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inexhaustible power of the sun. The power supplied
by photovoltaic panels directly depends on climatic
conditions, particularly irradiation and temperature.
To maximize the energy extracted, it is essential to use
a Maximum Power Point Tracking (MPPT) control.
Partial shading occurs when certain sections of the
photovoltaic array receive reduced irradiation.
This phenomenon causes an uneven distribution of solar energy across the panels, leading
to changes in their electrical characteristics. However, the performance of MPPT controls can be
disrupted by partial shading conditions, complicating optimal operation. This work aims to study
two MPPT controls based on the adaptive neuro-fuzzy inference system (ANFIS), each with a
different principle, and to analyze and compare their performance in extracting the maximum
power available from photovoltaic panels, under uniform and partial shading conditions. The
first method combines ANFIS and a fuzzy logic controller, while the second uses ANFIS alone.
The comparison will focus on speed, accuracy, and stability, as well as the components required
for each method. The results show that both methods perform similarly in accuracy since
they can extract almost the same power. However, the second method, which excludes the use
of an additional controller, is faster in extracting power with minimal oscillation and reduces
the number of components in the photovoltaic system by eliminating the fuzzy controller, thus

reducing the system’s complexity.

"Corresponding author.

89

Dor: https://doi.org/10.51646/jsesd.v14iSI_MSMS2E.400
This is an open access article under the CC BY-NC license (http://Attribution- NonCommcrctal 4.0 (CC BY-NC 4.0)).


https://doi.org/10.51646/jsesd.v12i2.161
https://orcid.org/0009-0001-9410-9239
https://orcid.org/0009-0009-6704-8467
https://orcid.org/0009-0002-9355-7264
https://orcid.org/0000-0002-2378-355X

Mohamed Amine Atillah et. al.
AL pASE (6 il W3l N A b emnil] (s ylo (s (N0 3o Gy
paelly @Azl JLtal g 8 (B (18 il il guaal

AL jias (ledal fuiigns 9 >8I nalai ¥ fucenl 313 35 ri gl 9l Banimil ABUAT (1) Aall J gl ieadl sl 35 e 1 pmihd
s S figuin g 5651 719t Y1 L 5205 (1 (BLAY catiatg uiiaS Y S yuca i) RBLLs IRl S (0 JATL o g ploiiwe
ALl (659 il (40 (BN ol I o el ABUAN B3l 319 .3 51 yomdl o 53 9 pla ¥ | eiolin g oLl g y Tt e
Lola ) niSigus 9 ygSI1 A8 g0l (0 enn o 3ol (ALS Lortie (o jomd) Ll oty 9 (S 9l ABLAY S dad) o G5 2 @Sl
il S Lguailias B Ol a3 (6352 Lo (1911 i Inccua il ABUALY gloiiin pud a)ed 5 pallall a0 Conuli Lindiie
iju.ﬁ..ﬁi..\.a.a:aLaﬁzgﬁj'a!idﬂ.\bﬂ!dj)ﬁw6}4&!}3%!5@@%@&3}!&9:3&:3@&Q&guﬂ.ﬁ\&nj
el uaalt ¥ alad 113l (S gundll ABLAN Aladh Al 2 @Sl (i plo dul 53 (3] (Lol 14s CBigy . ol
k949 5SS 21931 (0 oLl (6 gunal FBLIA ol il 2 Logilal i jlia g ek g e lidnn s Lagion (ISt g (S
(@S Butn g9 (S liall iaall Il ALERY s T g¥1 iy ylall aaag o jontl g @ LAl bl g by 152
v el e G HLall 352 i ouo g (Sl aluall unall JY W allay (ool s yall acsied Lol wrolus pudlaic
GBI o (o sl (ot sl Uil ol (3 Sl gl ady o IS s llall Sl o1 2L WLy ¢ 1yl (AB1 g
T30l 2yl (ulin ] @S0 Butom g pldnliaad dafiedd (A1 B! i yall (Lo (TS aag Lo 535 5911 (yudd gy LogiSan
(bl @Sl B g (o el B plo (4 (g 9 4451 ALIAUI 2 Do g sute (0 JET 9 QU (0 yui8 JBL B LY

