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The increasing demand for solar renewable energy resources, driven by the global
energy crisis and the depletion of conventional energy sources, has underscored
the importance of harnessing solar energy. Solar photovoltaic (PV) systems,
however, exhibit nonlinear output power due to their weather-dependent
nature, impacting overall system efficiency. This study focuses on the
development and comparative analysis of three intelligent Maximum Power
Point Tracking (MPPT) controllers using the MATLAB Simulink. The controllers
employ distinct methodologies, namely, Artificial Neural Networks (ANN),
Adaptive Neural and Fuzzy Inference System (ANFIS), and Fuzzy Logic
Controller (FLC). The results demonstrate that ANFIS achieved the highest
accuracy at 99.50%, surpassing ANN and FLC with accuracies of 97.04% and
98.50%, respectively, thus establishing ANFIS as the superior MPPT controller.
Additionally, the positives and negatives of all three MPPT-based algorithms are
also compared in this work.
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1 Introduction

The convergence of factors such as global warming, the limited availability of fossil fuels,
political unrest in key fuel-producing countries, and the declining cost of generating energy
through renewable technologies has led to the belief that renewable energy has the potential
to effectively meet the ever-increasing global energy needs (Qazi et al., 2019; Raza et al.,
2023a) The power producers have shifted their focus to Renewable Energy Technology
(RET) design, application, and maximum use, because of the rapid development of RETs
(Raza et al., 2022a; Raza et al., 2023b). It is strongly advised to continue investing in and
studying ways that can improve the efficiency and stability of renewable energy sources
(Alam et al., 2022; Raza et al., 2022b; R et al., 2022). Among all RETs the solar photovoltaic
(PV) system is vastly used in the modern world because it is a clean form of energy, needs less
maintenance, requires less space, and produces negligible noise (Izam et al., 2022; Raza et al.,
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2022c). However the main problem with solar PV panels is low
energy conversion efficiency because of its weather-intermittent
nature, the output is solely dependent on variable weather
conditions which leads to declined efficiency (Zhou et al., 2019;
Raza et al., 2022d). In order to have an improved and tracked
efficiency the maximum power point tracking system is needed, and
therefore several MPPT algorithms are being used (Awan, 2022).
This work includes the design of three controllers that are based on
ANN, ANFIS, and FLC maximum power point tracking control
algorithms using MATLAB SIMULINK. The reason behind the
selection of these techniques is their potential to enhance solar
photovoltaic (PV) system efficiency through adaptability and AI-
based optimization. The wide use of AI-based techniques
necessitates the need for a comprehensive comparative study to
ensure the use of optimal MPPT controllers and maintain
continuous power generation from solar PV systems. Therefore,
our study aimed to conduct a comprehensive comparative analysis
of these intelligent controllers by applying real environment and
varying weather scenarios and aligning with current research trends
in renewable energy. Our unique contribution lies in rigorously
assessing their performance under varying irradiance conditions
and providing quantitative results, shedding light on the suitability
of these controllers for practical applications in standalone PV
systems. This research aims to offer decision-makers and solar
energy consumers a comprehensive understanding of the
principles behind MPPT, the various factors that impact it. With
this being said, the following were said to be the fundamental goals
of this work: to evaluate the capability of several intelligent
controllers to track their maximum power under varying
irradiance conditions and under both stable and unstable weather
situations such as varying irradiance and constant temperature
values. To investigate how a PV solar array’s power output is
affected by temperature and irradiance. The analysis and
methodology offered in this work can help solar energy system
designers understand the distinguishing characteristics among
popular MPPT strategies and how improving the design would
impact the outcome. It also aims to conduct research into Artificial
intelligence methodologies like fuzzy logic, which are projected to be
the foundation of future technology.

Pakistan is still inefficient in implementing advanced
technologies for efficient utilization of alternative renewable
energy resources (Raza et al., 2022b; Wu et al., 2020). Amongst
all energy sources, the country is blessed with huge solar potential
that can be utilized for power production (R et al., 2022; Raza et al.,
2023c). Solar panels are widely available and are fabricated from
both P and N-type semiconducting materials (Allouhi et al., 2022;
Raza et al., 2023d). The presence of charged carriers in both P and
N-type semiconductors causes the creation of an electric field. This
electric field then channels electrons from the sunlight hitting the
panel’s surface, which results in the generation of an electric current
(Allouhi et al., 2022; Dahlioui et al., 2022). The PV system
development is the necessity for additional elements apart from
the solar panel including inverter, battery bank and charge
controller (Jackson et al., 2021; Raza et al., 2022e). As the power
output supplied by the solar panel is DC power and the required
power is AC, it requires electrical equipment such as inverters that
convert generated DC power output into AC power. The battery is
also needed to store electrical energy (Jackson et al., 2021). Batteries

