
1

Vol.:(0123456789)

Scientific Reports |         (2024) 14:8205  | https://doi.org/10.1038/s41598-024-59024-4

www.nature.com/scientificreports

Enhancing grid‑connected 
photovoltaic system performance 
with novel hybrid MPPT technique 
in variable atmospheric conditions
Layachi Zaghba 1, Abdelhalim Borni 1, Messaouda Khennane Benbiotur 1, Amor Fezzani 1, 
Abdullah Alwabli 2, Mohit Bajaj 3,4,5,6*, Shir Ahmad Dost Mohammadi 7* & 
Sherif S. M. Ghoneim 8

This paper proposes an innovative approach to improve the performance of grid-connected 
photovoltaic (PV) systems operating in environments with variable atmospheric conditions. The 
dynamic nature of atmospheric parameters poses challenges for traditional control methods, 
leading to reduced PV system efficiency and reliability. To address this issue, we introduce a novel 
integration of fuzzy logic and sliding mode control methodologies. Fuzzy logic enables the PV system 
to effectively handle imprecise and uncertain atmospheric data, allowing for decision-making based 
on qualitative inputs and expert knowledge. Sliding mode control, known for its robustness against 
disturbances and uncertainties, ensures stability and responsiveness under varying atmospheric 
conditions. Through the integration of these methodologies, our proposed approach offers a 
comprehensive solution to the complexities posed by real-world atmospheric dynamics. We anticipate 
applications in grid-connected PV systems across various geographical locations and climates. By 
harnessing the synergistic benefits of fuzzy logic and sliding mode control, this approach promises to 
significantly enhance the performance and reliability of grid-connected PV systems in the presence 
of variable atmospheric conditions. On the grid side, both PSO (Particle Swarm Optimization) and GA 
(Genetic Algorithm) algorithms were employed to tune the current controller of the PI (Proportional-
Integral) current controller (inverter control). Simulation results, conducted using MATLAB Simulink, 
demonstrate the effectiveness of the proposed hybrid MPPT technique in optimizing the performance 
of the PV system. The technique exhibits superior tracking efficiency, achieving a convergence time 
of 0.06 s and an efficiency of 99.86%, and less oscillation than the classical methods. The comparison 
with other MPPT techniques highlights the advantages of the proposed approach, including higher 
tracking efficiency and faster response times. The simulation outcomes are analyzed and demonstrate 
the effectiveness of the proposed control strategies on both sides (the PV array and the grid side). 
Both PSO and GA offer effective methods for tuning the parameters of a PI current controller. 
According to considered IEEE standards for low-voltage networks, the total current harmonic 
distortion values (THD) obtained are considerably high (8.33% and 10.63%, using the PSO and GA 
algorithms, respectively). Comparative analyses with traditional MPPT methods demonstrate the 
superior performance of the hybrid approach in terms of tracking efficiency, stability, and rapid 
response to dynamic changes.
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PV plants are environmentally friendly, safe, and reliable sources of energy, they have played an essential role in 
renewable energy technologies1. PV-based renewable energy solutions have attracted considerable interest for 
both grid-tied and independent installations2,3. The international market for solar electricity is currently growing 
at an average rate of 30–40% per year for over ten years4. This unprecedented increase, mostly owing to solar sys-
tems connected to the energy distribution network, has resulted in technological improvements and decreased PV 
module costs, as well as substantial initiatives for research and development in the area associated with power5. 
In fact, the PV sources and dependability of converter used to link solar systems to power distribution network 
modules are specifications that can significantly affect the yearly output of energy and, as a result, the economic 
sustainability of a the plant6,7. One of the goals of solar systems linked to the grid is to manage the current and 
power supplied into the network in accordance with international standards8. Therefore, specifications that have 
historically used to design an inverter are the rated power, the rated voltage of the network, maximum DC link 
voltage, the inverter command, etc. Some aspects can make significant improvements to the design and practical 
implementation of the DC–AC converter linked to the conventional network, namely the control of the power 
factor, reducing harmonic distortion, using the command digital to eliminate the DC component of the current 
supplied to the grid, etc.9,10. Another very important aspect of photovoltaic installations that are grid-connected 
is the type of energy supplied into the network, whether reactive or active, which can change the type of power 
factor11,12. The most efficient systems are those that can vary the power according to grid requirements. External 
elements such as temperature and solar radiation have an impact on solar PV systems13. As a result, for better 
efficiency, the PV array should continually operate at the extreme power point (MPPT). In this situation, the 
MPPT controller is a critical component that must be included in every solar PV system in order to assure a 
high generating capacity14,15.

Several studies in the literature investigated different kinds of MPPT control strategies. These approaches 
are chosen according to their requirements, such as simple implementation, accuracy, cost effectiveness, and 
time calculation16. Perturb and Observe17 and incremental conductance18, are the two most frequently employed 
methods because they are easy and simple to use. Nevertheless, they have difficulties in that they are unable 
to follow the MPP during the fast of sunlight fluctuations. Furthermore, they exhibit fluctuation toward the 
maximum power point under standard operating conditions and low convergence when temperature and/or 
irradiance vary rapidly. A lot of work has been published on this topic in the last year. Employing FS-MPC 
controllers linked to the grid, a novel solar power plant strategy based on metaheuristic algorithms is given in19. 
The PSO and finite set model predictive controller (FS-MPC) are compared with conventional P&O. The find-
ings reveal rapid convergence and a few oscillations. Authors describe how to optimize a fuzzy-based-MPPT 
approach for standalone PV systems using meta-heuristic methods. When the suggested techniques are compared 
to traditional P&O, the results indicate good performance in low and high irradiation conditions and verify 
performance in transient conditions20. Authors show how ANFIS MPPT management and twin-axis sun moni-
toring may improve the performance of solar energy systems linked to the network. The simulation outcomes 
show that the neuro-fuzzy approach performs well not only in terms of pursuing the highest power point but 
also in terms of adaptability, speed, and output precision21. Authors introduce a genetic algorithm (GA)-based 
upgraded P&O-PI MPPT controller for stationary and twin-axis tracking grid-linked solar systems. Greater 
performance is suggested by the simulation findings. This approach can swiftly increase the quantity of energy 
harvested and their efficiency22. Authors illustrate a smart PSO-Fuzzy MPPT approach for solar power plants in 
extreme climates. PSO is employed to determine the optimal gains. When compared to the traditional algorithm, 
the results demonstrate quicker monitoring of power maxima with minimal oscillation and a shorter reaction 
time23. In24, improved MPPT controllers using GA for network-linked solar plants are presented. A comparison 
of P&O-PI and fuzzy-PI MPPT algorithms optimized with a genetic algorithm (GA) is presented. The find-
ings reveal that the fuzzy logic-PI MPPT algorithm outperforms the P&O-PI controller. In25, a comparison of 
fuzzy-PI MPPT and P&O-PI techniques optimized using PSO and GA for grid-connected solar plants is made. 
The results demonstrate that the fuzzy-PI controller with PSO algorithms is preferable to other methods about 
performance specifications. Boost converter real-time evaluation using a MyRio controller and hybrid neural 
network PSO-RBF approaches was presented by26. PSO is used to forecast and minimize the RMSE error. The 
results demonstrate quick convergence, excellent efficiency, and adequate performance under partial shading. 
Authors created a combination of an ABC and ANFIS- -based MPPT operator for solar power plants with anti-
islanding network security. The ANFIS membership function has been adjusted by the artificial bee colony. The 
findings suggest that the approach is highly effective27. Authors provide an optimized P&O algorithm together 
with an artificial bee colony for solar plants that operate in partial shade. The ABC determines the GMPP, and 
P&O are used to determine it more precisely. The findings demonstrate that the suggested approach prevents 
fluctuations at the steady state, is suitable for partial shading, has a short payback period, and is very efficient28. 
Authors employ a novel combination of BAT-fuzzy controller-based MPPT for grid-tied PV-battery plants. 
The bat will find the ideal controller value, and the Fuzzy is going to optimize the bat. The results demonstrate 
quick convergence, excellent efficiency, and adequate performance under partial shading29. Authors propose an 
innovative MPPT approach based on HGO optimization. The findings of HGO are compared to those of other 
algorithms such as PSO, DFOA, CSA, and GHO. The HGO reduces settlement period, minimizes tracking time 
and enhances efficiency30. In31, a novel HHO MPPT approach is used to successfully monitor the golabla MPPT 
under all situations. The suggested HHO has higher performance in the MPP and their rapid convergence. A 
novel MPPT approach based on Salp Swarm Optimization (SSO) is suggested by32. The results of SSO are com-
pared to those of various MPPT approaches such as PSO, DFO, CS, ABC, and PSOGS. SSO enhances tracking 
and stability. An analytical investigation validates the suggested SSO’s robustness and sensitivity. A robust global 
MPPT of a solar cell-based plant utilizing the MRFO algorithm is demonstrated in33. The acquired results are 
compared to those produced using both the DE and the CSA algorithms. The collected findings validated the sug-
gested MPPT’s efficiency under various partial shadow patterns. In recent years, several important recent studies 



