 57.37 W) away from operating point D, this error causes the
problem of energy loss.

Power loss problem analysis during rapid change of resistive load
Figure 13 represents the waveform, at STC algorithm (G=1000 W/m?, T=25 °C), in rapid increase of resistive
load (shown in case 3 of Fig. 5al). Initially, the load resistance is set to R=>5 Q, which is lower than the optimal
resistance (Ropt=6.552 Q). At t=3 s, it rapidly increases to R=8 Q. At t=3 s when a rapid resistive load exists,
the operating MPP A (20.22 V, 62.21 W) as presented in Fig. 13c moves to point B (22.21V, 52.43 W).

At point B, the P&O-VSS algorithm detects this change. To return to the operating point, the D must be
adjusted to its optimal value, Dopt.

P&O-VSS algorithm increases the D by a variable small step size as depicted in Fig. 13e and moves point B
to point C (MPPT) slowly, and then causes the occurrence of the energy loss problem as shown in Fig. 13al.

Figure 14 illustrates the power loss problem during the rapid increase of resistive load. At point B the P&O-
VSS technique detected that AV < 0 and AP < 0, at this moment P&O-VSS technique decreased the D by a
variable small step size as shown in Fig. 14e. The slow speed research due to small step size perturbation moves
point B to point C (MPPT) quickly then causing the Energy loss problem as shown in Fig. 14al.
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Modified VSS-P&O approach
The rapid change of SI, temperature, and resistive load causes the VSS-P&O technique to make the wrong
decisions to extract the MPP (loss power problem), these wrong decisions are the error of search direction to
find a MPPT technique and the error in the step size perturbation (large value In the case of rapid change of SI
and T and small value in the case of rapid change of resistive load).
Solution method during the rapid change of SI
Figure 15 illustrates the MPPT method under a rapid increase in solar irradiation (SI). Figure 15a, ¢ show
that when a sudden increase in SI occurs, point A jumps to point B, which is near point C (MPPT technique).
However, it then moves directly to point D, far from C. This behavior is due to the information obtained by the
VSS-P&O method. Because the step size is large, point B moves to D, which is far from C (MPPT technique).
To overcome this drawback, a modified VSS-P&O technique was implemented. The results obtained through
this modified VSS-P&O technique are illustrated in Fig. 15b, d.
The approach used to solve the energy loss problem during the rapid increase of SI is as follows:
1. If|AG/ At| < € the VSS-P&O algorithm working;
2. If|AG/At] > &, AT = 0and ARy = 0 stop the VSS-P&O technique to work (the switch S=0).
o If AG >0, AP > 0and AV > 0, so in this case, inverse the search direction by using the new posi-
tive small VSS ADy, where ADy = +K x |AP/AV|, where K is a much smaller scale factor than M
(K<<M).
o IfAG >0, AP > 0and AV < 0, so inverse the search direction by using the new negative small VSS
ADp,where ADy = —K x |[AP/AV).
Through Fig. 16a,c at the rapid decrease in SI, point A jumps to point B near point D (MPPT technique). At
point B the VSS-P&O technique receives the information by both parameters A P and AV and taking the search
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Fig. 13. (a) Energy loss problem during increase of resistive load, (b) PV module output voltage in increase
of resistive load, (¢) PV curve during rapid increase of resistive load, (d) Step size perturbation during rapid
increase of resistive load, and (e) D during rapid increase of resistive load.
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Fig. 14. (a) Energy loss problem during decrease of resistive load, (b) PV module output voltage in decrease
of resistive load, (¢) PV curve during rapid decrease of resistive load, (d) Step size perturbation during rapid
decrease of resistive load, and (e) D during rapid decrease of resistive load.
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case of positive AP and Negative AV, and (d) Modified VSS-P&O method in case of positive AP and negative
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AV.

direction to find the maximum point D (MPPT technique), but a large step size A Dy s makes B move to point
C far from point D causing the energy loss.

To solve the energy loss problem during the rapid reduce in SI we take the following steps:

1. If|AG/ At| < & make the VSS-P&O technique in state on.
2. f|AG/At] > e, AT = 0 & ARy, = 0 stop the VSS-P&O technique to work (the switch S=0), then:
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« IfAG <0, AP < 0and AV < 0 so in this case, the keep the same search direction by using the new
negative small VSS perturbation ADy = —K X |[AP/AV|.

o IfAG < 0,AP < 0and AV > 0so in this case, keep the same search direction by using the new positive
small VSS perturbation ADy = +K x |AP/AV].