are not required if the PV system is linked to the electrical grid or
uses the output power produced directly. The need for batteries
arises exclusively when there is a user demand for electricity during
night time and the intention to store energy throughout the day for
later usage (Du et al., 2020). The PV system presents certain
advantages, such as solar panels with affordable operating costs
since they are self-contained once installed. Moreover, their
maintenance costs are minimal as they are highly resilient and
built to endure for many decades (Zimmerman et al., 2020; Rehan
et al., 2023). Finally, they are stationary systems with no mechanical
movement therefore do not require any kind of lubrication fluids
(Zimmerman et al., 2020; Jackson et al., 2021).

The MPPT technique is employed to achieve the highest power
output during changing weather conditions, the function ofMPPT is
to keep output power maximum as possible at all the time as shown
in Figure 1 (Malik et al., 2021). In the case of energy harvesting from
Solar PV system the output power is unpredictable in nature and it is
difficult to control. With the help of the appropriate MPPT
approach this problem can be resolved. There are several MPPT
techniques or algorithms that are being used now days, however, this
research will focus specific MPPT algorithms that are ANN, ANFIS,
and FLC and their design on MATLAB SIMULINK. To obtain the
ideal level of power, all the MPPT methods are employed for
discovering the most optimal combination of voltage and current
for the panel, ensuring maximum efficiency. The detailed
description of these controllers is given below.

1.1 Artificial neural network MPPT

Neural networks and artificial intelligence are data processing
systems that draw inspiration from how organic neural systems
process the data (Dzung et al., 2016). Intellectual modeling and
artificial intelligence aim to imitate certain aspects of biological
neural systems (Dzung et al., 2016). Artificial neural networks have
proven successful in applications such as speech recognition, image
analysis, and adaptive control within the field of artificial

FIGURE 1
Shows maximum power point (Malik et al., 2021).
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intelligence, enabling the development of software applications and
automated systems (Fang et al., 2019).

1.2 Fuzzy logic control based MPPT

Fuzzy logics are a subset of many valued logic, they allow a range
of values to be considered rather than restricting the results to a
binary space. As a result, it may run in the range between “True” and
“False” as well as the binary values of 0 and 1, consenting for a more
exact representation of the variable (Abbas et al., 2022). The use of
linguistic clarification rather than numerical understanding, which
brings fuzzy logic nearer to the human thought process, is another
distinctive feature (Zhang et al., 2020).

The flexibility of a fuzzy set allows for its customization and
adaptation to diverse applications, owing to the incorporation of
fuzzy rules within each set. These rules, devised by industry experts
based on their expertise, guide the determination of output on basis
of input variables (Alcantud et al., 2020; Re et al., 2023). Usually,
these rules are structured like conditional statements using logical
operators such as “if,” “then,” “and” “not,” and “or.” The rules were
created in a way that mirror everyday human logic, such as “if " the
temperature of area under observation is low, shift the air
conditioner to low. “The “IF” and “then” argument was used in
this conditioning statement to determine the input and output. In
this instance, the room temperature is the input, and the output is
level of air conditioner. The last elements of the rule are fuzzy sets
that, in this case, reflect input and output values that are both labeled
as “low.” The control process begins once the mistake and the
differences in the values of error are determined. The controller
takes the crisp inputs and fuzzifies them by mapping them to
linguistic variables associated with their relevant fuzzy set labels.
Using the inputs derived by the fuzzifier and fuzzy rules defined by
the end-user, the controller’s inference engine determines the output
choice. The resulting output is subsequently converted by the de-
fuzzifier from a linguistic representation to a numeric or crisp value.
The shift of duty cycle is necessary for producing output at the MPP
that is represented by this integer value (Ali et al., 2023a). The
present duty cycle therefore equals to the previous duty cycle adding
computed difference to duty cycle.

1.3 Adaptive neural fuzzy inference system
MPPT

Similar to a neural network, an ANFIS has layers that are
connected to provide the desired results after learning data.
Using the fuzzy inference system, the layers in ANFIS are
connected (Cho et al., 2020). In terms of the quantity of input
and output, ANFIS differs from neural networks. There are
restrictions on the input and output data for ANFIS. In ANFIS
there are two inputs and one output X, Y and F. The ANFIS system
uses Sugeno inference system which is divided into two parts one is
antecedent part (IF part) and the second part is consequent (THEN
part) (Habib et al., 2022).