3

Vol.:(0123456789)

Scientific Reports |         (2024) 14:8205  | https://doi.org/10.1038/s41598-024-59024-4

www.nature.com/scientificreports/

regarding intelligent control techniques, such as neural networks34,35, fuzzy logic36,37, particularly those relying 
on GMPPT approaches, such as particle swarm optimization (PSO), have demonstrated remarkable stability in 
the face of unpredictable climatic fluctuations. The literature review highlights the persistent challenge faced by 
traditional MPPT systems in efficiently extracting energy from PV fields under varying environmental condi-
tions. Despite advancements in MPPT techniques, existing approaches often struggle to adapt to fluctuations 
in sunlight intensity and ambient temperature, leading to suboptimal performance and reduced energy yield38. 
The identified research gap underscores the need for a novel MPPT technique that can overcome the limitations 
of traditional systems and enhance the overall performance of grid-connected PV systems. Specifically, such a 
technique should be capable of accurately tracking the maximum power point (MPP) of PV arrays under real-
world atmospheric conditions characterized by dynamic sunlight and temperature profiles.

This paper presents a pioneering contribution in the field of photovoltaic (PV) systems by introducing a novel 
hybrid Maximum Power Point Tracking (MPPT) technique that integrates fuzzy logic and sliding mode control to 
obtain better tracking performance (DC side). The sliding mode technique has several significant advantages: high 
precision, stability, simplicity, invariance, and robustness. Unfortunately, the sign function causes chattering on the 
sliding surface, which is normally unfavorable. In this paper, we propose subtitling the function sign by the fuzzy 
logic function. The second contribution of this research is focused on adjusting the PI gains of the control loop of 
inverter utilizing the Genetic Algorithm (GA) and PSO approaches (AC side). The proposed approach is designed 
to optimize the performance of grid-connected PV systems under real-world conditions characterized by variable 
solar irradiation and ambient temperature. By combining the adaptive capabilities of fuzzy logic with the robust-
ness and fast response of sliding mode control, the proposed technique aims to enhance the efficiency of energy 
extraction from PV arrays. Furthermore, advanced optimization methods such as Particle Swarm Optimization 
(PSO) and Genetic Algorithm (GA) are employed to fine-tune the parameters of the MPPT controller, ensuring 
optimal tracking efficiency and stability. Through extensive simulation studies, the effectiveness of the hybrid MPPT 
technique is demonstrated, showcasing its ability to maximize energy yield, improve response time, and maintain 
stability even in dynamically changing environmental conditions. A comparative analysis with existing MPPT 
methods underscores the superior performance and effectiveness of the proposed approach, thereby contributing 
significantly to the advancement of MPPT techniques for grid-connected PV systems.

The work is structured as bellow: section “Collection of data” covers the system, including the solar panel 
parameters, converter characteristics, and the suggested MPPT approach. Section “Description of the grid-
connected PV system”: simulation findings. Finally, section “Simulation results” concludes the article.

Collection of data
The meteorological data (solar radiation and temperature) were taken each 5 min with great accuracy using a 
CM11 Pyranometer type installed on the URAER’s rooftop, as illustrated in Fig. 1.

A Fig. 2 shows the radiation and ambient temperature that were measured between April 22 and April 25, 2015.

Figure 1.   Photograph of meteorological station implanted in URAER Ghardaia.
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Description of the grid‑connected PV system
Grid-linked photovoltaic (PV) plant is a solar power system that is connected to the electrical grid39,40. It consists 
of solar panels, an inverter, and a connection to the utility grid (see Fig. 3).
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Figure 2.   Global solar radiation and ambient temperature profile within 4 days.
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PV side control
PV array modeling
Modeling the equivalent circuit of a photovoltaic (PV) cell is essential for understanding its behavior and for 
designing efficient PV systems41,42. The most commonly used equivalent circuit model for a PV cell is the single 
diode model. This model represents the PV cell as an ideal current source in parallel with a diode and a resistor 
(Fig. 4). The equations for the single diode model are as follows34,35:

The output current of PV array is given by the following expression.

where I , Iph and I0 are the current array, the photo generated, and the reverse saturation current, respectively. V  , 
VT are the array voltage and the thermal, respectively. a is the diode ideality factor for the single diode model. Rs , 
Rsh are cell series and shunt resistance. Nss , Npp are the number of modules in series and parallel. q is the electron 
charge [1.60217646 * 10–19 C]. k is the Boltzmann constant [1.3806503 * 10–23 J/K].

Fuzzy sliding MPPT approach with Boost converter model
Figure 5 depicts the schematic representation of a static boost converter coupled to a solar generator36,37.

Control of the sliding mode
The sliding technique has various significant benefits, including high accuracy, strong stability, simplicity, invari-
ance, resilience, etc.… We may achieve this based on the solar array’s features while it is running at its maximum 
output power condition43,44.
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The surface’s derivative is provided by:

As a result, the equivalent control variable is depicted below.

Nevertheless, the sign function causes chattering on the sliding surface, which is normally unfavorable45,46. 
Several strategies have been presented in the literature to decrease these oscillations, as may be stated47. In this 
paper, we suggest that the function sign be replaced with a function created via fuzzy logic. The universal com-
mand of the Law becomes:

MPPT controller with fuzzy logic
Figure 6 depicts the suggested hybrid sliding fuzzy MPPT controller construction.

The following are the principal features of the fuzzy controller used48,49. As shown in Fig. 7, there are five 
fuzzy sets for the surface specified by triangle membership functions.

Figure 8 depicts the output control membership functions (Ufuzzy) using singletons membership forms.
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Voltage of the bus
A constant value is intended to be maintained via the DC bus voltage control (see Fig. 9).