Figure 16b,d illustrate that after applying the modified approach, we successfully eliminate the issue of power
loss.

Solution method during rapid change of T
Figure 17 represents the different cases in which energy loss occurs during a rapid increase in decrease in T.
If we want to apply the same previous method that we applied during the rapid change in SI, then the method
will succeed only in cases 1 and 2, but in cases 3 and 4 it will fail in one of them because they share the same
conditions (AT < 0, AP < 0and AV < 0) as shown in Fig. 17¢,d.

To make the modified VSS-P&O technique more efficient, during rapid T change, we varied its function from
a VSS to a small constant step size to avoid decision error.

The Energy loss problem can be solved by using evaluating and changing Eq. (14) to become as follows:

ADyss = £M x a|P (t) — P(t — 1))/ V (£) — V (t — 1)| £ BADpss (15)

where, a and P are positive real numbers that are either 0 or 1.
Other parameters are used such as AT (change of T) and ¢ to capturing the rapid change of T.

1. If|AT/ At| < e, in this case the modified VSS-P&O technique make S=1, a=1, and =0 and working by:
ADygs =+M x |P(t)—P(t—1))/V(t)-V (t—1)|.

2. If|AT/At| > € AG = 0and ARy, = 0 in this case the modified VSS-P&O technique make S = 1, = 0
and 8 = 1, then:

a. If AP > 0and AV > 0 the modified VSS-P&O technique working by: ADyss = —SADrss
b. If AP > 0and AV < 0 the modified VSS-P&O technique working by: ADvyss = +8ADrss
c. f AP < 0and AV < 0 the modified VSS-P&O technique working by: ADyss = —SADrss

Solution method during rapid change of resistive load
Based on the above analysis shown in Figs. 13 and 14, the problem of power loss that occurs during rapid change
of resistive load is summarized as shown in Fig. 18.

In the first and second cases at point A, when a rapid change of the resistive load occurs up by a large value,
point A moves to the left of point B, far from point MPPT technique, but when the rapid change by a small value,
B is near point MPPT technique.

The MPPT-VSS-P&O technique does not allow for good handling under rapidly resistive load changes. In
the third and fourth cases, point A moves to the right to point B, further or nearer to the MPPT technique,
according to the change in the value of the resistive load (Fig. 19). The VSS-P&O technique fails to capture the
MPPT technique in four cases. All cases are related to incorrect step size perturbation during rapid increase or
reduction of resistive load with big and small values.
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Fig. 17. Energy loss problem of the VSS-P&O during PV module exposed to (a), (b) decreasing T, (c) and (d)
increasing T.
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As shown in Figs. 13 and 14, when a rapid change in the resistive load, the wrong decision in the small value
of the step size perturbation given by the VSS-P&O technique causes slowly speed to reach the optimal D (D
that corresponds to the MPPT technique, thus causing a loss energy problem.

To minimize power loss, the step size perturbation should be increased rather than decreased during rapid
changes in the resistive load. This ensures a faster convergence to the MPPT technique (Point C).

To solve the loss of power which is the main problem investigated in this research and as a contribution; a
new calculation of the VSS based on the MPPT-VSS-P&O technique has been developed. It can be noted that
the designed technique is described by the simplicity of modeling. The designed P&O-VSS technique process is
expressed by:

opt)

ADFM‘ARL;AP’ (16)
So the D during the rapid change of resistive load is:
D(t)—D(t—l)i/\x‘ARLXAP‘ (17)

2
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where, D(t) and D(t -1) are the present and previous D respectively.

AP: Change in power is determined as the difference between the new (at point B) and old values (at point
A);

ARy: Change in resistive load is determined as the difference between the new (at point B) and old values
(at point A).

A: Scale factor used to fine-tune the step-size perturbation at the design stage.

This idea is based on the use of the theory of shapes (triangle), which is a basic relationship in geometry. The
formula for the area of a triangle is half the product of its base and height, where the height represents the change
in power [P(t)-P(t-1)] and the base represents the change in the resistive load [(R,(#)-R, (¢-1)].

ARp =Ry (t)— Rr (t—1) (18)

Vi (t) Vi(t—1)
IL(t) Ip(t—1)

ARy = (19)

Based on this idea, a better estimate can be given for the step size by using the Eq. (17). Thus the length of the D
controls becomes very dynamic and fast during the rapid changes in resistive load.

