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Abstract

This study presents the simulation and experimental implementation of two distinct categories of Maximum
Power Point Tracking (MPPT) algorithms aimed at optimizing the performance of Photovoltaic (PV) systems.
The first category involves advanced Fuzzy Logic-based MPPT controllers, specifically FL-Mamdani and FL-
Takagi Sugeno (FL-TS) models. These controllers utilize two input parameters: the gradient of the power-
current curve and its variation, offering an alternative to conventional methods that depend on the gradient of
the power voltage curve and its change. The second category consists of classical MPPT algorithms, including
Incremental Conductance (IC) and Perturb and Observe (P&O). The experimental setup comprises a PV system
with a TDC-P50-42 solar panel powering a resistive load through a boost converter. The converter’s Mosfet is
controlled via a Pulse Width Modulation (PWM) signal generated by the MPPT controller. The algorithms
were first simulated using MATLAB/Simulink and then implemented in real-time using an Arduino board
supported by the Simulink hardware package for Arduino. Experimental results confirm the proper functioning
of the proposed PV system. Among the tested techniques, the FL-TS fuzzy logic controller demonstrated
superior performance and reliability, validating its practical applicability in real-world PV applications.
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List of Symbols/Acronyms

CE: Change Of Error

D: Duty Cycle

E: Error

FL: Fuzzy Logic

FL-Mamdani: Fuzzy Logic Mamdani
FL-TS: Fuzzy Logic-Takagi Sugeno.

IC: Incremental Conductance

MPP: Maximum Power Point

MPPT: Maximum Power Point Tracking
MFs: Membership Functions

PWM: Pulse Width Modulation

PV: Photovoltaic

P&O: Perturb and Observe

Ipv : Photovoltaic current

Impp: Current at the maximum power point
Vpv : Photovoltaic voltage

Vmpp: Voltage at the maximum power point
STC: Standard Test Conditions.

1. INTRODUCTION
Due to its inherent advantages being free,

renewable, and virtually limitless solar energy stands
out as a highly promising and attractive energy
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source. In recent years, PV systems have received
increasing attention owing to their wide range of
applications, particularly in areas lacking access to
electricity. These include water pumping systems [1-
2], standalone photovoltaic installations [3-5], and
more recently, solar-powered standalone charging
stations for electric vehicles [6-8].

In a system where a PV panel is directly
connected to a load, the operating point can lie
anywhere along the power voltage P(V) curve and
does not necessarily coincide with the Maximum
Power Point (MPP). This mismatch often leads to
system oversizing and reduced energy utilization
efficiency, thereby increasing overall costs. The core
challenge stems from the dynamic nature of the
MPP, which continuously shifts due to changing
weather conditions and variations in the connected
load. As a result, ensuring efficient power extraction
under varying levels of solar irradiance and
temperature is essential, especially considering the
relatively high cost of solar energy. To overcome
this issue, the implementation of a MPPT control
strategy is vital [9-10].
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A typical regulated photovoltaic system consists
of connecting a PV panel to a load via a boost
converter, which is controlled by MPPT algorithm.
Numerous MPPT techniques have been proposed,
experimentally validated, and analysed in various
published research works [11-13].

The most commonly used MPPT algorithms in
PV applications include classical methods such as
Perturb and Observe [14-16] and Incremental
Conductance techniques. These approaches are
widely chosen due to their simplicity, ease of
implementation, and the fact that they do not require
prior knowledge of the PV system’s characteristics
[17-20].

However, the P&O algorithm suffers from
several limitations, such as oscillations around the
MPP, slow tracking response, and inaccurate MPP
estimation under rapidly changing irradiance,
temperature, or load conditions [21]. To address
these shortcomings, researchers have proposed
adaptive methods and variable perturbation step
sizes to enhance tracking performance and minimize
steady state errors [22-23].