The current of DC link is given by

Equation (16) has the following form in the Laplace domain:

Grid side management
Model of a voltage source inverter
The following statement relates the output voltages (Va, Vb, and Vc) and current of the inverter50,51:

PI Current control methodologies
The three-phase voltage of electrical grid is given by52:
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The voltage on the converter’s grid side employing Kirchhoff ’s voltage laws may be expressed as law53:

The Eq. (19) can be written as54:

From a three-phase ABC reference that was stationary to a two-phase DQ reference that was synchronously 
rotating.

Equation (22) can be simplified as follow55

The following are the control equations56:

where Kp and Ki are the PI current controllers gains, respectively.

Tuning of PI current control methodologies
The output of a PI regulator is given by:

Tuning of PI current control using PSO approaches.  Kennedy and Eberhart initially recommended the PSO 
method in 1995. This contemporary heuristic approach is based on the behavior and intelligence of swarms57–60.

Tuning a Proportional-Integral (PI) controller for current control using Particle Swarm Optimization (PSO) 
involves finding the optimal values for the proportional gain (KP) and integral gain (KI) parameters to achieve 
desired control performance. Here’s a step-by-step explanation of how this process can be carried out:

Define objective function:
The objective function represents the performance criteria of the control system. In this case, it could be 

minimizing steady-state error, achieving a desired response time.
The Integrated of Squared Error (ISE) is defined by:

The objective function (F) isdetermined), according to the following criteria:

where N is the amount of iterations, id is the direct current components, and idref is the reference direct current 
components received from the PV array.
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•	 Initialize the population of particles. Each particle represents a potential solution, consisting of KP and Ki 
values.

•	 Randomly initialize the position and velocity of each particle within a defined search space.
•	 Define the inertia weight (w), acceleration coefficients (c1 and c2), and maximum velocity limits.

Evaluate fitness

•	 Evaluate the fitness of each particle by calculating the objective function based on its position (KP, Ki).

Update personal and global bests

•	 Update the personal best position (pbest) for each particle if its current fitness is better than its previous best.
•	 Update the global best position (gbest) if any particle has found a better solution compared to the previous 

global best.

Update particle velocities and positions

•	 Update the velocity of each particle using the following equation61–63

where i is the number of individuals in a group, j is the PI parameter number, x is the PI parameter, v is the 
velocity, pbest is the personal best of individual i,gbest is a global best of all individuals,w,C1 and C2 are weight 
parameters , rand(x) is a uniform random number from 0 to 1.

Tuning of PI current control using a genetic algorithm (GA).  The parallelism observed in nature is used by GA 
algorithm, a smart optimization approach. Specifically, its search techniques are based on the principles of natu-
ral choice and genetics. Holland is credited with creating the genetic algorithm in the early 1970 s64. GA operates 
on a population, which is a grouping a number potential solutions. Each individual or solution is referred to as 
a chromosome, and each unique character is referred to as a gene. Each iteration involves the evolution of a new 
generation in order to provide better solutions (population) than the previous one65. The percentage of people 
in the solution who are substituted from one generation to the next as the generation gap66. To achieve optimal 
control performance under nominal operating conditions, GA can be used to tune PI position controller gains. 
Below is a basic flowchart illustrating the main stages of this procedure (see Fig. 10):

The Genetic Algorithm Toolbox (GATool) in MATLAB to tune the proportional gain (Kp) and integral gain 
(Ki) of a PI controller.

Figure 11 illustrates the process diagram of the PI parameter tuning of the PI current regulators in the grid 
side based on both PSO and GA approaches. The goal is to find the optimum gain of the PI current controller 
(Kp and Ki).

Both PSO and GA offer effective methods for tuning the parameters of a PI current controller. PSO tends 
to be faster and simpler to implement, while GA provides a more systematic exploration of the search space67. 
The choice between PSO and GA may depend on factors such as the complexity of the control system, desired 
optimization performance, and computational resources available.

Simulation results
A simulation model of plants is built using the MATLAB tool to examine the efficacy of the suggested control 
measures. 16 PV modules (S235P60 Centro Solar S-Class Professional Polycrystalline), a static boost converter, 
and a grid-connected inverter make up the system. The line resistance and output filter inductances are both 
0.1 ohms and 3 mH, respectively. The suggested hybrid sliding fuzzy MPPT technique is evaluated in the southern 
Algerian city of Ghardaia under two distinct irradiation profiles: sudden variation and real irradiation profile.

A sudden variation of irradiation
The output of the PV array under sudden change in irradiation is illustrated in Fig. 12, G = 500 W/m2, from t = 0 
to 0.3 s, from t = 0.3 to 0.6 s, G = 300 W/m2, and from t = 0.6 to 1 s, G = 1000 W/m2.

Real solar irradiation profile
In this section, the grid-tied PV system is subjected to an actual radiation profile of Ghardaia (Algeria) for four 
days (from April 22 to April 25). Irradiation grew daily from 0 to 1000 W/m2, from 6:00 a.m. to 6:00 p.m., and 
there was none at night while the temperature was stable at 25 °C. The optimal PI controller gains are provided in 
Tables 2, and Table 1 defines the PSO factors for generating an initial random population of people corresponding 
the PI controller gains (Kp and Ki). Table 2 lists the optimum PI controller gains.

We used Gatool from the MATLAB toolbox to run the GA algorithm, with the following settings: Normal-
ized geometric selection for selection, Arithmetic crossover for crossover, and a uniform approach for mutation. 
Table 3 lists the parameters of the genetic algorithm that were selected for tuning.
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Evaluate fitness for each chromosome
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Check stopping
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Figure 10.   A flowchart for tuning the proportional gain (Kp) and integral gain (Ki) of a PI controller using a 
genetic algorithm.

Objective Function

PSO or GA

PI
+∑∑

Reference Output
Kp,KiIdref, Iqref Id,Iq

Vd,Vq

PI 

Figure 11.   Tuning a Proportional-Integral (PI) current controller using Particle Swarm Optimization (PSO) 
and Genetic Algorithms (GA).

Figure 12.   PV array power output.
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The photovoltaic array chosen
The solar array that was chosen for this study is situated in Ghardaia, Algeria, in an applied research project on 
renewable energy. It is made up of 16 S235P60 Centro Solar S-Class Professional Polycrystalline PV Modules. A 
photo of the investigated PV field is depicted in Fig. 13. Tables 4 and 5 lists the features of the PV arrays.

The influence of temperature on the behavior of the solar panel and the PV field is depicted in Fig. 14.
The suggested technique has been evaluated in a variety of weather scenarios (two days with sunshine and 

two days with clouds). The tracking of the MPP and the inverter control exhibit great performance, good robust-
ness, and quick reactions, according to the results. Figures 15, 16, and 17 display the PV panel’s results for the 
four days from April 22–25, 2015. As can be seen, after an adequate response time of t = 0.01 s with relation to 
the gradual variations of the input source profile of radiation and temperatures, the power, current, and voltage 
control features are all in good agreement with their references. The current is increasing up to 8.19 A, while the 
PV voltage is approximately constant. The voltage bus UDC is regulated to their reference 800 V, as appearing in 
Fig. 18. The waveforms of the injected current to the network are appearing in Fig. 19 based on PSO and Genetic 
GA algorithms to determine the best regulator settings. The three phases current may be observed to closely 
resemble the reference. The electrical voltage and current on the network-side lines are in the same phase, as 
can be seen in these figures. They are sinusoidal and in phase. A unit power factor is attained as a consequence. 
Figures 20 and 21 display both the voltage and electrical current waveforms of the network in three phases. It is 
presumed that the conventional network voltage has a stable amplitude and frequency. The THD is examined in 
Figs. 22, 23, the measurement of the current waveform is “distorted” or changed by about 8.33% using the PSO 
algorithm (see Fig. 22). The measurement of the current waveform is “distorted” or changed by about 10.63% 
using the GA algorithm (see Fig. 23). Figure 24 shows how much power is active and reactive supplied to the 
network over a period of four days in relation to solar irradiation. Table 6 shows a performance comparison 
between hybrid sliding fuzzy and other MPPT methods.