LS dal Jdas IESL g

B30 GBUAT i gun g 568 RBLAT (A st LA (G gundt) ABUAYI (adh 2505 (ST (abuiall uucall aliadt) — duo Ll Gl

1. INTRODUCTION

Asrenewable energy becomes a global priority, photovoltaic systems play a vital role in generating
sustainable energy through solar radiation [1]. However, energy production from photovoltaic
panels depends on solar irradiation and temperature. To optimize energy extraction, it is essential
to use MPPT techniques [2]. The role of MPPTs is to adjust the electrical parameters of the
panels in real time to ensure that they operate at optimum efficiency. However, partial shading,
where certain parts of the panels receive less light, complicates this task. Partial shading causes
uneven distribution of solar energy and alters the electrical characteristics of the panels, which
can disrupt MPPT performance and make optimization more complex [3].

A variety of methods for MPPT is discussed in the research. It can be grouped into three main
categories[3] [4]: Conventional MPPT techniques (Hill-Climbing (HC), Perturb and Observ
(P&O), etc.), Soft computing methods (Fuzzy Logic (FL), Artificial Neural Network (ANN),
Grey Wolf Optimiser (GWO), Particle Swarm Optimisation (PSO), etc.)), and Hybrid methods
(PSO with P&O, ANN with P&O, etc.)).

Numerous studies have analyzed MPPT techniques based on ANFIS in photovoltaic systems. For
example, Areola, R. I, et al [5] compared an ANFIS-based MPPT controller with the Perturb and
Observe (P&0O) MPPT controller under uniform shading. Esobinenwu, Chizindu Stanley [6]
aimed at optimizing photovoltaic solar systems using an ANFIS controller under partial shading
conditions, Revathy, S. R,, et al. [7] suggest an ANFIS-based (MPPT) for optimizing the solar
photovoltaic system under both uniform and partial shading conditions, Moyo, Ranganai T., et
al [8] presented the design and modeling of the ANFIS-based MPPT controller.

All these works focus on the same theme, which is the analysis of the performance of ANFIS-
based MPPT controls. However, they have used an additional block with the ANFIS control to
ensure that the system operates at the reference point generated by the ANFIS. In addition, many
studies deal only with cases of uniform irradiation. For this reason, we propose testing the control
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system without an additional controller, under both uniform and partial irradiation conditions.
The goal of this project is to study two technique-based MPPT controls (ANFIS) with different
principles and to analyze and compare their performance in extracting the maximum available
power from photovoltaic panels, under uniform and partial shading conditions. The first method
combines ANFIS and a fuzzy logic controller, while the second uses ANFIS alone. The comparison
will focus on speed, accuracy, and stability, as well as the components required for each method.
The paper is structured as follows: section 2 outlines the methodologies and materials, while
section 3 analyses the results. The conclusion can be found in section 4.

2. METHODOLOGIES AND MATERIALS

To compare the two methods, we will integrate them into a photovoltaic system comprising
a photovoltaic panel with MPPT control applied to a DC-DC boost converter, and a DC-AC
inverter with control to regulate the DC bus voltage. In this work, the study will focus on the
design and analysis of the two MPPT methods, without going into the details of the various
elements of the system.

The structure of our system in MATLAB Simulink can be seen in Figure 1.
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Figure 1. Simulink model of the system.

2.1. Photovoltaic array

The first element of our system is the photovoltaic array. As shown in Figure 2, it is made up of
3 groups of photovoltaic panels, with a total power of 50 kW for an irradiation of 1000 W/m?.
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Figure 2. Photovoltaic panels chosen for the project.

Plotting the electrical characteristics of the photovoltaic panel array at a constant temperature
of 25°C, we observe current and power curves as a function of voltage, as illustrated in Figure 3.
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Figure 3. The electrical characteristics of the PV array at 25°C and different irradiation levels.

At 500 W/m? irradiance, the panels provide a maximum power of around 25 kW, which increases
to 40 kW at 800 W/m?. The power supplied by the panels depends directly on irradiation [9],
increasing proportionally with it. This underlines the significant impact of climatic conditions on
the performance of photovoltaic systems.

