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ARTICLE INFO ABSTRACT
The 2nd International Conference This paper proposes an enhanced fuzzy logic
on Materials Sciences and controller (FLC) for photovoltaic (PV) systems,
Mechatronics for Sustainable featuring a novel reduced-order design. It
Energy and the Environment introduces a significantly simplified FLC for
(MSMS2E 2025) MPPT in a 10-kW grid-connected PV system. The
October 1-2, 2025 at EST-Béni proposed controller minimizes both the number
Mellal- Morocco. of input variables and the number of membership

functions (MFs). Specifically, it utilizes only a
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single input, the sum of conductance and its
increment, and employs just five rules, a
Logic Controller; MPPT; FLC. substantial reduction compared to the 25-49 rules
typical in standard FLCs.

Integrated within a system architecture featuring a DC-to-DC converter and a 3-level
voltage source converter (VSC) for grid power transfer via duty cycle control, this highly
reduced FLC maintains robust MPPT performance through adaptive responses to varying
weather conditions. Consequently, it achieves considerable simplification in implementation
complexity without sacrificing operational efficiency. To our knowledge, this FLC is among the
few controllers capable of such significant rule reduction while maintaining performance. Key
results show that at 1 kW/m?, incremental conductance (IC) achieves 99% efficiency compared
to FLC’s 96%. Under medium irradiance (0.5 kW/m?), FLC outperforms IC by 5% (93% vs.
88%). For low irradiance (0.2 kW/m?), both reach 95.2%.
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Under large irradiance steps (0.4 to 1 kW/m?), the FLC achieves 22x faster convergence than
IC (0.015 s vs. 0.33 s),demonstrating superior dynamic response to abrupt solar variations. This

highlights the proposed algorithm’s robustness for dynamic weather scenarios while maintaining

competitiveness in steady operation.
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1. INTRODUCTION

The global surge in energy demand has accelerated interest in renewable energy solutions,
particularly photovoltaic, wind, and biomass systems [1]. Recent research has focused
extensively on enhancing the efficiency and economic viability of these sustainable alternatives.
Among renewable options, photovoltaic technology has demonstrated remarkable market
penetration, outpacing other green energy sources with annual growth rates reaching 60% in
recent years [2], [3]. This rapid adoption stems from PV’s competitive advantages: abundant
solar resources, declining implementation costs, and favorable policy frameworks that support
clean energy initiatives worldwide. The increasing integration of PV systems into grids has
heightened the demand for efficient MPPT techniques to optimize energy harvest under
varying environmental conditions [4], [5].

Scientific literature classifies MPPT techniques into three main families, each presenting
tradeoffs among simplicity, cost, accuracy, and robustness. The first category comprises
conventional methods such as IC, P&O, and Hill Climbing (HC) [6]. Recognized for their
conceptual simplicity and ease of implementation, they prove effective when irradiance and
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temperature vary gradually. However, their performance degrades significantly under rapid
changes or partial shading conditions. To overcome these challenges, researchers have
developed advanced MPPT techniques based on soft computing that employ artificial
intelligence (AI) and bio-inspired optimization methods to manage PV system nonlinearities
and dynamic operating conditions effectively. The most prominent approach, Fuzzy Logic
Control (FLC) [7], operates through intuitive IF-THEN rules rather than precise mathematical
models, utilizing input parameters such as MPP tracking error, typically derived from dP/dV
measurements, to dynamically regulate the DC-DC converter’s duty cycle. This model-free
architecture enables FLC to maintain robust performance during parametric variations and
partial shading conditions, consistently outperforming conventional methods in locating the
global MPP while handling data uncertainties effectively. However, FLC implementation
requires careful design of membership functions and rule bases; an expertise-dependent
process that can be computationally intensive. Other advanced soft computing techniques have
been developed for MPPT applications, including artificial neural networks (ANNs) and
nature-inspired metaheuristic algorithms such as the bat algorithm (BA), grey wolf optimizer
(GWO), and particle swarm optimization (PSO). These are complemented by chaotic
optimization methods that leverage nonlinear dynamics for enhanced search capabilities [8],
all offering superior performance in complex environments at the cost of increased
computational requirements compared to traditional approaches. Finally, the third category
involves hybrid approaches. These methods aim to combine the strengths of conventional and
soft computing approaches, namely PSO+P&O, ANN+IC, and ANN+FL [9], [10], [11]. The
objective is to achieve robust, fast, and precise overall performance across a wide range of
operating conditions while managing complexity. The ultimate choice of MPPT technique will
therefore inherently depend on the specific requirements of the application, its environmental
conditions, cost, and computational resource constraints.