To further improve the efficiency and robustness
of PV systems, advanced control strategies have
been developed, including intelligent MPPT
techniques based on Fuzzy logic. FL control offers
the advantage of not requiring a mathematical model
of the PV system and is effective in managing
system nonlinearities. Several alternative nonlinear
tracking approaches using fuzzy logic have also been
explored in recent studies [24-27].

This study introduces two enhanced Fuzzy Logic
(FL) control algorithms FL-Takagi Sugeno and FL-
Mamdani designed to improve the efficiency of
photovoltaic PV  systems while minimizing
oscillations around the maximum power point MPP.
While Mamdani-based controllers are often limited
by design complexity and reliance on heuristic
approaches, this work proposes a structured design
methodology to overcome the drawbacks associated
with classical MPPT techniques, without sacrificing
control simplicity.

Unlike traditional fuzzy logic MPPT methods
that typically use the error (E) and its change (CE),
derived from the power-voltage Ppy(Vpy) curve, this
study proposes using the slope and its variation from
the power-current Py (I,) curve as inputs. This
alternative approach aims to ensure more precise and
stable control under variable conditions.

The proposed PV system, regulated by three
MPPT algorithms P&O, IC, and Fuzzy Logic was
first simulated in the MATLAB/Simulink
environment, operating at a switching frequency of
3900 Hz. The algorithms were then implemented in
real time using the low-cost Arduino Mega 2560
platform. Their performance was experimentally
validated under steady-state Irradiance (G) and
Temperature (T) conditions.

The remainder of this paper is structured as
follows: Section 2 presents the components and
mathematical modelling of the photovoltaic PV

system. Section 3 discusses the design of the DC-DC
boost converter. Section 4 describes both classical
MPPT techniques, namely Perturb and Observe
P&O and Incremental Conductance IC, as well as the
development of two fuzzy logic-based controllers.
Section 5 provides simulation results for all MPPT
strategies using MATLAB/Simulink, while Section
6 presents the experimental validation and
performance analysis. The main conclusions and key
contributions of this work are summarized in Section
7.

2. MATHEMATICAL MODELING OF
PHOTOVOLTAIC CELL

The single diode model, characterized by five
parameters, is the most widely adopted
representation of solar cells [28]. A schematic of this
photovoltaic model is illustrated in Figure 1.

The current I,y generated by the photovoltaic cell is

expressed as [29] :
Vv + [,wR
Iy =l = Iy [exp (P2 - 1]
Vv + IwR
_ 'pv - pvi's ( 1)
sh
where:
Ion: photocurrent
Vpv: photovoltaic voltage
Rsh: Shunt Resistance ()
Is: diode saturation current (A)
R;: series resistance (QQ)
a: ideality factor
Vi is defined as KT/q (V)
q: denotes the electric charge of an electron, which
is measured at approximately (1.6x 10719 (C)
T: represents the temperature of the cell measured
in Kelvin
K: represents the Boltzmann Constant (1.38X
10723) (J/K).
Rs

Id Ish
Iph Rsh Vpv

Fig. 1. The equivalent electrical circuit of
a photovoltaic (PV) cell single-diode model

Table 1 presents the key parameters of a 50 W PV
panel (TDC-P50-42) under standard test conditions
[30].

Table 1. PV panel parameter under STC

Parameter Value
Maximum power (Pm) 50 W
Open-circuit voltage (Voc) 248V
Short-circuit current (Isc) 2.7A

Current at the maximum power point (Vimpp) 21V
Current at the maximum power point (Impp) ~ 2.39 A
Number of cells 42




DIAGNOSTYKA, Vol. 26, No. 3 (2025) 3
Boutaybi M, Khlifi Y, Elhafyani ML: Performance comparison of classical and fuzzy logic MPPT ...