When photovoltaic panels are exposed to non-uniform irradiation, this is known as partial
shading [10]. To simulate this phenomenon, each group of photovoltaic panels will be exposed to
different irradiances. Then the electrical characteristics of the photovoltaic panels will be plotted
to visualize the effect of partial shading on their electrical performance.
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Figure 4. The electrical characteristics under partial shading of the PV array.

The clear observation from Figure 4 is that the power curve shows several peaks. This phenomenon
disrupts the operation of certain MPPT controls, causing the system to operate at suboptimal
power. This can be seen as a loss of available electrical power. In the case studied here, the
maximum power to be followed by the control is 33 kW, corresponding to the global peak.

2.2. Mppt control techniques

As described in the earlier section, the electrical characteristics of photovoltaic panels depend on
climatic conditions, and the use of MPPT control ensures that panels operate at their maximum
power point, regardless of variations in these conditions [9]. Without effective MPPT control, the
system could operate at power levels below its maximum potential, resulting in a loss of energy
efficiency and a reduction in overall performance [11][12].

In this section, we present the methods involved in our study, detailing the operating principle
of each method.
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2.2.1. MPPT based on ANFIS with fuzzy logic controller

ANFIS combines artificial neural networks and fuzzy logic to optimize decision-making and
modeling in complex systems [13]. ANFIS uses the ability of neural networks to learn and identify
patterns from data while applying fuzzy logic principles to manage uncertainty and imprecision.
This combination enables ANFIS to efficiently transform input signals into accurate outputs
through an adaptive learning process, where the parameters of the fuzzy inference system are
optimally tuned using machine learning algorithms [14][15].

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5
B2y 7@%
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> SO
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Figure 5. Simple ANFIS structure.
Figure 5. illustrates the ANFIS structure [16] [17] with two inputs, x1 and x2, and a single output
f. The fuzzy rules applied to the ANFIS model being analyzed are defined as:
If xis A and x,is B, then: f,=px +qx,+r (1)

If xjis A, and x,is B, then: f,= p,x +q,x,+r, (2)

Where:

A;, Bi: The fuzzy set parameters representing linguistic values.

P» g 1i: consequent parameters.
ANFIS consists of five primary types of layers, with each layer in the neural network applying a
fuzzy logic function, with weighted neural connections to transform input signals into precise
outputs. The system stands out for its adaptability, rapid learning, and non-linear modeling power.
Layer 1: After receiving the input data, it must be transformed into linguistic terms to facilitate
fuzzy inference. The output of node i in this layer, denoted O, is determined by the input to the
membership functions of the corresponding node 1 [16] [17].

O, =u,(x) for i=12 (3)
O, =ty »(x,) for i=3,4 (4)
Where:
tai dsi: The membership grades of the inputs x; and x; in the A; and B; fuzzy sets, respectively.
Layer 2: In this layer, the nodes are fixed, with each node i producing an output based on its input
functions. This layer operates as a multiplier and is known as the neural network layer. [16] [17].
0, =U, = p(x) pp(x,) for i=12 (5)
Where:
Ui: The firing strength of rule i.

Layer 3: This layer normalizes the firing strengths of all rules to ensure that they sum up to 1 [16]
[17].

_ U.
0, =0 =21 (6)
' U, +U,
Where:

U .+ The normalized firing strength of rule i.
Layer 4: In this layer, the nodes are adaptive, with their functions specified as [16] [17]:
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04,1.=l7i-fl.=Ul.(pl.xl+ql.x2+1;) for i=12 (7)

Layer 5: This layer combines the outputs from all rules, with its output being the sum of all
incoming signals [16] [17]:
ZiUif

Os,f=f=z,~(7,~'f= ZU.i for i=12 (8)

 Principle of the proposed MPPT:

The proposed MPPT control is based on two main elements: an ANFIS model and a fuzzy
controller as shown in Figure 6. The ANFIS model takes temperature and solar irradiance as
inputs and provides the fuzzy controller with the reference voltage corresponding to the maximum
power point. This fuzzy controller ensures that the whole system operates at this optimal power
point, thus maximizing the systems energy efficiency. In our study, we considered a constant
temperature, varying only solar irradiance to assess system performance.