A detailed comparison with previous research work is presented in Table 7 with specific parameters (speed 
of tracking, accuracy, and efficiency).

Conclusion and future research directions
The novel hybrid Maximum Power Point Tracking (MPPT) technique, combining fuzzy logic and sliding mode 
control, presents a promising and innovative solution for enhancing the overall performance of grid connected 
Photovoltaic (PV) systems operating in variable and real atmospheric conditions (case study of Ghardaia). 
Using intelligent techniques (PSO and GA), the PI parameters of a grid-tied PV system control were tuned on 
the grid side to find the best possible gains. The simulation has been conducted utilizing the Matlab Simulink 
package. The outcomes of the proposed controller show better performance (speed of tracking, accuracy, and 
efficiency) and are very satisfactory which demonstrates their effectiveness. The suggested y MPPT technique 

Table 1.   PSO factors.

Descriptions Values

Population size 20

Maximum iteration 20

c1 = c2 2

Table 2.   PSO parameters.

Gains Value

Kp 9

Ki 300

Table 3.   GA algorithm values.

GA parameters Value/Method

Solution dimension 60

Variable bounds [Kp Ki] [0 400;0 400]

Most generations possible 100

Selection process Normalized geometric selection

Crossover process Arithmetic crossover

Mutation process Uniform mutation

Performance index/Fitness function Mean square error MSE
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delivers a considerable improvement in tracking efficiency of 99.86%, a time response of 0.06 s, and less oscil-
lation than the previous methods. According to considered IEEE standards for low-voltage networks, the total 
current harmonic distortion values (THD) obtained are considerably high (8.33% and 10.63% using, PSO and 
GA algorithms respectively). Simulation results have substantiated the superior performance of the hybrid MPPT 
technique when compared to traditional methods. The hybrid approach consistently demonstrated improved 
tracking efficiency, faster response times, and enhanced stability under varying atmospheric conditions. These 
findings underscore the potential of the proposed technique to significantly elevate the energy yield and reli-
ability of PV systems, making it a viable and attractive option for real-world applications in renewable energy.

Figure 13.   A photo of the investigated PV array.

Table 4.   PV module specifications.

S235P60 centro solar S-class 
professional polycrystalline PV 
module

Power Pmpp 235 Wc

Isc 8.59 A

Uoc 36.46 V

Voltage (Umpp) 28.70 V

Current (Impp) 8.19 A

Module efficiency ɳ 14.3%

Table 5.   PV field Electrical spesification at STC.

Power Pmpp 3.76 kWp

Uoc 546.9 (V)

Isc 8.59 (A)

Voltage Vmp 459.2 (V)

Current Imp 8.19 (A)

Module number 16
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Figure 18.   DC link Voltage profile within four days (from 22/04/2015 to 25/04/2015).

Figure 17.   The daily evolution of PV power within four days.

Figure 16.   The daily evolution of PV voltage within four days.

Figure 15.   Daily evolution of PV current within four days.
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In considering future research directions stemming from this study, several key areas emerge for further 
investigation. Firstly, there is a pressing need to delve deeper into strategies for mitigating Total Harmonic Dis-
tortion (THD) in current waveforms within grid-connected PV systems. This could involve the development 
and refinement of advanced control algorithms, such as adaptive or predictive techniques, aimed at minimizing 
THD levels while optimizing system efficiency. Additionally, exploring the integration of energy storage solutions, 
such as batteries or supercapacitors, into grid-connected PV systems presents a promising avenue for enhancing 
system stability and reliability, particularly in regions prone to fluctuations in solar irradiation. Furthermore, 
expanding the scope of analysis to encompass a wider range of environmental variables, including cloud cover, 
humidity, and wind speed, would provide valuable insights into the performance of the proposed hybrid MPPT 
technique under diverse climatic conditions. Moreover, investigating the feasibility of deploying distributed PV 

Figure 19.   Output current Id and Iq within four days (from 22/04/2015 to 25/04/2015).

Figure 20.   Three phase output current Iabc within four days.

Figure 21.   Three phase grid voltages profile within four days.
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systems within smart grid frameworks could offer new opportunities for improving energy management and 
grid stability at the local level. Lastly, the development of advanced predictive modeling frameworks leveraging 
machine learning algorithms, such as neural networks or support vector machines, holds potential for enhancing 
the accuracy of solar irradiation forecasting, thereby enabling more proactive and adaptive control strategies 
for grid-connected PV systems. By addressing these research challenges, the field of renewable energy stands 
to benefit from enhanced system performance, reliability, and integration within the broader energy landscape.

Figure 24.   Active and reactive power profile within of four days.

Figure 23.   Total harmonic distortion (THD) of the Current applying GA algorithm.

Figure 22.   Total harmonic distortion (THD) of the Current applying PSO method.
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The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.

Received: 10 March 2024; Accepted: 5 April 2024

References
	 1.	 Shareef, H., Mutlag, A. H. & Mohamed, A. A novel approach for fuzzy logic PV inverter controller optimization using lightning 

search algorithm. Neurocomputing 168, 435–453. https://​doi.​org/​10.​1016/j.​neucom.​2015.​05.​083 (2015).
	 2.	 Daud, M. Z., Mohamed, A. & Hannan, M. A. An improved control method of battery energy storage system for hourly dispatch 

of photovoltaic power sources. Energy Convers. Manag. 73, 256–270. https://​doi.​org/​10.​1016/j.​encon​man.​2013.​04.​013 (2013).
	 3.	 Hou, M., Zhao, Y. & Ge, X. Optimal scheduling of the plug-in electric vehicles aggregator energy and regulation services based 

on grid to vehicle. Int. Trans. Electr. Energy Syst. 27, e2364. https://​doi.​org/​10.​1002/​etep.​2364 (2017).
	 4.	 Sodhi, M., Banaszek, L., Magee, C. & Rivero-Hudec, M. Economic lifetimes of solar panels. Procedia CIRP 105, 782–787. https://​

doi.​org/​10.​1016/j.​procir.​2022.​02.​130 (2022).
	 5.	 Ma, X. et al. Multi-parameter practical stability region analysis of wind power system based on limit cycle amplitude tracing. IEEE 

Trans. Energy Convers. 38, 2571–2583. https://​doi.​org/​10.​1109/​TEC.​2023.​32747​75 (2023).
	 6.	 Lyu, W. et al. Impact of battery electric vehicle usage on air quality in three Chinese first-tier cities. Sci. Rep. 14, 21. https://​doi.​

org/​10.​1038/​s41598-​023-​50745-6 (2024).
	 7.	 Hu, F. et al. Research on the evolution of China’s photovoltaic technology innovation network from the perspective of patents. 