The goal of the ANFIS is to create a hybrid system which
combines the fuzzy logic theory with a neural network map to
minimize challenges and integrate benefits (Abdelkader et al., 2022).

The ANFIS controller needs data for training. This training data is
dependent on the ANFIS-integrated system (Mohammed et al.,
2021). The PV panel and ANFIS controller are connected in our
system. These training data sets are generated under arbitrary
operating parameters within a predetermined range. Therefore, it
includes every scenario that could possibly occur throughout the day
the voltage that is supplied the most power under these weather
conditions is then stored (Subha et al., 2021; Habib et al., 2022).

2 Related works

The efficiency of MPPT algorithms can be affected by a number
of factors, including the environmental conditions, the specifications
of the solar panel, and the architecture of the algorithm itself. These
challenges make it difficult to determine which MPPT algorithm is
the most optimal for a given application. In some cases, algorithm
designers may not take into account all of these factors, that can lead
to failure in some working situations. The nonlinear behavior of the
PV system is considered to be its main characteristic (Ali et al.,
2023b; Motahhir et al., 2020). The ratio of the change in voltage to
the change in current at a specific operating point is referred as the
dynamic resistance of a solar module. It is a measure of how quickly
the voltage across the module changes in response to a change in
current (Ahm et al., 2023). As a result, the MPPT algorithm can
more easily identify the maximum power point in these regions
where the dynamic resistance is essentially constant (Fares et al.,
2021). The MPPT controller in the power region needs to be
modified in light of this phenomenon. The power and voltage
characteristics of the PV panel are used in conventional MPPT
techniques like perturb and observe and incremental conductance
(Cho et al., 2020). The algorithm perturbs the PV panel’s voltage in
the perturb and observe approach while tracking changes in current.
The dynamic resistance is then determined by dividing the voltage
change by the current change. After the maximum power point is
reached, however, this technique may result in steady-state
oscillations, which may increase the loss of power (Sundararaj
et al., 2020).

Under any temperature and insolation conditions, the voltage
of a photovoltaic (PV) module typically varies between 70% and
80% of its open-circuit voltage (Voc). This indicates that a PV
module’s maximum power point (MPP) usually falls within this
range (Villegas-Mier et al., 2021). However, this approach is only
appropriate in areas with minimal temperature change. This is
because the temperature impacts the Imp-Iph relationship, and if
the temperature varies widely, the relationship will not be correct
(Nassef et al., 2022). The duty cycle, or ratio of the converter’s
ON time to its OFF time, determines how efficient a DC-DC
converter is. The input voltage and the output voltage both have
an impact on efficiency. Another crucial factor is the converter’s
settling time, which governs how quickly the converter may
attain its steady-state output voltage (Ali et al., 2023c). MPPT
algorithms use voltage and current sampling to determine power
at each step. The direction of tracking is then determined by this
power for MPPT algorithms like the perturb and observe
approach and for more sophisticated techniques (Seguel et al.,
2022). The measured values of the voltage and current will be
erroneous if the step size of the MPPT algorithm is smaller than
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the converter’s settling time, which will result in improper
tracking of the PV curve (Hanzaei et al., 2020). A PV
module’s current and voltage are regulated in relation to the
maximum power point using the controller duty cycle. Instability
may result if the controller design is not thoroughly thought out
(Hanzaei et al., 2020).

Numerous studies have been carried out to evaluate the
effectiveness of different MPPT algorithms. For instance, in
(Pattnaik et al., 2021), an adaptive ANFIS algorithm based MPPT
controller was introduced that eliminates the requirement for
additional sensors to calculate illumination and the temperature.

The effectiveness of the proposed ANFIS-MPPT technique was
validated on MATLAB simulink, outperforming the conventional
incremental conductance based MPPT technique. Another study
(Osman et al., 2022) worked on designing an efficient MPPT
controller for PV systems using an ANFIS. A multi-variable step
perturb and observe approach was used to collect data precisely in
order to train the ANFIS model. The ANFIS-MPPT controller
demonstrated superior performance in comparison to perturb
and observe and FLC approaches ensuring efficient tracking of
the optimal power point under various environmental conditions.
Furthermore (Mirsaeidi et al., 2023), proposed an ANFIS-based
MPPT controller for optimizing PV systems. The controller
effectively tracked the maximum power point of a 400 W PV
module connected with a DC-DC converter, showcasing dynamic
response and efficiency. Additionally (Al-Majidi et al., 2019a),
presented an ANFIS-MPPT method trained on extensive
experimental training data, achieving accurate tracking of the
maximum power point with efficiencies exceeding 99.3%.
Another study (Ibrahim et al., 2021) employed ANFIS for partial
shading conditions, resulting in an impressive efficiency of 99.92%.
Various research works have investigated the performance of
Artificial Intelligence AI based MPPT algorithms.