During rapid change of resistive load, the modified VSS-P&O technique captures the change by
|AR L / Atl > e

To solve the energy loss problem at the rapid change of resistive load we take the following steps:

1. If|ARL/At] < e, the VSS-P&O technique in stateon (S = 1,a = 1 & 8 = 0).
2. If|[ARr/At| > ¢, AG = 0 and AT = 0 stop the VSS-P&O to work (the switch S=0), then:

o« IfAV < 0and AP < 0, the VSS-P&O technique is “off” and the D decreasing automatically by ADy.
3. IfAV > 0& AP < 0, the VSS-P&O technique is “oft” and the D increasing automatically by ADy,.

Simulation analysis

In this section, the modified VSS-P&O approach is implemented using MATLAB, where the effectiveness and
efficiency of this strategy in improving the properties of the studied system are verified. This proposed strategy is
shown in Fig. 20. Table 2 represents the system parameters used in this study. Several different tests are proposed
to study the performance and behavior of this proposed approach.

Test under variation in Sl with constant T (25 °C)
To verify the tracking competence of the modified VSS-P&O technique, the approach of Fig. 20 is realized in
MATLAB. Figure 21 represents the simulation results of this realization. The VSS-P&O, FL-P&O control, old
P&O technique, and modified VSS-P&O technique were simulated in the same different rapid change conditions
as shown in Fig. 21b. Figure 21a shows the comparison between the powers delivered by the VSS-P&O strategy,
FL control, old P&O technique, and modified VSS-P&O technique and the derivative curve of SI and the D. It
can be seen from these figures that the modified algorithm has succeeded in a large extent in capturing the rapid
change of SI as shown in Fig. 21c. The energy loss problem is solved by deactivating the VSS-P&O technique
and activating the modified VSS-P&O strategy by reversing the step size perturbation in the rapid increase of
SI by making it positive and small to do the research for the MPPT technique in the correct direction as shown
in Fig. 21d1 and keeping the same direction research of (MPPT) when the rapid decrease of SI exist by using a
negative small step size perturbation as shown in Fig. 21d2.

Figure 21 shows the behavior of the PV system to ward off different rapid changes in SI for the four approaches.

In Fig. 22, it can be seen that VSS-P&O, FL control, and old P&O approaches show a power loss problem
when there is a rapid change in SI, whereas it is this problem of energy loss does not exist in the case of the
modified VSS-P&O technique.

Test under variation in T with constant SI (1000 W/m?2)

Figure 23 represents the simulation results of the PV panel connected directly to a variable resistive load without
the presence of the DC-DC converter under a constant of SI (G=1000 W/m?) and different values of T: 35 °C,
40 °C, 45 °C, 46.80 °C, 48 °C and finally 50 °C.

Figure 23 shows that for each T there is a PV characteristic curve that differs from the PV characteristic curve
for another T value and thus a different MPPT approach for any T change as well shown in Fig. 23b.

The output PV power of the VSS-P&O strategy, FL control, old P&O technique, and modified VSS-P&O
approaches when the T varies rapidly are shown in Fig. 24. In each case, the SI is rested as 1000 W/m?, and the
T is rapidly increasing from 35 to 40 °C at 2 s, from 40 to 45 °C at 3 s, from 45 to 50 °C at 5 s, and rapidly reduce
from 50 to 48 °C at 6 s and finally increase from 48 °C to 46.8 °C at 7 s.

Figure 24 shows the modified VSS-P&O technique succeeded in tracking the MPP with zero oscillations and
avoiding the problem of energy loss compared with the other three approaches under the rapid changes in T.

Explanation of the proposed algorithmic steps
The algorithm for this designed approach is divided into four main parts, with each part playing a vital role in
achieving the algorithm’s ultimate goal.

Part 1. Variable definition and condition specification: This part is the most critical, as it involves defining
the variables necessary for the algorithm and specifying the conditions and criteria required to achieve the
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Fig. 20. Modified VSS-MPPT-P&O approach.

desired goal. This part focuses on capturing the MPP and addressing oscillation issues, thereby improving the
algorithm’s competence and ensuring its stability.

Part 2. Analysis of rapid changes in SI: In this part, essential information about rapid changes in SI is gathered
and analyzed accurately, with the application of the D illustrated in Fig. 20-Part 2.