The simulation results of the power-current and
current-voltage  characteristics under  various
meteorological conditions specifically changes in
irradiation at fixed temperature and variable
temperature at fixed irradiation level are presented in
Figures 2 andI 3 respef:tively.
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Fig. 2. Power-current and current-voltage curves
corresponding to different irradiation levels and
a constant temperature value
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Fig. 3. Power-current and current-voltage curves for
various temperature and fixed irradiation values
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3. PHOTOVOLTAIC SYSTEM

Figure 4 illustrates a schematic diagram of a
photovoltaic system. This system includes a 50 W
solar panel (TDC-P50-42 delivering power to a
resistive load (Rp) via a DC-DC boost converter
controlled by an MPPT controller. This controller
enables automatic tracking of the MPP, thereby
ensuring optimal system performance under varying
weather conditions and load fluctuations.

Voltage Vo

DC AL
Current N DC lo
s 5 )
g 2 9\9&
. MPPT | o®
Command

Fig. 4. Schematic representation of the PV system
regulated by MPPT command

A Boost-type DC/DC converter is utilized in this
study. The electrical connections are established
such that the output voltage V, and output current I,
of the converter are directly linked to the input
voltage V,y and current I,, provided by the
photovoltaic panel by the following relations [31-
34]:

v, = Vou I, =1,, (1-D) 2)
o 1—D ° pv

where D is the duty cycle of the PWM signal.
Assuming that the converter operates at (100%)
efficiency, the power generated by the photovoltaic
panel can be expressed as:
V2 1\ V&
Pov = R, Pov = (1 - D) R, ®
Therefore, to extract the maximum power from
the PV panel, it is essential to adjust the duty cycle
to its optimal value. As illustrated in Figure 5, the
DC-DC converter connected to the resistive load Rp
can be equivalently modelled as a variable resistance
Ropt, which adapts dynamically to match the panel’s
optimal operating point.

;|\ PV

TCD Ropt

Fig. 5. Synoptic representation of the PV panel
connected to the load Ropt

To achieve effective Maximum Power Point
tracking, appropriate load sizing is essential. In
continuous conduction mode, the relationship
between the actual load resistance Rp and the
equivalent optimal resistance Rqp: can be established
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using equation 4, which serves as a key reference for
designing the system to operate at its maximum
efficiency.

V.

5 =(1-D)’R, = Rgpe= (1-D)*R, (4)

Bov

Thus, the load Ry is expressed as follow:
R, = ot (5)
" (1-D)?

Since:

Dmin <D< Dmax (6)
then:

_ Ropt __ Ropt

- Dmin)2 = RL = (1- Dmax)2 (7)

The optimal resistance Rop required to reach the
MPP under Standard Test Conditions is expressed by

equation 8:

V,

Ropt = Imﬂ (8)
mpp

The results of our analysis indicate that the
optimal resistance Rgp required to achieve the
maximum power point is 8.78 Q, corresponding to a
duty cycle value ranging from 0.2 to 0.89. Within
this range, the associated load resistance Ry extends
from 13.71 Qup to 519.52 Q. Based on these values,
a load resistance of 31 Q was chosen for the system.
The detailed specifications of the boost converter
components, which ensure operation in continuous
conduction mode, are summarized in Table 2 [35-
36].

Table 2. PV panel parameter under STC Parameter
values for DC/DC boost converter

Parameters. Symbol Value
Input Capacitor [uF] Ce 1000
Inductance  [uH] L 195
Output capacitor [uF] Cs 1000

4. PROPOSED MPPT COMMAND

This study explores and compares three MPPT
control strategies: the classical P&O and IC
algorithms, and the proposed Fuzzy Logic based
controller FL-Mamdani and FL-Takagi-Sugeno.
Each method presents specific advantages and
limitations regarding efficiency, implementation
simplicity, robustness, and dynamic response. The
comparative analysis is conducted under varying
irradiance conditions to evaluate the effectiveness of
each technique in accurately and reliably tracking
the maximum power point.

4.1. P&O Perturbation and Observation

Perturbation and Observation MPPT control is
thought to be among the most extensively used
classical algorithms.