Furthermore (Al-Majidi et al., 2019b), presents an ANN-based
MPPT approach for PV systems using extensive experimental
training data. The suggested technique achieves accurate tracking
of the peak power point and yields higher output power comparing
to the perturb and observe controller. In a similar study (Hashim
et al., 2021), a hybrid method is proposed which combines an ANN
with other techniques to address the reduction in peak power caused
by partial shading in PV panels. Simulations in MATLAB are
conducted to assess the effectiveness of the suggested technique

FIGURE 2
Depicts the solar PV system connected to MPPT controller.

TABLE 1 Shows the solar PV model specifications (Ali et al., 2023d).

S.No Data Value

1 Maximum power 248.9 W

2 Cells per module 60

3 Open circuit voltage (Voc) 30.7 V

4 Short circuit current (Isc) 8.85 A

5 Voltage at MPP (Vmp) 30.7 V

6 Current at MPP (Imp) 8.11 A

7 Temperature coefficient of Voc −0.35599

TABLE 2 Shows the ratings of components (Srinivasan et al., 2021).

S:NO Component Rating

1 Resistor 57.6000

2 Inductor 1e-03

3 Capacitor 1.2920e-04

FIGURE 3
Shows the construction of a DC-DC converter (Srinivasan et al.,
2021).
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in comparison to other strategies. Additionally, analysis of current,
voltage, and power characteristics aids in determining optimal
settings. FLC based MPPT methods have also been explored. In
(Abbas et al., 2023), an MPPT method using fuzzy logic control for
stand-alone PV systems is presented. The results demonstrate the
outperformance of the FLC in comparison to the conventional
perturb and observe technique, especially under varying weather
conditions. Another study (Singh et al., 2023) reviews the MPPT
control strategies currently in use and suggests a unique adaptive
fuzzy-based MPPT strategy for PV systems. When compared to
traditional methodologies, the proposed scheme performs better in
terms of speed, smoothness, and computing efficiency. The
combination of teaching-learning (TL) and artificial bee colony
(ABC) called TLABC are hybridized in this (Kishore et al.,
2023a) work for mitigating the oscillations around the GMPP. To
find the effectiveness of the proposed method, it can be evaluated
with other methods such as PSO, IGWO, MFO, and SSA. As per
simulation outcomes, the proposed TLABC shows greater
performance in terms of Standard Deviation (SD), Mean
Absolute Error (MAE), Successful rate (Suc. Rate), and efficiency
are 3.95%, 0.13%, 98.88% and 99.89% respectively. In another study
(Jan et al., 2022), a hybrid approach combining gray wolf
optimization (GWO) and differential evolution (DE), referred to
as GWO-DE, is employed to track the global maximum peak power
(GMPP) in photovoltaic systems, as opposed to local maxima peak
power (LMPP). The system is implemented using MATLAB/
Simulink software and evaluated under various atmospheric
conditions, with performance comparisons against other existing
methods. Simulation results demonstrate that the GWO-DE hybrid

approach outperforms other methods in terms of convergence time,
accuracy, extracted power, and efficiency. Experimental development
and testing in four different cases reveal GMPP outcomes ranging from
602.56 to 984.65W, further confirming the superiority of the proposed
hybrid GWO-DE method over other studied approaches. The other
study in (Kishore et al., 2023b) addresses the challenge of maximizing
peak power in photovoltaic (PV) systems, particularly in the presence of
partial shading conditions (PSC), which can introduce nonlinearity.
Traditional approaches have shown oscillations in achieving global
maximum peak power (GMPP). To overcome this issue, the study
introduces a novel metaheuristic method, the opposition-based
equilibrium optimizer (OBEO) algorithm. The OBEO algorithm is
compared with other methods like SSA, GWO, and P&O. Simulation
results reveal that the OBEO method outperforms other methods,
achieving an efficiency of 95.09% under dynamic PSC in 0.16 s,
96.17% under uniform PSC, and 86.25% under complex PSC,
demonstrating its effectiveness in mitigating oscillations around
GMPP in PV systems.