Part 3. Analysis of rapid changes in load resistance: This part focuses on exploring rapid changes in load
resistance and analyzing available data, applying the appropriate D as depicted in Fig. 20-Part 3.
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Photovoltaic parameters

Parameter Value

I, (Short circuit current at standard conditions) | 3.25 A

R (Series-Resistance) 0.015 Ohm

A (Diode ideality factor) 1.2

I, (saturation current) 8.225x 10712 A
q (Electron charge) 1.6x107°C

K (Boltzmann constant) 1.38x 1072 J/K
T (Temperature at standard conditions) 25°C

V. (Open-Circuit Voltage) 248V

R, (Parallel-Resistance) 30 Ohm

G (Solar irradiation at standard Conditions) 1000 W/m?

N, (Number of solar cells in series)/panel 36

N, (Number of solar cells in parallel)/panel 1

Table 2. Simulation parameters.
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Fig. 21. (a) Comparison of PV power under variation in SI, (b) SI levels, (c) dG/dt curve, and (d) D.

Part 4. Analysis of rapid T changes: In this final part, rapid T changes are explored, and available data is
analyzed, with the application of the suitable D as depicted in Fig. 20 (Part 4).

In summary, the algorithm involves the process of defining variables and required conditions, analyzing
rapid changes in SI, load resistance, and T, and applying appropriate duty cycles to ensure stability and effective
system competence.

The steps of the algorithm can be summarized in Table 3.

Scientific Reports|  (2025) 15:11700 | https://doi.org/10.1038/s41598-025-95309-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

S - BN |
o o O o

Power (W)
w
o

31L---p e s — — R
2 30 f- NN deee R
g ; ; P&O (VSS)
29t - - AT ammmme e R Conventional P&O  H
s : s s Fuzzy
P Zoom5 , R o Modified P&O (VSS)
1:5 1.5:05 1.I51 1.5I15 1.I52 1.5;25 1.I53
Time (s)
: : : : ' Zero osalllatlon : :
31.215p--------- Ao s boeem--- o g R =
= \ \
= 31205 - - HEHEH VR E-RE VR A HAHR A A HE VS ==L S
> 5 : 5 5 5
31,195 fl--mnm o e Poemonnos P A LA LR i
. : Oscﬂlatlon : : : i Zoom 6 |
31.19K-z-ononn - doeoeneoiofoioiiooo.. Booeoooaon oo R foooeooon- i
1.7 1.72 1 74 1.76 1.78 1.8 1.82 1.84
Time (s)
Fig. 22. Zoom of power under variation in SI with T=25 °C.
—— T=35°C (19.66V, 60.39W)
—— T=40°C (19.34V, 59.48W) : : . : : : : 195 —
—— T=45°C (18.97V, 58.57W) I ] PEEEEE (- - - == 1 Rt Ly o - - -
—— T=46.8°C (18.93V, 58.23W) [ =~~~ me p ST ! ! ! !
T=48°C (18.84V, 58.01W) 1 E_ i + l-
--------- SEET\\\TEEEER I
—T=50°C (18.73V, 57.64W) I $ I
----- 57 A |\ SRS I3
| ' o :
----- S 4 shEEEEEE EEEEEEED RS |\ SR B = X 1897 ;
1 1 1 1 A~ 158.57 =
_____ [N oA N N —
) 1 1 1
1 1 1 1
[ 4 R I e e e e = | I -
1 1 1 1
1 1 1 1 56
5 10 15 2 % 184 186 188 19
Voltage (V) Voltage
(2) (b)

Fig. 23. (a) Different levels of T with G=1000 W/m? and (b) Enlarged view showing variations in T levels.

Figures 21d1, d2, 25c1, c2 illustrate the transient response of the buck-boost converter when subjected to
rapid changes in irradiance. The proposed control method significantly reduces overshoot and oscillations
compared to conventional VSS-P&O approaches, leading to improved voltage stability and minimized power
losses.

Test under variation in load resistance with constant SI (G=1000 W/m?2) and T (25 °C)
The PV panel is connected to a variable resistive load through a DC-DC converter with the MPPT strategy. The
VSS-P&O technique, FL control, old P&O technique, and modified VSS-P&O approaches are used to make a
comparison of their solve the energy loss problem, and the tracking ability. The tracking ability is studied in
terms of the energy loss problem, the steady-state oscillation, and the speed of RT during a constant and rapid
reduction and increase of the resistive load.
During the period of resistive load (R=5 Q) shown in Fig. 25, the modified VSS-P&O-MPPT technique
reduces the D to (D=0.465) and increases the input resistance R, by using Eq. (12) to match (R =6.552 Q).
The energy oscillation of the operating point around the MPPT technique using a modified VSS-P&O
strategy is zero oscillations than that of the old P&O technique.
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Step Description Condition Active parts | Objectives
1. Variable definiti d Defining the variables necessary for the algorithm Achieve the MPP
- varlable cehnition an and specifying the conditions and criteria required to | AG =0, AT =0, ARy, =0 Part 1 caieve the