The principle of this method is to perturb the PV
panel voltage; therefore, the output PV power will be
perturbed. If the PV power increases, i.e., it is higher
than the old one, it means that the operating point is

moving towards the MPP and the duty cycle change
should be maintained in the same direction until the
maximum power is reached (dP,/dVy, = 0).
Otherwise, if the power decreases, the operating
point moves away from the MPP. So, the direction
of the perturbation to reach the maximum power
must be changed. Figure 6 illustrates the flowchart
of the P&O algorithm [29].

[Measure I(n) et V(n)

AP(n)= P(n) -P(n-1)J

%

[ D(n+1)= D(n) - delta(D) |

[D(n+1)= D(n) + detta(p) [D(n+1)= D(n) + delta(D)J

END
Fig. 6. P&O flowchart algorithm

4.2. Incremental Conductance Control

The IC algorithm relies on the slope of the
photovoltaic power-voltage curve, described by the
following Equation:

LA 9
Vo €))
Equation 9 can be expressed as below:
dPpy dlpy
=Ipy +V (—) 10
T = o+ Ve (g (10)
At MPP:
dPpy _ dlpy lP_V —
(dVPV)MPP =0= dvpy + Vpy 0 (11)

At the operating points illustrated in Figure 7, the
IC algorithm regulates the system by decreasing the
voltage when dPpv/dVpey < 0 and increasing it when
dev/dVPV > 0.

Ppv ! dPpv
60 FYRRER
i dVpv
PITI p p - — - - Ih ------- -

40 b 50
dev/

1
|
]
|
20 Hncreased it
Vref !
| il

)

Decreased
Vref
PPz

0 5 10 15 20'Pzs nVPV

Fig. 7. Power - voltage characteristic

As illustrated in the flowchart of the Incremental
Conductance IC algorithm given in Figure 8, the
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control strategy evaluates the photovoltaic voltage
V(k) and current I(k) at each sampling instant k. It
subsequently calculates the conductance Ipv/Vpy and
the incremental conductance dlpv/dVpy. Based on
these values, the algorithm identifies the maximum
power point on the PV curve using the following set
of equations:

dp dI I
PV — 0 PV - _ PV (12)
dVpy dVpy Vpv
Lev 59 = vy, v (13)
gVPV l(iiVPv Vpv
P 1 I
<0 = R 2 (14)
dVpy dVpy Vpv

<p>

_[ Measure (V )and (])J

Dn=D(n-1) + dD
) ! ) [Dn=D(n-1) + dD]
y

T n(ln-l) -dD] Dn=D(n-1) + dDJ

Fig. 8. Flowchart outlining the IC algorithm

4.3. Fuzzy logic MPPT command

The Fuzzy Logic MPPT Controller is a technique
used to enhance the efficiency of nonlinear systems,
such as photovoltaic systems. This method involves
three main stages: Fuzzification, Inference, and
Defuzzification, as illustrated in Figure 9.

‘l *v

[ Fuzzy Input Vari

yE= AP/AI CE=AE

Fuzzification Step

Fuzzy Infi
(FL-Mamdani and

A NB NS PTS FTB
utput Variable D-TS/

D duty ratio Command
Fig. 9. Flowchart illustrating the operation of a FL
commands

The proposed MPPT control approach in this
study employs the error E and the change in error CE
as input variables, which represent the slope and the
variation of the slope of the power-current P(I)
characteristic curve, respectively. Based on these
inputs, the controller generates an appropriate D to
drive the Mosfet of the DC-DC converter, thereby
ensuring maximum power transfer from the
photovoltaic panel to the load. As demonstrated in
the following section, this method significantly
enhances the performance of the photovoltaic system
under varying environmental conditions.

The Fuzzification process involves converting
the crisp input values E and CE into linguistic fuzzy
variables. At a given time t, these input variables are
defined as shown in Egs. (15):

E(O) = P(t) —P(t—1)
) -It—1)
CEl)=E®)—-E(t—-1)

Where P(t) and I(t) stand for the solar panel's
power and current, respectively. Five linguistic
variables or labels are used to represent the input
variables, E and CE, which are stated as follows:

e NB: Negative-big,
e NS: Negative-small,
o ZE: Zero,

e PB: Positive-big,

e PS: Positive-small.