Energy Strateg. Rev. 51, 101309. https://​doi.​org/​10.​1016/j.​esr.​2024.​101309 (2024).
	 8.	 Rafikiran, S., Basha, C. H. H. & Dhanamjayulu, C. A novel hybrid MPPT controller for PEMFC fed high step-up single switch 

DC–DC converter. Int. Trans. Electr. Energy Syst. 2024, 1–25. https://​doi.​org/​10.​1155/​2024/​91967​47 (2024).

Table 6.   Performance comparison between hybrid sliding fuzzy and other MPPT methods.

Methods MPP of P–V curve (W) Extracted PV power (W)

Power loss

Efficiency (%) Convergence time (S) Reference(W) (%)

Hybrid sliding fuzzy 3760 3755 5 0.13 99.86 0.06 Present study

CSA 325.5 325.40 0.1 0.03 99.97 0.31 68

P&O 325.5 323.10 2.4 0.74 99.26 0.65 68

PSO 1260 1244 16 1.27 98.7 0.47 69

InC 864 863.1 0.9 0.10 99.90 0.52 70

Firefly algorithm (FA) 864 852 12 1.39 98.61 0.60 70

Ant colony optimization 
(ACO) 864 862.2 1.8 0.21 99.76 0.53 70

Dragonfly optimization 
(DFO) 864 863.3 0.7 0.08 99.77 0.53 70

Table 7.   Comparison of fuzzy sliding MPPT outcomes with those of different MPPT methods.

Speed of tracking Accuracy Efficiency Complexity Reference

Fuzzy sliding Very fast Accurate 99.86 Simple Present study

P&O Slow Low 94.96 Simple 71,72

InC Slow Medium 95.60 Simple 71

SMC Fast High > 98% Med 73

ANN Medium Accurate 97.84 Medium 71

FLC Medium Accurate 96.88 Medium 37,71

ANFIS Medium Accurate 97.76 Medium 71

ACO Fast High > 98.5% Low 73

GA Med Med > 98% Low 73

PSO Med Med > 98% Low 74

ABC Fast High > 99% Med 73

FA Fast High > 98.5% Medium–high 73

GWO Medium High – Simple 75

PSO-P&O High Medium 100% Medium to complex 75

FLC-P&O Fast High High Simple 76

ACO-P&O Faster High High Simple 76

ANN-P&O Fast High High Simple 76

GWO-P&O Medium High 99.77% Medium 76

https://doi.org/10.1016/j.neucom.2015.05.083
https://doi.org/10.1016/j.enconman.2013.04.013
https://doi.org/10.1002/etep.2364
https://doi.org/10.1016/j.procir.2022.02.130
https://doi.org/10.1016/j.procir.2022.02.130
https://doi.org/10.1109/TEC.2023.3274775
https://doi.org/10.1038/s41598-023-50745-6
https://doi.org/10.1038/s41598-023-50745-6
https://doi.org/10.1016/j.esr.2024.101309
https://doi.org/10.1155/2024/9196747


18

Vol:.(1234567890)

Scientific Reports |         (2024) 14:8205  | https://doi.org/10.1038/s41598-024-59024-4

www.nature.com/scientificreports/

	 9.	 Yao, L., Wang, Y. & Xiao, X. Concentrated solar power plant modeling for power system studies. IEEE Trans. Power Syst. 39, 
4252–4263. https://​doi.​org/​10.​1109/​TPWRS.​2023.​33019​96 (2024).

	10.	 Yang, Y. et al. Whether rural rooftop photovoltaics can effectively fight the power consumption conflicts at the regional scale – A 
case study of Jiangsu Province. Energy Build. 306, 113921. https://​doi.​org/​10.​1016/j.​enbui​ld.​2024.​113921 (2024).

	11.	 Zheng, S., Hai, Q., Zhou, X. & Stanford, R. J. A novel multi-generation system for sustainable power, heating, cooling, freshwater, 
and methane production: Thermodynamic, economic, and environmental analysis. Energy 290, 130084. https://​doi.​org/​10.​1016/j.​
energy.​2023.​130084 (2024).

	12.	 Gao, J., Zhang, Y., Li, X., Zhou, X. & Kilburn, J. Z. Thermodynamic and thermoeconomic analysis and optimization of a renewable-
based hybrid system for power, hydrogen, and freshwater production. Energy 295, 131002. https://​doi.​org/​10.​1016/j.​energy.​2024.​
131002 (2024).

	13.	 Zaghba, L., Khennane, M., Terki, N., Borni, A., Bouchakour, A., Fezzani, A. et al. The effect of seasonal variation on the perfor-
mances of grid connected photovoltaic system in southern of Algeria, in AIP Conference Proceedings, 020005. https://​doi.​org/​10.​
1063/1.​49762​24 (2017).

	14.	 Yan, C., Zou, Y., Wu, Z. & Maleki, A. Effect of various design configurations and operating conditions for optimization of a wind/
solar/hydrogen/fuel cell hybrid microgrid system by a bio-inspired algorithm. Int. J. Hydrog. Energy 60, 378–391. https://​doi.​org/​
10.​1016/j.​ijhyd​ene.​2024.​02.​004 (2024).

	15.	 Fan, J. & Zhou, X. Optimization of a hybrid solar/wind/storage system with bio-generator for a household by emerging metaheuris-
tic optimization algorithm. J. Energy Storage 73, 108967. https://​doi.​org/​10.​1016/j.​est.​2023.​108967 (2023).

	16.	 Prashanth, V. et al. Implementation of high step-up power converter for fuel cell application with hybrid MPPT controller. Sci. 
Rep. 14, 3342. https://​doi.​org/​10.​1038/​s41598-​024-​53763-0 (2024).

	17.	 Ahmed, J. & Salam, Z. An improved perturb and observe (P&O) maximum power point tracking (MPPT) algorithm for higher 
efficiency. Appl. Energy 150, 97–108. https://​doi.​org/​10.​1016/j.​apene​rgy.​2015.​04.​006 (2015).

	18.	 Hussaian Basha, C., Palati, M., Dhanamjayulu, C., Muyeen, S. M. & Venkatareddy, P. A novel on design and implementation of 
hybrid MPPT controllers for solar PV systems under various partial shading conditions. Sci. Rep. 14, 1609. https://​doi.​org/​10.​
1038/​s41598-​023-​49278-9 (2024).

	19.	 Meddour, S., Rahem, D., Cherif, A. Y., Hachelfi, W. & Hichem, L. A novel approach for PV system based on metaheuristic algorithm 
connected to the grid using FS-MPC controller. Energy Procedia 162, 57–66. https://​doi.​org/​10.​1016/j.​egypro.​2019.​04.​007 (2019).

	20.	 Farajdadian, S. & Hosseini, S. M. H. Optimization of fuzzy-based MPPT controller via metaheuristic techniques for stand-alone 
PV systems. Int. J. Hydrog. Energy 44, 25457–25472. https://​doi.​org/​10.​1016/j.​ijhyd​ene.​2019.​08.​037 (2019).