Existing research on intelligent MPPT controllers has mostly
focused on comparing the performance of different algorithms under
ideal conditions. However, real-world PV systems operate under a
variety of conditions, including varying irradiance and temperature.
This study addresses this gap by conducting a comprehensive
comparative analysis of ANN, ANFIS, and FLC MPPT controllers
under real-world scenarios. In addition, this study provides
quantitative results on the performance of the three controllers under
varying irradiance conditions. This information is valuable for solar
energy system designers and consumers in selecting the most suitable
MPPT controller for their specific needs. Furthermore, this study

FIGURE 4
Shows Simulink model of ANN MPPT.
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investigates how temperature and irradiance affect the power output of a
PV solar array. This information is important for understanding the
performance of PV systems under different operating conditions.

3 Research methodology

The research flow diagram is depicted in Figure 2. The arrangement
of MPPT PV system is designed under the varying solar irradiance
using theMATLAB Simulink. The basic blocks contain solar panel that
is connected with the MPPT controller and DC to DC boost converter
for boosting up the voltage. One common standalone system is created

then different MPPT techniques such as ANN, ANFIS and FLC are
applied on the designed standalone system. The description of each
component of block diagram is given below.

3.1 Photovoltaic (PV) module

PV technology encompasses various forms in this study, the
mono-crystalline silicon cell was chosen due to its exceptional
efficiency. The 1Soltech 15TH–FRL-4H-250-M60-BLK solar
module was selected for this design and its specifications are
given in Table 1 (Ali et al., 2023d). When it concerns solar panel

FIGURE 5
Shows Simulink model of ANFIS MPPT.

FIGURE 6
Shows the Simulink model of FLC MPPT.
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performance, Sun power is a distinguished manufacturer that stands
among the top contenders in the industry.

3.2 DC-DC converter

In this work, a specific type of DC-DC converter called boost
converters was used. The boost converter reduces output current by
raising output voltage which lowers the current’s thermal losses. The

fundamental parts of a boost converter are illustrated in Figure 3,
including a diode, a switch, and an energy storing unit
(Srinivasan et al., 2021). Typically, an inductor serves as the
energy storage component and an insulated gate bipolar
transistor (IGBT) is utilized as a switch. The ratings for
components of boost converter are mentioned below in
Table 2 (Srinivasan et al., 2021).

3.3. MPPT controllers design

In this study, three distinct Maximum Power Point Tracking
(MPPT) methods were developed using MATLAB Simulink. The
MPPT can be implemented either through coding or by constructing
a Simulink model utilizing various blocks. This research proposal
aims to explore these approaches. The MATLAB Simulink model
has been created for each Maximum Power Point Tracking (MPPT)
controller, namely, Artificial Neural Network (ANN), Adaptive
Neuro-Fuzzy Inference System (ANFIS), and Fuzzy Logic
Controller (FLC), in relation to a typical solar photovoltaic (PV)
system. The irradiance is maintained within the range of

FIGURE 7
(A) Input values of temperature and irradiance. (B) Depicts the output voltage data for different values of irradiance.

TABLE 3 Shows the input values of temperature and irradiance over time.

Time
range (sec)

Irradiance value
(W/m2)

Temperature
value (°C)

0–0.2 200 25

0.2–0.4 400 25

0.4–0.6 600 25

0.6–0.8 800 25

0.8–1.0 1,000 25
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200–1,000 W/m2 at a temperature of 25°C, in accordance with a
constant.

The design of our Artificial Neural Network (ANN) Maximum
Power Point Tracking (MPPT) system involved setting up a
standalone PV system. The Standalone system includes a solar
panel, a boost converter (to raise the voltage from 30 to 120 V

for optimal power output), and an electrical load. An additional PI
controller is used with ANN MPPT to improve its robustness,
adaptability to real-world conditions, dampen oscillations,
enhance tracking accuracy, and ensure compatibility with existing
systems. Additionally, to have accurate training data for ANN, the
data is generated using MATLAB programming, based on the solar

FIGURE 8
(A) MPPT input power, voltage, and current signals. (B) ANN MPPT output for power, voltage, and current signals.

TABLE 4 Shows the power extraction by ANN at specified temperature and irradiance w.r.t time instant.

Time instant
(seconds)

Irradiance value
(W/m2)

Temperature
value (°C)

Actual output
power (W)

Theoretical output
power (W)

Efficiency
(%)

0–2 1,000 25 242.60 250 97.04

2–4 800 25 193.80 200 96.90

4–6 600 25 140.82 150 93.88

Frontiers in Energy Research frontiersin.org08

Khan et al. 10.3389/fenrg.2023.1288486

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1288486


panel’s characteristics. After the model is trained, the ANN block is
integrated into the PV system as shown in Figure 4. Finally, the
ANN-based MPPT is tested on the system under changing levels of
irradiance that mimic the real environmental conditions. This
testing aimed to show how well the ANN MPPT system works,
how it adapts to different conditions, and how easily it can be
controlled, giving us a clear picture of its performance.