Various types of fuzzy Membership functions
(MFs) can be utilized in the Fuzzification process,
including triangular, trapezoidal, and Gaussian
shapes. The selection of a specific MFs shape
typically depends on expert knowledge and prior
experience with the system. Among these, triangular
and trapezoidal functions are commonly preferred
due to their simplicity and effectiveness in delivering
reliable results. The standard Membership functions
used for both the input and output variables in the
Fuzzification process are depicted in Figure 10.

NB

] ——— kol e Lo ahREE -

(15)

0

Fig. 10. Typical Fuzzy membership functions (MFs) of
inputs and output used in the fuzzification process

During the Inference step, the Fuzzy Logic
controller establishes a relationship between the
input and output linguistic variables using a
predefined rule base, as illustrated in Table 3. This
rule base must account for both the static and
dynamic characteristics of the controlled system.
The Inference mechanism enables decision making
by applying fuzzy rules to the fuzzified inputs. For



6 DIAGNOSTYKA, Vol. 26, No. 3 (2025)
Boutaybi M, Khlifi Y, Elhafyani ML: Performance comparison of classical and fuzzy logic MPPT ...

example, if the E is classified as Negative Big (NB)
and the CE is also NB, then the output duty cycle is
assigned a linguistic value of Zero (ZE).

Table 3. Fuzzy rules that establish relationships between
output and inputs variables

CE) NB NS ZE PS PB
(B

NB ZE ZE NB NB  NB
NP ZE ZE NS NS NS
ZE NS ZE ZE ZE PS
PS PS PS PS ZE ZE
PB PB PB PB ZE ZE

The Defuzzification step is the final stage of the
Inference process in a fuzzy logic system. It consists
to defuzzify the D output fuzzy set of the Mamdani
and TS fuzzy Inference system. Which means
converting the fuzzy output obtained from the fuzzy
rules into a numerical value.

In this work, we use two types of Fuzzy Logic
controls: The FL-Mamdani algorithm and the FL-
TS method.

The FL-Mamdani system which is the most
commonly used is based on centroid Defuzzification
method. This method returns the numerical value of
the D output. The center of gravity is calculated by
weighting the values of the fuzzy outputs by their
degree of membership, adding them together, and
then dividing the result by the sum of the degrees of
membership. Conversely, the FL-TS method
employs a weighted average approach to ascertain
the output D. Unlike representing the output as a
fuzzy set, it is expressed as a constant or a linear
equation. The MFs of the E: inputs and CE, along
with the output D, are illustrated in Figures. 11 to 13
for both the FL- Mamdani and FL-TS methods.
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Fig. 11. MFs of the inputs E and CE for FL-Mamdani

Figure 14 shows the output surface for the fuzzy
Inference system for both the FL-Mamdani and FL-
TS MPPT commands used to control PV system. It
represents the output variable (D) against the two
input variables (E, CE).
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Fig. 13. Membership functions (MFs) for the output D
in FL-Mamdani and FL-TS
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-100
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Fig. 14. Output surface MPPT control methods of FL-
Mamdani and FL-TS

5. RESULTS OF SIMULATION

This section presents the simulation results of the
proposed  photovoltaic  system  using the
Matlab/Simulink  environment. The  system
architecture comprises a photovoltaic panel, a boost
converter, an MPPT controller, and a resistive load.
Experimental tests were conducted to evaluate
system performance under varying environmental
conditions, specifically at an irradiance level of 772
W/m? and a temperature (T) of 25°C. Figure 15
illustrates the different test conditions used in the
study. To ensure the validity and robustness of the
developed Fuzzy Logic MPPT tracker, a
comparative assessment was performed between
conventional controllers P&O, IC and the two
proposed FL controllers FL-Mamdani and FL-TS
under the irradiance profiles shown in Figure 15,
while maintaining a constant temperature of 25 °C.