Tem';f,;at"m ANFIS Vrefmax FUZZY LOGIC
Irradiation MPPT CONTROLLER
Duty Cycle
BOOST
CONVERTER LOAD

Figure 6. Principle of the proposed MPPT.

To implement the ANFIS method, the neuro-fuzzy designer in the MATLAB environment was
used [18], as illustrated in Figure 7.
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Figure 7. Data and model set up in ANFIS MATLAB designer.

The ANFIS model takes as input the irradiances of the various panels and generates the voltage
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corresponding to the point of maximum power. The data used to train this model are presented
in Table 1.

Table 1. Selection of training data.
Irradiation Pvl  Irradiation Pv2 Irradiation Pv3  Voltage of MPP

1000 1000 1000 415.49
800 600 100 304.90
800 100 100 146.76
100 800 100 146.76
300 600 500 271.92
400 700 1000 274.70
900 400 600 441.89
600 300 400 435.41
400 800 900 269.30
200 800 800 266.48

After several simulations with different parameters such as types and number of membership
functions, learning methods, etc., the configuration that generates the fewest errors is the
following: the type of membership function is triangular, the number of membership functions
is 15 for the three inputs, and the number of epochs is 3. The results are encouraging, showing a
Root Mean Square Error (RMSE) of around 8.6x10-4.

o Fuzzylogic controller:

A fuzzy logic controller is used to maintain the PV system at the voltage corresponding to the
maximum power point. The design process for this controller is comprehensively outlined in the
sources cited in [19][20]. Once the design is complete, the controller is implemented in Simulink,
as depicted in Figure 8.

{]

Figure 8. Design of fuzzy logic controller in Simulink.

The control was implemented using MATLAB Simulink, based on the system elements presented
above. The MPPT controller simulation is shown in Figure 9.

Fuzzy Logic
Controller

Vmpref
Vpv

Figure 9. Design of MPPT controller in Simulink.

2.2.2. MPPT based on ANFIS and without fuzzy logic controller

The main aim of the proposed method is to simplify MPPT control by reducing the number of
elements used. Unlike the control presented in the previous section, we propose to use an ANFIS-
based MPPT approach without the need for an additional controller, instead of the ANFIS model
providing the voltage corresponding to the maximum power point, it will directly generate the
duty cycle for the boost, as shown in Figure 10.
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Figure 10. Improvement of the proposed MPPT control.

According to the boost converter’s characteristic relations, the relationship between output
voltage, input voltage, and duty cycle is expressed as follows [21]:

Vo=125 (9)

Where:

Vi: The Input voltage.

V.: The output voltage.

D: The duty cycle.

In a photovoltaic system where the DC bus voltage is not maintained constant, any change in the
duty cycle results in simultaneous variations in the boost converter’s input and output voltages
[22]. As the output voltage depends on the load, the duty cycle required to obtain the boost input
voltage corresponding to the maximum power point varies with the load, even under the same
climatic conditions. In our system, we use a DC-AC inverter with a control to regulate the DC
bus voltage. This maintains a constant voltage at the boost output. Therefore, when the duty cycle
is modified, only the boost input voltage changes. Consequently, whatever the load, the duty
cycle that gives the input voltage corresponding to the maximum power point remains the same
as long as climatic conditions remain unchanged.

Following the same approach to control configuration and training presented above, and using
the configuration shown in Figure 11 and data presented in Table 2, the root-mean-square error
(RMSE) obtained is approximately 1.75 x107°.
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Type: From: QOptim. Method:
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Oiml‘;‘-‘l""g: (_) Load from file hybrid v Plot against:
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Figure 11. Data and model parameterization in ANFIS MATLAB designer.
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Table 2. Selection of training data

Irradiation Pvl | Irradiation Pv2 | Irradiation Pv3 | Duty cycle of MPP
100 400 0 0.818
600 1000 1000 0.448

1000 400 600 0.446
300 300 400 0.480
1000 200 800 0.657
200 100 100 0.487
400 800 500 0.454
400 1000 100 0.816
500 600 400 0.456
500 800 300 0.614

The control was implemented using MATLAB Simulink, based on the system elements presented
above. The MPPT controller simulation is shown in Figure 12.