The design and implementation of the Adaptive Neural and
Fuzzy Inference System (ANFIS) Maximum Power Point Tracking
(MPPT) system were conducted within a standalone configuration,
encompassing a photovoltaic (PV) panel, a boost converter, and an
electrical load. In addition to the ANFIS, a Proportional-Integral
(PI) controller was incorporated into the system design to enhance
stability and performance. Subsequently, training data were
generated through MATLAB programming, leveraging the
intrinsic characteristics of the PV panel. Following the training
phase, the trained ANFIS model was deployed within the PV system.
Subsequent evaluations were undertaken under varying real-world
environmental conditions to elucidate the ANFIS MPPT system’s
operational efficiency, adaptability to dynamic conditions, and
controllability, providing comprehensive insights into its

functionality and suitability for practical applications. The design
of ANFIS MPPT is depicted in Figure 5.

Fuzzy Logic Controller (FLC) for Maximum Power Point
Tracking (MPPT) designed in MATLAB, utilizes the same
standalone photovoltaic (PV) system employed for evaluating
ANN and ANFIS controllers. This design process involves the
initialization of membership functions for key variables,
including voltage, current, and power, followed by the
implementation of these functions using the Fuzzy Logic block
within MATLAB Simulink. Additionally, memory blocks have
been integrated into the FLC model to store and access historical
voltage values, enhancing control strategies that depend on past
system states as shown in Figure 6.

4 Results and discussion

The irradiance was changed from 200W/m2 to 1000 W/m2 and
the temperature maintained constant at 25 °C and this method is
adopted to analyze the individual effects of each variable on the
power output. Table 3 summarizes these distinct periods, each

TABLE 5 Shows the maximum power extracted by all three MPPTs at specified temperature and irradiance.

Technique Irradiance value
(W/m2)

Temperature
value (°C)

Extracted output
power (W)

Theoretical output
power (W)

Efficiency
(%)

ANN 1,000 25 242.6 250 97.04

FLC 1,000 25 246.3 250 98.50

ANFIS 1,000 25 248.2 250 99.50

FIGURE 9
FLC MPPT output for voltage, current and power signals.
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corresponding to variation in irradiance under constant
temperature conditions expressed as a time step of 0.2 s.

4.1 Implementation of artificial neural
network on solar PV system

In this setup the current, voltage and power values are calculated
at MPP by taking the value of temperature as 25 °C for varying
irradiance from 1,000 to 200 W/m2. The input data consisting
varying irradiance and temperature values for training the ANN
MPPT are generated by the use of MATLAB programming by
employing the panel specifications as shown in Figure 7A.
Similar to the inputs, output voltage is calculated with respect to
irradiance and temperature. The output data is shown in Figure 7B.

On the implementation of specified irradiance and temperature
conditions the PV panel generates voltage, current and power based
on its characteristics as shown in Figure 8A. The outputs of the PV
panels are more weather dependent, and they greatly vary under
varying conditions, therefore the MPPT is aimed to continuously
maintain these outputs. As in this case, the output voltage of the PV
panel is compared with the output voltage from the ANN MPPT
controller which leads to the generation of signal given to the pulse
generator to calculate the sufficient duty cycle for the IGBT switch to
maintain the desired outputs. The IGBT switch according to the
generated duty cycle boost up the PV panel’s output voltage from
30 to 120 V. In the provided Figure 8B, the output power curve
demonstrates a gradual rise at the beginning reaching a peak of
242.60 W, corresponding to an irradiance value of 1,000 W/m2 and a

constant temperature of 25 °C. Subsequently, in the second phase,
while maintaining a constant temperature, the output power
declines to approximately 200.80 W when the irradiance drops to
800 W/m2. Moving to the third phase, the irradiance further
decreases to 600 W/m2, resulting in a output power of 145.62 W
as shown in Table 4.