	21.	 Zaghba, L., Khennane, M., Borni, A., Fezzani, A., Bouchakour, A., Mahammed, I.H. et al. An enhancement of grid connected PV 
system performance based on ANFIS MPPT control and dual axis solar tracking, in 2019 1st International Conference on Sustainable 
Renewable Energy Systems and Applications (ICSRESA), 1–6 (IEEE, 2019). https://​doi.​org/​10.​1109/​ICSRE​SA491​21.​2019.​91825​91

	22.	 Zaghba, L., Khennane, M., Borni, A., Fezzani, A., Bouchakour, A., Mahammed, I. H., et al. A genetic algorithm based improve 
P&O-PI MPPT controller for stationary and tracking grid-connected photovoltaic system, in 2019 7th International Renewable 
and Sustainable Energy Conference (IRSEC), 1–6 (IEEE, 2019). https://​doi.​org/​10.​1109/​IRSEC​48032.​2019.​90783​04

	23.	 Zaghba, L., Khennane, M., Borni, A. & Fezzani, A. Intelligent PSO-fuzzy MPPT approach for stand alone PV system under real 
outdoor weather conditions. Alger J. Renew. Energy Sustain. Dev. 3, 1–12. https://​doi.​org/​10.​46657/​ajresd.​2021.3.​1.1 (2021).

	24.	 Borni, A. et al. Optimized MPPT controllers using GA for grid connected photovoltaic systems, Comparative study. Energy Procedia 
119, 278–296. https://​doi.​org/​10.​1016/j.​egypro.​2017.​07.​084 (2017).

	25.	 Borni, A., Bouarroudj, N., Bouchakour, A. & Zaghba, L. P&O-PI and fuzzy-PI MPPT controllers and their time domain optimiza-
tion using PSO and GA for grid-connected photovoltaic system: A comparative study. Int. J. Power Electron. 8, 300. https://​doi.​
org/​10.​1504/​IJPEL​EC.​2017.​10005​637 (2017).

	26.	 Hamdi, H., Ben Regaya, C. & Zaafouri, A. Real-time study of a photovoltaic system with boost converter using the PSO-RBF neural 
network algorithms in a MyRio controller. Sol. Energy 183, 1–16. https://​doi.​org/​10.​1016/j.​solen​er.​2019.​02.​064 (2019).

	27.	 Padmanaban, S. et al. A hybrid ANFIS-ABC based MPPT controller for PV system with anti-islanding grid protection: Experi-
mental realization. IEEE Access 7, 103377–103389. https://​doi.​org/​10.​1109/​ACCESS.​2019.​29315​47 (2019).

	28.	 Pilakkat, D. & Kanthalakshmi, S. An improved P&O algorithm integrated with artificial bee colony for photovoltaic systems under 
partial shading conditions. Sol. Energy 178, 37–47. https://​doi.​org/​10.​1016/j.​solen​er.​2018.​12.​008 (2019).

	29.	 Ge, X. et al. Implementation of a novel hybrid BAT-Fuzzy controller based MPPT for grid-connected PV-battery system. Control 
Eng. Pract. 98, 104380. https://​doi.​org/​10.​1016/j.​conen​gprac.​2020.​104380 (2020).

	30.	 Mirza, A. F., Mansoor, M. & Ling, Q. A novel MPPT technique based on Henry gas solubility optimization. Energy Convers. Manag. 
225, 113409. https://​doi.​org/​10.​1016/j.​encon​man.​2020.​113409 (2020).

	31.	 Mansoor, M., Mirza, A. F. & Ling, Q. Harris hawk optimization-based MPPT control for PV systems under partial shading condi-
tions. J. Clean Prod. 274, 122857. https://​doi.​org/​10.​1016/j.​jclep​ro.​2020.​122857 (2020).

	32.	 Fathy, A., Rezk, H. & Yousri, D. A robust global MPPT to mitigate partial shading of triple-junction solar cell-based system using 
manta ray foraging optimization algorithm. Sol. Energy 207, 305–316. https://​doi.​org/​10.​1016/j.​solen​er.​2020.​06.​108 (2020).

	33.	 Mirza, A. F., Mansoor, M., Ling, Q., Yin, B. & Javed, M. Y. A Salp-Swarm Optimization based MPPT technique for harvesting 
maximum energy from PV systems under partial shading conditions. Energy Convers. Manag. 209, 112625. https://​doi.​org/​10.​
1016/j.​encon​man.​2020.​112625 (2020).

	34.	 Boumaaraf, H., Talha, A. & Bouhali, O. A three-phase NPC grid-connected inverter for photovoltaic applications using neural 
network MPPT. Renew. Sustain. Energy Rev. 49, 1171–1179. https://​doi.​org/​10.​1016/j.​rser.​2015.​04.​066 (2015).

	35.	 Rafikiran, S. et al. Design and performance analysis of hybrid MPPT controllers for fuel cell fed DC-DC converter systems. Energy 
Rep. 9, 5826–5842. https://​doi.​org/​10.​1016/j.​egyr.​2023.​05.​030 (2023).

	36.	 Zaghba, L. et al. Experimental typical meteorological years to study energy performance of a PV grid-connected system. Energy 
Procedia 119, 297–307. https://​doi.​org/​10.​1016/j.​egypro.​2017.​07.​085 (2017).

	37.	 Rafikiran, S. et al. Design of high voltage gain converter for fuel cell based EV application with hybrid optimization MPPT control-
ler. Mater. Today Proc. 92, 106–111. https://​doi.​org/​10.​1016/j.​matpr.​2023.​03.​770 (2023).

	38.	 Shang, K. et al. Study of urban heat island effect in Hangzhou metropolitan area based on SW-TES algorithm and image dichoto-
mous model. SAGE Open https://​doi.​org/​10.​1177/​21582​44023​12088​51 (2023).

	39.	 Duan, Y., Zhao, Y. & Hu, J. An initialization-free distributed algorithm for dynamic economic dispatch problems in microgrid: 
Modeling, optimization and analysis. Sustain Energy Grids Netw. 34, 101004. https://​doi.​org/​10.​1016/j.​segan.​2023.​101004 (2023).

	40.	 Shirkhani, M. et al. A review on microgrid decentralized energy/voltage control structures and methods. Energy Rep. 10, 368–380. 
https://​doi.​org/​10.​1016/j.​egyr.​2023.​06.​022 (2023).

	41.	 Hussaian Basha, C. H. & Rani, C. Performance analysis of MPPT techniques for dynamic irradiation condition of solar PV. Int. J. 
Fuzzy Syst. 22, 2577–2598. https://​doi.​org/​10.​1007/​s40815-​020-​00974-y (2020).

	42.	 Basha, C. H. & Rani, C. Different conventional and soft computing MPPT techniques for solar PV systems with high step-up boost 
converters: A comprehensive analysis. Energies 13, 371. https://​doi.​org/​10.​3390/​en130​20371 (2020).

	43.	 Borni, A., Zarour, L. & Chenni, R. Modeling and control by integral sliding mode for grid connected photovoltaic system. J. Electr. 
Eng. 14, 305–310 (2014).