without perturbations

2. Analysis of rapid changes in SI

Gathering information about rapid changes in SI and
analyzing it accurately

ARL =0, AT =0, |AG/At] > &

Eliminate the energy

Part 1+ Part 2
loss

load resistance

3. Analysis of rapid changes in

Exploring rapid changes in resistive load and
analyzing the available data

AG =0, AT =0, |ARL/At]| > ¢

Eliminate the energy

Part 1+ Part 3
loss

4. Analysis of rapid changes in T

Exploring rapid changes in temperature and
analyzing the available data

AG =0,ARy, =0,|AT/At]| > ¢

Eliminate the energy

Part 1+ Part 4
loss

Table 3. Steps of the designed approach.

Figure 25al, a2 show that the modified control was able to solve the problem of energy loss during the rapid
change of the resistive load. When the resistive load is rapidly increased from 5 Q to 8 Q as shown in Fig. 25a,
R,, increases rapidly from 6.522 Q) to 8 Q) at point B, shown in Fig. 25al. At this moment, the designed MPPT
technique tries to maintain the operating point of the PV panel by moving point B to point C rapidly by using
Eq. (17) to reduce the energy loss problem compared with other MPPT approaches, especially the VSS-P&O
technique and FL control which did not well estimate the step size perturbation during the rapid change of
the resistive load which makes it use small step size perturbation (decision error) and make point B move to
operating point C by a slow speed as shown in Fig. 25c1 and this is what causes the energy loss problem as shown

in Fig. 25al.

Scientific Reports |

(2025) 15:11700

| https://doi.org/10.1038/s41598-025-95309-y

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

=—P&0 (VSS) == Conventional P&O === Fuzzy ====Modified P&0 (VSS)

10 !
3 Co i RO 1, : . ORop: 6. 5520m G081 P19V | o
~ | oo oy | | P g
| RSO tlD o s Ohm | < [DRI:50hm (12514, 16,16V} v
L ; r(--'----‘--i\ * ; 52Decr.easaR.. ....... ::::_.:::;,__:._-,,. SO Vv
l b 1 l [ H I o _:.-—" l
Tl R | e
o . repistive fpa 4=
70 mifvekd L 0 .R28'0hm 26971“ 58
& 0 1 2 3 4 5 6 7 & 9 10 0 5 10 15 20 5
0 I Vol age W
S R i 'd"ﬁla' T
o ~ erd osc
| | | “// | |
Al 2 gk
E by I I I I
| | | |
§40 a%62-15 mmmepmeemeee Lhbbhy bl
. T R
419 419 42 4205 42 A5 4R 4
Time (s)

f=1
>

Duty Cycle
o
-~

Power (W)

B
6 600 604 606 608
Tine () (2)

Duty Cycle

1 1 I 1 1 1 1 I
Bt === f=mmfmmmfmmmfmmmmmnymnnn
I I I Zoom 4

[RYSYSY [ [ R e
I I I 1

[ [ [ 1
S R R Ry

0.52F

Duty Cycle
o
(&)

“hmmmh g

59 6 601 602 603 604 605 606 607 608
Time () (c2)

Fig. 25. (a) Variations in resistive load, (b) Comparison of PV power under variation in resistive load, (c) D,
and (d) Current-voltage features and optimal input resistances of the PV panel.

The designed MPPT technique increases the D from (D=0.464) to (D, ,=0.525) in a time equal to (3.01
s), while the other approaches were as follows: VSS-P&O (3.09 s), FL control (3.018 s) and old P&O technique
(3.028 s) as shown in Fig. 25cl.

The same approach applies when the resistive load is rapidly decreased from R, to 5 Q. From Fig. 25, it is
noted that the modified VSS-P&O technique gives satisfactory results compared to the other approaches (as
shown in Fig. 25a) when a rapid change in the resistive load occurs.