4.2 Implementation of fuzzy logic controller
on solar PV system

In this case, we conducted assessments using the Fuzzy Logic
Controller (FLC) algorithm on a PV system, focusing on current,
voltage, and power measurements at the Maximum Power Point
(MPP). In this specific case of FLC, the controllers’ effectiveness is
assessed under specific conditions, including an operating
temperature of 25 °C and sudden variations in solar irradiance,
and the overall simulation duration lasted 1 s. During the initial half-
second interval, from 0 s to 0.5 the irradiation is 200 W/m2 thus
producing an output power of 140 W and during the second instant,
the irradiance rapidly increases from 200W/m2 to 1,000 W/m2

which produces an output power of around the 246.3 W as
shown in Figure 9. As the irradiance varies there is also a
variation in the voltage and current of the FLC PV controller
and converter. With regards to the response of the panel voltage
and current, the current experiences a substantial effect caused by a
decline in irradiance. However, there appears to beminimal effect on
the PV voltage from either adjustment, while its response is
primarily influenced by the temperature, which is held constant

FIGURE 10
ANFIS MPPT output for voltage, current and power signals.
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at 25°C. When the irradiances vary, the duty cycle also fluctuates
from 0.6 to 0.5. These small fluctuations in the duty cycle highlight
the controllability of the FLC algorithm.

4.3 Implementation of adaptive neural and
fuzzy inference system on solar PV system

In case of ANFIS MPPT controller the output is being carried
with a sudden increase in radiation exposure. The temperature
during this remains constant at 25 °C. Figure 10 demonstrates
that the irradiation level is steady at 200 W/m2 for the first 0.5 s
before rapidly increasing to 1000 W/m2 in next 0.5 s. The power
values extracted by ANFIS MPPT alter in accordance with the level
of radiation. The PV panel produces more power when the level of
irradiation is higher. The highest power the ANFIS MPPT could
extract at the temperature of 25 °C and an irradiation of 200 W/m2 is
roughly 130 W while in the second instant when the PV panel’s
irradiance changes to 1,000 W/m2 its maximum output power of
248.2 W is extracted. As the irradiance changes there is also a
variation in the current, power and voltage of the ANFIS PV
controller showing that it accurately maintains the power
corresponding to the variations as shown in Figure 10.

5 Comparative analysis of intelligent
controller for photovoltaic system

A comparative performance analysis of different MPPT
techniques was conducted in terms of irradiance, operational and
MPP tracking efficiency. The fundamental goal of the MPPT
algorithm is to track the MPP at variable solar irradiation. The
choice of a suitable MPPT technique is a challenging decision.
ANFIS control demonstrates notable efficiency with faster response
and high tracking accuracy as shown in Table 5. In the past few years,
there has been a potential enhancement in MPPT studies due to their
use inmany applications. This paper evaluated a number of articles on
MPPT techniques. Therefore, it is difficult to clearly choose the best
algorithm. The desired MPPT algorithm can easily be chosen on the
basis of its application and each controller’s specification. The cost of
designing the controllers is another important factor that could be
used to compare MPPT algorithms. In general, controllers utilize
many devices in their design, which vary based on their intended
application and sensitivity. These factors can have a substantial impact
on the overall cost associated with controller design. However, it is
important to acknowledge that as the complexity of the computation
and execution of MPPT algorithms increases, so does the associated
cost. Based on the classification outlined in this study, the expenses
related to the development and execution of algorithms escalate as one
progresses from basic to more sophisticated levels.

A review was done of the number of articles that particularly
examined each of the three different types of MPPT controllers
(measurement-based methods, calculation-based methods,
intelligent schemes, and hybrid schemes). This is based on the
general data on the volume of articles published during the last
10 years that was provided in this paper’s introduction and literature
review section. It has been found that recent research has
concentrated on intelligent and hybrid algorithms. This is due to

the limitations of conventional algorithms and the inherent nature
of MPPT systems’ partial shading problem. Intelligent algorithms
have been able tomake significant changes in any field that they have
been introduced to. Additionally, by mixing algorithms, the benefits
of both approaches can be utilized to produce more accurate results
with fewer drawbacks. Another important factor which needs to be
considered for MPPT control systems is their integration with
system and the complications associated with it. While it is
critical to improve existing algorithms and introduce new ones in
order to maximize system efficiency, implementation simplicity is as
crucial. Some of the variables that need to be taken into account
include high costs, complex designs, the presence of additional
hardware, and ultimately, implementation challenges. Traditional
algorithms that are not extremely difficult to create and implement
include the perturbation and observation controller. But the
adoption of clever techniques also presented difficulties. The
adoption of these techniques raises the cost of the control system
overall by adding more hardware. The control system confronts
difficulties in the actual world due to the need for extra hardware,
design complexity, and rising implementation costs, among other
factors.