https://doi.org/10.1109/TPWRS.2023.3301996
https://doi.org/10.1016/j.enbuild.2024.113921
https://doi.org/10.1016/j.energy.2023.130084
https://doi.org/10.1016/j.energy.2023.130084
https://doi.org/10.1016/j.energy.2024.131002
https://doi.org/10.1016/j.energy.2024.131002
https://doi.org/10.1063/1.4976224
https://doi.org/10.1063/1.4976224
https://doi.org/10.1016/j.ijhydene.2024.02.004
https://doi.org/10.1016/j.ijhydene.2024.02.004
https://doi.org/10.1016/j.est.2023.108967
https://doi.org/10.1038/s41598-024-53763-0
https://doi.org/10.1016/j.apenergy.2015.04.006
https://doi.org/10.1038/s41598-023-49278-9
https://doi.org/10.1038/s41598-023-49278-9
https://doi.org/10.1016/j.egypro.2019.04.007
https://doi.org/10.1016/j.ijhydene.2019.08.037
https://doi.org/10.1109/ICSRESA49121.2019.9182591
https://doi.org/10.1109/IRSEC48032.2019.9078304
https://doi.org/10.46657/ajresd.2021.3.1.1
https://doi.org/10.1016/j.egypro.2017.07.084
https://doi.org/10.1504/IJPELEC.2017.10005637
https://doi.org/10.1504/IJPELEC.2017.10005637
https://doi.org/10.1016/j.solener.2019.02.064
https://doi.org/10.1109/ACCESS.2019.2931547
https://doi.org/10.1016/j.solener.2018.12.008
https://doi.org/10.1016/j.conengprac.2020.104380
https://doi.org/10.1016/j.enconman.2020.113409
https://doi.org/10.1016/j.jclepro.2020.122857
https://doi.org/10.1016/j.solener.2020.06.108
https://doi.org/10.1016/j.enconman.2020.112625
https://doi.org/10.1016/j.enconman.2020.112625
https://doi.org/10.1016/j.rser.2015.04.066
https://doi.org/10.1016/j.egyr.2023.05.030
https://doi.org/10.1016/j.egypro.2017.07.085
https://doi.org/10.1016/j.matpr.2023.03.770
https://doi.org/10.1177/21582440231208851
https://doi.org/10.1016/j.segan.2023.101004
https://doi.org/10.1016/j.egyr.2023.06.022
https://doi.org/10.1007/s40815-020-00974-y
https://doi.org/10.3390/en13020371


19

Vol.:(0123456789)

Scientific Reports |         (2024) 14:8205  | https://doi.org/10.1038/s41598-024-59024-4

www.nature.com/scientificreports/

	44.	 Yao, J., Qi, J., Sun, J., Qian, X. & Chen, J. Enhancement of nitrate reduction in microbial fuel cells by acclimating biocathode 
potential: Performance, microbial community, and mechanism. Bioresour. Technol. 398, 130522. https://​doi.​org/​10.​1016/j.​biort​
ech.​2024.​130522 (2024).

	45.	 Ma, Z. et al. a review of energy supply for biomachine hybrid robots. Cyborg Bionic Syst. https://​doi.​org/​10.​34133/​cbsys​tems.​0053 
(2023).

	46.	 Li, P., Hu, J., Qiu, L., Zhao, Y. & Ghosh, B. K. A distributed economic dispatch strategy for power-water networks. IEEE Trans. 
Control Netw. Syst. 9, 356–366. https://​doi.​org/​10.​1109/​TCNS.​2021.​31041​03 (2022).

	47.	 Rekioua, D. et al. Optimization and intelligent power management control for an autonomous hybrid wind turbine photovoltaic 
diesel generator with batteries. Sci. Rep. 13, 21830. https://​doi.​org/​10.​1038/​s41598-​023-​49067-4 (2023).

	48.	 Hussaian Basha, C. et al. Design of GWO based fuzzy MPPT controller for fuel cell fed EV application with high voltage gain 
DC-DC converter. Mater. Today Proc. 92, 66–72. https://​doi.​org/​10.​1016/j.​matpr.​2023.​03.​727 (2023).

	49.	 Lalouni, S. & Rekioua, D. Optimal control of a grid connected photovoltaic system with constant switching frequency. Energy 
Procedia 36, 189–199. https://​doi.​org/​10.​1016/j.​egypro.​2013.​07.​022 (2013).

	50.	 Logeswaran, T. & SenthilKumar, A. A review of maximum power point tracking algorithms for photovoltaic systems under uniform 
and non-uniform irradiances. Energy Procedia 54, 228–235. https://​doi.​org/​10.​1016/j.​egypro.​2014.​07.​266 (2014).

	51.	 Basha, C. H. H. & Rani, C. A new single switch DC-DC converter for PEM fuel cell-based electric vehicle system with an improved 
beta-fuzzy logic MPPT controller. Soft. Comput. 26, 6021–6040. https://​doi.​org/​10.​1007/​s00500-​022-​07049-0 (2022).

	52.	 Bakhshi, R., Sadeh, J. & Mosaddegh, H.-R. Optimal economic designing of grid-connected photovoltaic systems with multiple 
inverters using linear and nonlinear module models based on Genetic algorithm. Renew. Energy 72, 386–394. https://​doi.​org/​10.​
1016/j.​renene.​2014.​07.​035 (2014).

	53.	 Rekioua, D., Achour, A. Y. & Rekioua, T. Tracking power photovoltaic system with sliding mode control strategy. Energy Procedia 
36, 219–230. https://​doi.​org/​10.​1016/j.​egypro.​2013.​07.​025 (2013).

	54.	 Tsang, K. M. & Chan, W. L. Three-level grid-connected photovoltaic inverter with maximum power point tracking. Energy Convers. 
Manag. 65, 221–227. https://​doi.​org/​10.​1016/j.​encon​man.​2012.​08.​008 (2013).

	55.	 Menadi, A., Abdeddaim, S., Ghamri, A. & Betka, A. Implementation of fuzzy-sliding mode based control of a grid connected 
photovoltaic system. ISA Trans. 58, 586–594. https://​doi.​org/​10.​1016/j.​isatra.​2015.​06.​009 (2015).

	56.	 Edalati, S., Ameri, M. & Iranmanesh, M. Comparative performance investigation of mono- and poly-crystalline silicon photovoltaic 
modules for use in grid-connected photovoltaic systems in dry climates. Appl. Energy 160, 255–265. https://​doi.​org/​10.​1016/j.​
apene​rgy.​2015.​09.​064 (2015).

	57.	 Kennedy J, Eberhart R. Particle swarm optimization. Proc. ICNN’95 - Int. Conf. Neural Networks, vol. 4, IEEE; n.d., p. 1942–8. 
https://​doi.​org/​10.​1109/​ICNN.​1995.​488968.

	58.	 Letting, L. K., Munda, J. L. & Hamam, Y. Optimization of a fuzzy logic controller for PV grid inverter control using S-function 
based PSO. Sol Energy 86, 1689–1700. https://​doi.​org/​10.​1016/j.​solen​er.​2012.​03.​018 (2012).

	59.	 Kiran, S. R. et al. Reduced simulative performance analysis of variable step size ANN based MPPT techniques for partially shaded 
solar PV systems. IEEE Access 10, 48875–48889. https://​doi.​org/​10.​1109/​ACCESS.​2022.​31723​22 (2022).

	60.	 Basha, C. H. & Murali, M. A new design of transformerless, non-isolated, high step-up DC-DC converter with hybrid fuzzy logic 
MPPT controller. Int. J. Circuit Theory Appl. 50, 272–297. https://​doi.​org/​10.​1002/​cta.​3153 (2022).

	61.	 Hayder, W. et al. Improved PSO: A comparative study in MPPT algorithm for PV system control under partial shading conditions. 
Energies 13, 2035. https://​doi.​org/​10.​3390/​en130​82035 (2020).

	62.	 Javed, S. & Ishaque, K. A comprehensive analyses with new findings of different PSO variants for MPPT problem under partial 
shading. Ain Shams Eng. J. 13, 101680. https://​doi.​org/​10.​1016/j.​asej.​2021.​101680 (2022).

	63.	 Basha, C. H. & Rani, C. Design and analysis of transformerless, high step-up, boost DC-DC converter with an improved VSS-RBFA 
based MPPT controller. Int. Trans. Electr. Energy Syst. 30, 181–194. https://​doi.​org/​10.​1002/​2050-​7038.​12633 (2020).