The results illustrated in Figures 16 and 17
demonstrate that the proposed MPPT controllers
namely P&O, IC, and Fuzzy Logic controllers FL-
Mamdani and FL-TS integrated with the boost
converter, effectively accomplish their intended
objectives. These include increasing the output
voltage, reducing the current, and ensuring efficient
power transfer at the maximum power point Pmax
from the photovoltaic panel to the load, as evidenced
by the profiles in Figure 17. Notably, the duty cycle
is precisely regulated to match the MPP, with the FL-
TS method exhibiting the highest accuracy.

Moreover, the Fuzzy Logic controllers
significantly reduce oscillations around the MPP
compared to the conventional P&O and IC

algorithms. These findings indicate that FL
controllers offer superior performance in terms of
accuracy and stability. Furthermore, they exhibit
faster dynamic responses, with response times of
28.15 ms for FL-Mamdani and 22.01 ms for FL-TS,
compared to 48.02 ms for P&O and 40.25 ms for IC.
This makes Fuzzy Logic MPPT methods,
particularly FL-TS, more suitable for real-time
photovoltaic energy optimization under varying
environmental conditions.
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Fig. 15. Sudden change in irradiation levels (G)
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6. EXPERIMENTAL RESULTS AND

DISCUSSIONS
6.1. Description of experimental test bench

This section presents the practical validation of
the implemented MPPT algorithms, including Fuzzy
Logic methods FL-Mamdani and FL-TS and
conventional techniques IC and P&O, using the
Simulink Support Package for Arduino hardware.
The experimental setup, shown in Figure 18,
integrates both hardware and software components
to enable real time testing and evaluation of the
control strategies.
v' A PV module of 50 W under STC, a boost
converter, and a resistive load.
An Arduino Mega 2560.
Instruments for measurement and acquisition
include a watt-meter and an oscilloscope.
v' A personal computer utilizing the Matlab-

Simulink environment.
6.2. Description of hardware

Arduino Mega 2560, which uses the
ATmega2560 microcontroller. 4 UART (hardware
serial ports), 16 analogue inputs, a 16 MHz crystal
oscillator, USB connection, power jack, ICSP header
and reset button are included related to digital input-
output pins were now totalling its count as 54 but
compared with Arduino Uno Atmegal68
Darlington.

We prepared an electronic interface card to allow
the collection of (Ipv) and (Vpy) from one PV panel
and for the control of a DC-DC boost converter. In

v
v

order to prevent Arduino Mega 2560 from
experiencing operational issues, it is important that
the main board isolate an opto-coupler with respect
to power circuit.

Computer-Matlsh || Mii.| Resistive Load o PVPanel

L8 Electronic circuit
0 ke interface

Fig. 18. Experimental test bench of the PV system

In the experimental test bench of Fig. 18, the
LEM LA-55-P sensor was used for current
measurement, as it is specifically calibrated to
provide exact current measurements in the range of
[0A to 5A]. The C11A063 sensor module based on
the resistance point pressure principle is used to
measure the voltage of the photovoltaic panel. It can
reduce the input voltage up to five times.

The (HCPL-3120) optically linked driver was
used to isolate and drive the gate of a metal oxide
semiconductor field effect transistor Mosfet. The
DC-DC converter, positioned between the
photovoltaic panel and the load operates at a
designed switching frequency of 3900 (Hz). This
converter incorporates a Schottky diode and an
IRF740 Mosfet, which was chosen for its high
performance in our system. Figure 18. depicts the
experimental test bench used to carry out the
essential experiments to validate our system.

6.3. Description of the software

The aim of this research is to create and
implement a real-time MPP tracker by leveraging the
Matlab-Simulink environment in conjunction with
the Arduino Mega 2560 board.

This method is regarded appropriate since it
combines a solid performance prototyping board
with  effective  simulation  software.  The
Simulink/Support/Package for Arduino Hardware
from Matlab-Simulink enables the design of control
algorithms directly in Simulink, which can then be
down loaded onto the Arduino board hardware
platform. Figure 19. provides a glimpse of the
interface developed within the Matlab Simulink
environment, utilized for the real time
implementation of MPPT commands (IC, P&O, FL).