To conclude, the decision on the optimal MPPT algorithm is
influenced by multiple factors, including the application, the cost,
the complexity, and the ease of implementation. Traditional
algorithms stand as an appropriate choice for applications where
cost and complexity are important considerations. Intelligent and
hybrid algorithms stand as an appropriate choice for applications
where accuracy is important, even in the presence of challenging
environmental conditions.

6 Benefits and drawbacks ofMPPT solar
controller

Following are the potential advantages or strengths of using
MPPTs for solar PV systems (Giurgi et al., 2022; Hadj Salah et al.,
2023).

⁃ They are more efficient as compared to PWM generator.
⁃MPPT can offer DC load optimization and can optimize voltage
differences.

⁃ They are the best choice for large scale PV systems where output
of solar PV panel is substantially higher than battery voltage.

⁃ They offer greater output and hence greater capacity (Amp).
⁃ Following are the drawbacks or disadvantages of MPPT solar
PV systems (Basha and Rani, 2020; Rafikiran et al., 2023).

⁃ They are more costly when compared to conventional PWM
based solar charge controller.

⁃ Their larger size makes them challenging to handle.
⁃ Use of more electronic components and more thermal stress
causes MPPTs have shorter lifespan.

7 Conclusion and future work

This research aims to offer decision-makers and solar energy
consumers a comprehensive understanding of the principles behind
MPPT, the various factors that impact it, and methods to optimize
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its performance. With this being said, following were said to be the
fundamental goals of this work: to evaluate the capability of several
controllers to track their maximum power under varying irradiance
conditions and under both stable and unstable weather situations
such as varying irradiance and constant temperature values. To
investigate how a PV solar array’s power output is affected by
temperature and irradiance. For this purpose, three controllers
were used in this study that are: Artificial Neural Network
(ANN), Fuzzy Logic Controller (FLC) and Adaptive neural and
Fuzzy Inference System (ANFIS). These controllers were designed
and simulated by using the MATLAB Simulink. These procedures
were simulated with variable irradiance levels and constant
temperatures. The analysis and methodology offered in this work
can help solar energy system designers to understand the
distinguishing characteristics among popular MPPT strategies
and how improving the design would impact the outcome. It also
aims to conduct research into Artificial intelligence methodologies
like fuzzy logic, which are projected to be the foundation of future
technology.

In forthcoming research, the evaluating range for environmental
temperatures below 25 °C and above 50 °C should be expanded as
various regions of the world, including few countries in the Europe
and Middle East, experience these temperatures. Studying the
impact of simultaneously adjusting the temperature and
irradiance is another important consideration. This may happen
in some circumstances. Another suggestion is to utilize more rules in
FLC and investigate the impact on tracking efficiency. One other
idea for future work is to make the necessary adjustments and link
the standalone PV system to the grid in order to assure a more
precise depiction of the real electrical power generated.
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Nomenclature

PV Photovoltaic

MPPT Maximum Power Point Tracking

ANN Artificial Neural Networks

ANFIS Adaptive Neural and Fuzzy Inference System

FLC Fuzzy Logic Controller

RET Renewable Energy Technology

ABC Teaching-learning (TL) and artificial bee colony

GMPP Global Maximum Power Point

MPPTs Here are the full forms of the mentioned

PSO Particle Swarm Optimization

IGWO Improved Grey Wolf Optimizer

MFO Moth Flame Optimization

SSA Salp Swarm Algorithm

SD Standard Deviation

MAE Mean Absolute Error

Suc. Rate Successful rate

GWO Gray Wolf Optimization

DE Differential Evolution

LMPP Local Maxima Peak Power

PSC Shading Conditions

OBEO Opposition-Based Equilibrium Optimizer

P&O Perturb and Observe

Frontiers in Energy Research frontiersin.org15

Khan et al. 10.3389/fenrg.2023.1288486

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1288486

	Modeling of intelligent controllers for solar photovoltaic system under varying irradiation conditions
	1 Introduction
	1.1 Artificial neural network MPPT
	1.2 Fuzzy logic control based MPPT
	1.3 Adaptive neural fuzzy inference system MPPT

	2 Related works
	3 Research methodology
	3.1 Photovoltaic (PV) module
	3.2 DC-DC converter
	3.3. MPPT controllers design

	4 Results and discussion
	4.1 Implementation of artificial neural network on solar PV system
	4.2 Implementation of fuzzy logic controller on solar PV system
	4.3 Implementation of adaptive neural and fuzzy inference system on solar PV system

	5 Comparative analysis of intelligent controller for photovoltaic system
	6 Benefits and drawbacks of MPPT solar controller
	7 Conclusion and future work
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References
	Nomenclature