	64.	 Manikandan, P. & Naveen, R. G. M. Development of GA based PID controller for three tank interacting system. Int. J. Eng. Res. 
Technol. https://​doi.​org/​10.​17577/​IJERT​V2IS6​0293 (2013).

	65.	 Bai, X., Xu, M., Li, Q. & Yu, L. Trajectory-battery integrated design and its application to orbital maneuvers with electric pump-fed 
engines. Adv. Sp. Res. 70, 825–841. https://​doi.​org/​10.​1016/j.​asr.​2022.​05.​014 (2022).

	66.	 Jayachitra, A. & Vinodha, R. Genetic algorithm based PID controller tuning approach for continuous stirred tank reactor. Adv. 
Artif. Intell. 2014, 1–8. https://​doi.​org/​10.​1155/​2014/​791230 (2014).

	67.	 Yin, Z., Liu, Z., Liu, X., Zheng, W. & Yin, L. Urban heat islands and their effects on thermal comfort in the US: New York and New 
Jersey. Ecol. Indic. 154, 110765. https://​doi.​org/​10.​1016/j.​ecoli​nd.​2023.​110765 (2023).

	68.	 Houam, Y., Terki, A. & Bouarroudj, N. An efficient metaheuristic technique to control the maximum power point of a partially 
shaded photovoltaic system using crow search algorithm (CSA). J. Electr. Eng. Technol. 16, 381–402. https://​doi.​org/​10.​1007/​
s42835-​020-​00590-8 (2021).

	69.	 Hafeez, M. A. et al. A novel hybrid MPPT technique based on Harris Hawk Optimization (HHO) and Perturb and Observer (P&O) 
under partial and complex partial shading conditions. Energies 15, 5550. https://​doi.​org/​10.​3390/​en151​55550 (2022).

	70.	 Sarwar, S. et al. A novel hybrid MPPT technique to maximize power harvesting from PV system under partial and complex partial 
shading. Appl. Sci. 12, 587. https://​doi.​org/​10.​3390/​app12​020587 (2022).

	71.	 Devarakonda, A. et al. A comparative analysis of maximum power point techniques for solar photovoltaic systems. Energies 15, 
8776. https://​doi.​org/​10.​3390/​en152​28776 (2022).

	72.	 Elgendy, M. A., Zahawi, B. & Atkinson, D. J. Operating characteristics of the P&O algorithm at high perturbation frequencies for 
standalone PV systems. IEEE Trans. Energy Convers. 30, 189–198. https://​doi.​org/​10.​1109/​TEC.​2014.​23313​91 (2015).

	73.	 Mao, M. et al. Classification and summarization of solar photovoltaic MPPT techniques: A review based on traditional and intel-
ligent control strategies. Energy Rep. 6, 1312–1327. https://​doi.​org/​10.​1016/j.​egyr.​2020.​05.​013 (2020).

	74.	 Miyatake, M., Veerachary, M., Toriumi, F., Fujii, N. & Ko, H. Maximum power point tracking of multiple photovoltaic arrays: A 
PSO approach. IEEE Trans. Aerosp. Electron. Syst. 47, 367–380. https://​doi.​org/​10.​1109/​TAES.​2011.​57056​81 (2011).

	75.	 Elbarbary, Z. M. S. & Alranini, M. A. Review of maximum power point tracking algorithms of PV system. Front. Eng. Built. Environ. 
1, 68–80. https://​doi.​org/​10.​1108/​FEBE-​03-​2021-​0019 (2021).

	76.	 Islam, H. et al. Performance evaluation of maximum power point tracking approaches and photovoltaic systems. Energies 11, 365. 
https://​doi.​org/​10.​3390/​en110​20365 (2018).

Acknowledgements
The authors extend their appreciation to Taif University, Saudi Arabia, for supporting this work through the 
project number (TU-DSPP-2024-14).

Author contributions
L.Z. A.B., M.K.B., A.F.: Conceptualization, Methodology, Software, Visualization, Investigation, Writing—Origi-
nal draft preparation. A.A.: Data curation, Validation, Supervision, Resources, Writing—Review and Editing. 
M.B., S.A.D.M. and S.S.M.G.: Project administration, Supervision, Resources, Writing—Review and Editing.

https://doi.org/10.1016/j.biortech.2024.130522
https://doi.org/10.1016/j.biortech.2024.130522
https://doi.org/10.34133/cbsystems.0053
https://doi.org/10.1109/TCNS.2021.3104103
https://doi.org/10.1038/s41598-023-49067-4
https://doi.org/10.1016/j.matpr.2023.03.727
https://doi.org/10.1016/j.egypro.2013.07.022
https://doi.org/10.1016/j.egypro.2014.07.266
https://doi.org/10.1007/s00500-022-07049-0
https://doi.org/10.1016/j.renene.2014.07.035
https://doi.org/10.1016/j.renene.2014.07.035
https://doi.org/10.1016/j.egypro.2013.07.025
https://doi.org/10.1016/j.enconman.2012.08.008
https://doi.org/10.1016/j.isatra.2015.06.009
https://doi.org/10.1016/j.apenergy.2015.09.064
https://doi.org/10.1016/j.apenergy.2015.09.064
https://doi.org/10.1109/ICNN.1995.488968
https://doi.org/10.1016/j.solener.2012.03.018
https://doi.org/10.1109/ACCESS.2022.3172322
https://doi.org/10.1002/cta.3153
https://doi.org/10.3390/en13082035
https://doi.org/10.1016/j.asej.2021.101680
https://doi.org/10.1002/2050-7038.12633
https://doi.org/10.17577/IJERTV2IS60293
https://doi.org/10.1016/j.asr.2022.05.014
https://doi.org/10.1155/2014/791230
https://doi.org/10.1016/j.ecolind.2023.110765
https://doi.org/10.1007/s42835-020-00590-8
https://doi.org/10.1007/s42835-020-00590-8
https://doi.org/10.3390/en15155550
https://doi.org/10.3390/app12020587
https://doi.org/10.3390/en15228776
https://doi.org/10.1109/TEC.2014.2331391
https://doi.org/10.1016/j.egyr.2020.05.013
https://doi.org/10.1109/TAES.2011.5705681
https://doi.org/10.1108/FEBE-03-2021-0019
https://doi.org/10.3390/en11020365


20

Vol:.(1234567890)

Scientific Reports |         (2024) 14:8205  | https://doi.org/10.1038/s41598-024-59024-4

www.nature.com/scientificreports/

Funding
This research was funded by Taif University, Taif, Saudi Arabia (TU-DSPP-2024-14).

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.B. or S.A.D.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2024

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Enhancing grid-connected photovoltaic system performance with novel hybrid MPPT technique in variable atmospheric conditions
	Collection of data
	Description of the grid-connected PV system
	PV side control
	PV array modeling
	Fuzzy sliding MPPT approach with Boost converter model
	Control of the sliding mode
	MPPT controller with fuzzy logic
	Voltage of the bus

	Grid side management
	Model of a voltage source inverter
	PI Current control methodologies
	Tuning of PI current control methodologies
	Tuning of PI current control using PSO approaches. 
	Tuning of PI current control using a genetic algorithm (GA). 



	Simulation results
	A sudden variation of irradiation
	Real solar irradiation profile
	The photovoltaic array chosen

	Conclusion and future research directions
	References
	Acknowledgements