Both conventional MPPT techniques Perturb and
Observe and Incremental Conductance as well as the
Fuzzy Logic controller, rely on two essential input
parameters: the photovoltaic current Ipv and voltage
Vpv. These inputs are critical for accurately
determining the operating point of the PV system. In
the implementation, Simulink blocks illustrated in
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Figure 19 are employed to compute these values
based on real time data received from the
photovoltaic panel.

Arduino Ardui
AN P m
Pin 0 Pin
Voltage sensor PWM Out
>EP1 Freq-3900
Caleul Fuzzy Logic S-function Builder

Current sensor
E and CE Controlled

Fig. 19. View of interface developed in Matlab/Simulink
environment for real- time implementation of FL MPPT
command

The current and voltage sensors are linked to the
Arduino Mega 2560 board’s analogue pins [A0 and
Al], respectively. The algorithm generates a D that
regulates the PWM block using a gain of 255. The
Pulse Width Modulation target accepts only integer
values between 0 and 255, corresponding to 0% to
100%. Once the Arduino Mega 2560 board is
connected to the computer via a USB cable and
configured, the model can be deployed onto the
Arduino hardware. Output block in the Simulink-
Support Package generates a maximum frequency of
490 Hz, which is unsuitable for driving the boost
converter DC/DC. To address this limitation, Matlab
S-functions are employed. To adjust the frequency,
we propose integrating Matlab S-functions with the
control governing the PWM boost frequency in the
Simulink model.

An S-function block in Matlab/Simulink enables
the integration of C code directly into a Simulink
model, offering flexibility in real-time control
applications. In this study, an S-function is employed
to implement a control algorithm that achieves a
switching frequency of 3900 Hz, ensuring accurate
and high-speed regulation of the DC-DC boost
converter. We use for this the following C command
[371:

TCCRIB =(TCCRIB & 0 X F8 | 0 X 02)

It should be noted that Arduino Mega 2560 board
features 14 PWM outputs managed by three timers.
The PWM frequency is determined by the timer
clock, which runs at 62,500 Hz divided by a
prescaler. To obtain a PWM frequency of
approximately 3.9 kHz, the base frequency must be
divided by 16 (i.e., 62,500 / 16 = 3906 Hz). This is
achieved by setting the prescaler of Timerl to 8§,
using Previews C command.

6.4. Experimental results

To determine the Maximum Power Point under
experimental conditions at a given moment, a
preliminary test was conducted. By varying the
converter's duty cycle from 0 to 1, the system is
guaranteed to pass through the MPP. This procedure
was implemented using a simple algorithm
programmed on the Arduino board, which

progressively increases the duty cycle of the PWM
signal from 0 to 1. During this process, a digital
oscilloscope is employed to monitor and verify the
power output from the photovoltaic panel, ensuring
accuracy in power tracking, as illustrated in Figure
20. The resulting PV characteristics, shown in Figure
21, reveal that the MPP under these specific
conditions is approximately 44.22 W.

Tek .. @ Stop M Pos: 21.06s MATH
(.
Operation
v,f/\\ Soutces
i 1 N ppy .
M 5180 U A 3%3‘3?3
B \ Ipy
CH2 5008 M 250ms
MATH 5.00vY 22-Mar-23 17:26

Fig. 20. Ipv(t), Vev(t) and Ppv(t) characteristics
50
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Fig. 21. Experimental power-voltage characteristics

The conducted experiments aim to evaluate the
performance of Fuzzy Logic controllers specifically
FL-Mamdani and FL-TS in comparison with
conventional MPPT methods, namely Perturb and
Observe and Incremental Conductance. All evaluations

are carried out under identical operating conditions,
with a switching frequency set at 3900 Hz.