[imt >

Figure 12. Design of MPPT controller in Simulink.

3. RESULTS AND DISCUSSION

3.1. Under Uniform irradiation

To evaluate the performance of the two MPPT control methods, a detailed comparison is carried
out under different conditions to identify their respective strengths and weaknesses. For this
purpose, an initial simulation is carried out under uniform irradiation conditions. The irradiation
used varies between two values: 800 W/m? and 500 W/m?, as illustrated in Figure 13. According
to the panel characteristics, at an irradiation of 800 W/m?, the panel should deliver around 40
kW at the maximum power point, while at 500 W/m?, the maximum power should be around
25 kW.

1000 Irradlallc‘)n Signal

900 -

700 ¢
600

500 |

Ir (W/m?)

400 ¢

300 ¢

200 N

100 |

0 I 1 1
0 1 2 3 4 5 6 7 8
Time (S)

Figure 13. The irradiation signal applied to the three photovoltaic panels.

From 0 to 4 seconds, the irradiation remains stable at 800 W/m?, representing constant sunlight
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conditions. At 4 seconds, the irradiation drops to 500 W/m?, simulating cloud cover or reduced
sunlight. This abrupt change is used to test the responsiveness and stability of the MPPT control
methods under sudden irradiation variations, which is essential for evaluating their real-world

performance.
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Figure 14. PV power for the ANFIS MPPT using a Fuzzy controller.
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Figure 15. PV power for the ANFIS MPPT.

Table 3 summarizes the results presented in Figure 14 and Figure 15. The comparison between
the two ANFIS-based MPPT control methods, one with a controller and the other simplified
without, highlights differences in speed, stability, and accuracy:

o Speed: The simplified ANFIS method demonstrates a faster response time (0.04 seconds)
compared to the version with a controller (0.1 seconds), allowing quicker adaptation to irradiation
changes.

« Stability: The method simplified significantly reduces oscillations around the set point (0.004
compared to 0.05 using the controller), indicating enhanced system stability.

o Accuracy: While the controller-based method achieves slightly better accuracy (0.14 kW vs.
0.48 kW without), the difference is minimal and within acceptable limits.

Table 3. Response time, oscillations, and power discrepancy.

ANFIS ANFIS
Using a controller Without a controller
Response time (s) 0.1 0.04
Oscillations ( Kw) 0.05 0.004
Power discrepancy (Kw) 0.14 0.48
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Overall, the ANFIS method without a controller excels in speed and stability, offering a
streamlined and efficient solution by removing the need for additional components. The method
using a controller, although marginally more accurate, adds complexity to the system.

3.2. Under Partial shading

To enrich the comparison and ensure an overall assessment, both methods will also be simulated
under partial shading conditions. In this scenario, the three panels will experience different
irradiances: 1000 W/m?, 800 W/m?, and 600 W/m?. Under these conditions, the panels should
deliver a maximum power of 33 kW.

Table 4 summarizes the results presented in Figure 16 and Figure 17. The comparison of the two
ANFIS-based MPPT control methods under partial shading can be summarized as follows:

o Speed: The simplified ANFIS method responds faster (0.06 seconds) compared to the version
using a controller (0.15 seconds), enabling quicker adaptation to shading variations.

« Stability: Oscillations around the set point are significantly reduced in the simplified method
(0.0012 vs. 0.05), demonstrating enhanced stability with fewer fluctuations.

o Accuracy: The simplified method also shows improved accuracy, with a power disparity of
0.0079 kW compared to 0.0217 kW for the method using a controller. However, this difference is
minimal and largely negligible in practical terms.

In summary, the ANFIS method without a fuzzy logic controller simplifies the system design
while offering notable improvements in speed, stability, and accuracy.

ANFIS with Fuzzy Logic Controller
T T T

P_ . 33.0737
o

" P - 330768
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Figure 16. PV power for the ANFIS MPPT using a Fuzzy controller.
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Figure 17. PV power for the ANFIS MPPT.
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Table 4. Response time, oscillations, and power discrepancy.