In Table 4, the numerical results for the various approaches used in this work are given for the MPPT
technique. From this table, it is noted that the modified P&O-VSS strategy provided better results for efficiency
compared to the P&O technique, P&O-VSS, and FL controls. Therefore, the Efficiency value was 99.90%,
99.95%, 99.94%, and 99.98% for conventional P&O strategy, P&O-VSS strategy, FL control, and modified P&O-
VSS technique, respectively (In the case of rapid change in SI). In terms of RT, it is noted that the modified P&O-
VSS technique provided a much better time than the P&O technique, P&O-VSS strategy, and FL control, which
is a positive thing and indicates that the designed approach has a very fast DR. The time values were 0.109 s,
0.213 s, 0.08 s, and 0.032 s for the P&O technique, P&O-VSS approach, FL control, and modified P&O-VSS
strategy, respectively (In the case of rapid change in SI). The energy loss (Drift) value for the approaches was
0.11 W, 0.66 W, 2.27 W, and 0 W for the P&O approach, P&O-VSS approach, FL control, and modified P&O-VSS
strategy, respectively (In the case of rapid change in SI). Therefore, the designed approach provided an excellent
value for energy loss compared to other approaches, which indicates its efficiency and high competence.

In the case of rapid T change, the designed approach provided excellent results in terms of efficiency (%),
power loss (drift), and RT (s) compared to the rest of the approaches, and this is proven by the numerical results
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Rapid change in SI Rapid change in T Rapid change in resistive load
MPPT approaches | Efficiency (%) | Energy loss (Drift) W | RT (s) | Efficiency (%) | Energy loss (Drift) W | RT (s) | Efficiency (%) | Energy loss (Drift) W | RT (s)
P&O 99.90% 0.11 0.109 | 99.91% 0.05 0.007 | 99.95% 12.22 0.034
P&O-VSS 99.95% 0.66 0.213 | 99.97% 0.61 0.027 | 99.97% 14.4 0.032
FL control 99.94% 2.27 0.08 99.98% 2.4 0.004 | 99.97% 9.84 0.01
Modified P&O-VSS | 99.98% 0 0.032 | 99.99% 0.04 0.003 | 99.98% 0.28 0.004

Table 4. Quantitative comparison of MPPT methods.

References | MPPT technique Efficiency | Sensors Steady-state oscillation
o4 Incremental conductance High Voltage and current

Neural network High User knowledge

Short circuit current Low Current Yes
. Open circuit voltage Low Voltage

Short circuit current Current

P&O (variable perturbation size) High No

P&O (fixed perturbation size) Low Yes
0 PSO No
7 Combining fractional-order and FLC Current and voltage
68 Fast converging approach
0 Diﬁerentialgevflufizn-based MPPT High e
7 Modified incremental conductance
Designed MPPT approach Voltage, irradiation, and energy | No

Table 5. Comparison between different papers and designed approach.

listed in Table 4. So, this designed approach performed well. Distinctive, making it one of the most important
solutions that can be relied upon in the future. Also, it is noted that the modified P&O-VSS approach provided
numerical results in the case of rapid change in resistive load in terms of efficiency (%), power loss (drift), and
RT (s) compared to other approaches, which is positive.

In Table 5, a comparison with other works is made. In this table, the completed work is compared with other
work in terms of the type of MPPT approach used, and efficiency sensors’ steady-state oscillation. Accordingly,
the completed work has similarities and differences with other works, where among the differences lies in the
type of MPPT approach used in control. Also, the suggested approach has a distinctive competence in terms
of steady-state oscillation compared to some scientific papers, which is a positive thing that indicates the
superiority of the designed approach, making it a suitable solution in the future. Also, in terms of Efficiency, the
designed approach has high competence compared to some research works, which is a good thing that proves
the superiority of the designed approach.

Conclusions

This study introduced an innovative approach to enhance the performance of PV systems by designing and
optimizing an MPPT technique using a VSS-P&O algorithm. The achieved results demonstrated the superiority
of the proposed method over traditional techniques in terms of efficiency, rapid response, reduced oscillations,
and minimized energy loss. The system achieved an efficiency of 99.98% while nearly eliminating energy loss
during rapid changes in SI, temperature, and resistive load. The improved algorithm stood out for its simplicity
and low cost, making it a practical and sustainable solution for SE systems. Based on these promising findings,
future research could focus on enhancing the algorithm to address partial shading conditions, experimentally
validating its performance in real-world scenarios, integrating it into hybrid systems that combine multiple
energy sources, and leveraging artificial intelligence to improve its response to environmental changes. The
proposed method marks a significant step toward achieving energy sustainability and reducing reliance on non-
renewable energy sources.
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