6.5. Results for classical controls

==Power-Po =—Power-IC

-
o

(]
o

Power (Watt)

0 500 1000 1500 2000 2500
Time (ns)
Fig. 22. Waveforms of PV power Ppv in the case of

Boost converter controlled by (P&O or IC) MPPT
command
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Fig. 23. Waveforms of Vpv voltage and Ipv current in the
case of Boost converter controlled by (P&O or IC)

6.6 Results for fuzzy-logic controls

Figures 24, 25, and 26 illustrate the power,
current, and voltage outputs of the photovoltaic
panel when controlled by FL-Mamdani and FL-TS
MPPT techniques, respectively. Under consistent
test conditions, these results confirm the
experimental validity of the applied MPPT
algorithms. The power profiles clearly demonstrate
that fuzzy logic controllers outperform conventional
methods (P&O and IC), particularly in steady-state
performance, by significantly reducing oscillations
around the maximum power point. Moreover, the
power extracted using FL-Mamdani and FL-TS
controllers exceeds that achieved by the P&O and IC
techniques, as evidenced across Figures 22 to 23.

Switching losses are one of the main challenges
associated with power converters. In this study, the
power, voltage, and current values measured at the
output of the boost converter using Fuzzy Logic
MPPT controllers are as follows: for the FL-TS
controller, the power is 38.5 W, the voltage is 20.32
V, and the current is 1.89 A; for the FL-Mamdani
controller, the power is 37.8 W, the voltage is 20.36
V, and the current is 1.86 A. These results highlight
the effectiveness of Fuzzy Logic control in
minimizing energy losses. In our case, the efficiency
of the DC-DC boost converter is approximately
85%.

Figures 27 and 28 show the PWM control signals
of the boost converter for all controls, indicating a
Duty cycle of 20.12% and a frequency of 3900 (Hz).

60
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Fig. 24. Waveform of PV power Ppv in the case of DC-
DC converter controlled by (FL-Mamdani or FL-Takagi
Sugeno) MPPT command
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Fig. 25. Waveform of voltage (Vpv) in the case of DC-
DC converter controlled by (FL-Mamdani or FL-TS)
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Fig. 26. Waveform of current (Ipv) in the case of DC-DC
converter controlled by (FL-Mamdani or FL-TS) MPPT
command
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Fig. 27. PWM Signal for FI-Mamdani Control



DIAGNOSTYKA, Vol. 26, No. 3 (2025) 11
Boutaybi M, Khlifi Y, Elhafyani ML: Performance comparison of classical and fuzzy logic MPPT ...

Tek Ak Trig*d M Pos: 148.0us
+
[
4
‘ Coarse]
2
CH2 5.00 M S0.0us CH2 7~ 7.23V
1-Feb-23 20:43 3.9133

Fig. 28. PWM Signal for FL-TS Control

7. CONCLUSION

This article introduces and thoroughly
investigates a novel MPPT control strategy based on
enhanced Fuzzy Logic algorithms, specifically FL-
Mamdani and FL-TS, which leverage inputs derived
from the slope of the power-current P(I) curve and
its variations. This innovative approach contrasts
with conventional MPPT techniques that utilize the
slope of the power-voltage P(V) curve. The study
offers a comprehensive comparative analysis
between this proposed method and classical MPPT
algorithms Perturb and Observe P&O and
Incremental Conductance IC through simulations in
Matlab-Simulink  and  real-time  hardware
implementation using the Arduino Mega 2560.

The proposed Fuzzy Logic controllers
demonstrated superior performance in reducing
oscillations around the MPP and exhibited
significantly faster convergence times 22.01 ms for
FL-TS and 28.15 ms for FL-Mamdani compared to
48.02 ms for P&O and 40.25 ms for IC. These results
were consistent across various irradiance conditions,
confirming the robustness and efficiency of the
approach.

In conclusion, the FL-TS MPPT algorithm
emerges as an effective and practical solution for
photovoltaic system control, ensuring optimal
energy extraction through rapid and accurate
tracking of the MPP. This innovative method
represents a significant advancement in MPPT
techniques and offers promising applications for
enhancing solar energy harvesting.
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