ANFIS ANFIS
Using a controller Without a controller
Response time (s) 0.15 0.06
Oscillations ( Kw) 0.05 0.0012
Power discrepancy (Kw) 0.0217 0.0079

3.3. Comparison with prior MPPT Methods

To strengthen the contextual foundation of this study, we compare it with our previous work [23],
which analyzed the performance of three MPPT methods P&O, PSO, and ANN with a fuzzy logic
controller under both uniform irradiation and partial shading. This comparison highlights the
advantages and limitations of each approach to the proposed ANFIS-based method. Although a
precise comparison of the results would require identical test conditions and system configuration,
we can identify general trends by examining the observed advantages and disadvantages of each
method in both studies.

In uniform irradiation conditions, all methods demonstrated good accuracy in tracking the
maximum power point. However, the P&O method exhibited notable oscillations around this
point, compromising system stability. While the PSO method also successfully tracked the
maximum power, it required a prolonged response time due to the high number of iterations
needed to converge. The ANN method with a fuzzy logic controller offered faster and more
accurate tracking but, with the added controller, introduced a slight delay in response, making it
similar in speed to the ANFIS method with a controller. By contrast, the ANFIS method without
a controller achieved the quickest response time, benefiting from a streamlined architecture
without additional components.

Under partial shading conditions, the P&O method was limited by its tendency to lock onto local
maxima, reducing tracking accuracy. Both PSO and ANN with fuzzy logic controller performed
well in these conditions, with ANN offering a faster response than PSO, which again required
more iteration to find the optimal point. The ANFIS method without a controller maintained
the best performance, achieving a faster response with minimal oscillations, positioning it as a
highly efficient solution under dynamically changing conditions without the need for a secondary
controller.

3.4. Practical Benefits of the Simplified ANFIS-Based MPPT System

The proposed ANFIS-based MPPT method without a fuzzy controller provides considerable
practical advantages for photovoltaic systems by reducing system complexity and enhancing
efficiency. By removing the need for an additional fuzzy controller, the overall design becomes
more streamlined, lowering initial setup costs by eliminating extra hardware components. This
reduction in hardware not only cuts costs but also simplifies system maintenance, as there are fewer
elements to monitor, troubleshoot, or replace over the system’s lifetime. Moreover, eliminating the
fuzzy controller reduces the likelihood of control-related failures, enhancing system reliability,
particularly in demanding environments or remote locations where maintenance visits are
infrequent or costly. This streamlined design does not compromise the system’s ability to track
the maximum power point accurately, as shown in the simulation results, making it an optimal
choice for scenarios where cost-effectiveness, robust performance, and ease of maintenance
are key considerations. In essence, this approach not only meets the technical requirements
for efficient MPPT but also aligns well with the practical demands of real-world photovoltaic
applications.
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4. CONCLUSION

This study explored and compared two MPPT control methods based on the ANFIS model: one
using a fuzzy logic controller and the other simplified by removing the controller. The simulation
results under various irradiation conditions demonstrated that the simplified method excels in
speed, stability, and accuracy while streamlining system design by eliminating the controller.
This simplification not only reduces system complexity but also lowers costs and decreases the
potential for component failure.

The simplified method showed superior responsiveness to irradiation variations, with a
shorter response time and minimized oscillations compared to the method using a controller.
Although the controller-based method achieved marginally higher accuracy in some scenarios,
the difference is negligible, making the simplified method equally effective in meeting energy
performance goals.

Opverall, the proposed simplified ANFIS-based MPPT approach emerges as an optimal solution for
photovoltaic systems, particularly where simplicity, robustness, and efficiency are key priorities.
This work lays the groundwork for future research focused on further refining this method and
extending its application to other areas requiring optimal energy management. For instance,
integrating this technique into complex systems like Off-Grid Photovoltaic-Battery setups is
highly beneficial, as efficient energy exploitation and management are critical. By streamlining
MPPT control while maintaining high performance, this approach enhances overall system
efficiency and reliability.
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