Fuzzy logic-based MPPT controllers enable high tracking performance [12]. Historically, the
majority of studies employed a system with two inputs and a single output, utilizing five
membership functions (MFs) to create a total of 25 rules [13], while others employed 7 MFs,
resulting in 49 rules, or 3 MFs for nine rules. Some previous approaches had already reduced
complexity by using current variation as the sole input with only two MFs and two rules [14].
Although various inputs have been tested, temperature and irradiance variation, error
variation, or momentum [15], power and voltage or current variations are often preferred for
computational reasons [16]. In contrast to these approaches generally require at least two
inputs, this work introduces an enhanced FLC for PV systems, featuring a novel reduced-order
design. The proposed controller minimizes both input variables and MFs, resulting in a highly
reduced FLC used to extract MPP from a 10-kW PV system connected to the grid. Notably,
only the sole variable I/V + dI/dV is used as a single input with only five MFs. Consequently,
the number of variables, the computation time, and the circuit complexity are considerably
reduced, while also decreasing tracking speed and improving accuracy over other controllers.
The rest of this paper is structured as follows: Section II presents the methodology, detailing
the PV panel modeling, fuzzy-based MPPT controller implementation, and power stage design,
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including the DC-to-DC converter and a brief description of the three-level VSC; Section III
evaluates the simulation results of the grid-connected PV system using the proposed MPPT
approach, and Section IV concludes the paper.

2. METHODOLOGY AND MATERIALS

2.1. System description

The studied PV system comprises a 10-kW grid-connected PV array. It is constructed with
seven parallel strings of SunPower SPR-305E-WHT-D modules, five modules per string. The
system includes a DC-to-DC converter and a 3-level VSC with an LCL filter. The PV array,
subject to irradiance ramping and temperature variations, delivers power to the converter. The
latest steps up the DC voltage while an MPPT algorithm optimizes power extraction. The 3-
level VSC converts the DC power to AC, with the LCL filter mitigating harmonics for grid
compliance and local load supply. For grid interconnection, a 10-kVA isolation transformer
boosts the inverter output from 260V to 25kV, matching the distribution feeder voltage that
ultimately connects to a 120-kV bulk transmission network equivalent. The system architecture
under study is depicted in Figure. 1.

>
e

>
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«
4

DCDC converter_ Boost Bdovel VSC + Fitro

Figure. 1. Architecture of the studied system.

2.1.1. Model and characteristics of PV panels

This study employs the single-diode equivalent circuit model as shown in Figure. 2 to represent
PV device behavior. The model consists of four key components: a photogenerated current
source, a diode, a series resistor, and a shunt resistor, providing an optimal balance of simplicity
and precision for PV system analysis [3].

..........................

Figure. 2. Equivalent circuit of a solar cell.

Moreover, the total output current of the PV panel I is obtained using Kirchhoft’s current law
as shown in Eq. (1). PV array characteristics are shown in Figure. 3. I-V curves are shown in
Figure. 3a for different values of irradiation. Figure. 3b shows I-V curves for different
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temperatures. In Figure. 3¢, P-V curves for different irradiations are presented, whereas in
Figure. 3 d, P-V curves for different temperatures are illustrated.

I=1Ipv-la-Ip (1)

Where Ipy is the photocurrent, I, is the current through the diode, and I, is the current P-N
junction of the diode.

Array type: SunPower SPR-305E-WHT-D;
5 series modules; 7 parallel strings

Array type: SunPower SPR-305E-WHT-D;
5 series modules; 7 parallel strings
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Figure. 3. (a) PV array I-V curves for different irradiations, (b) I-V curves for different
temperatures, (c) P-V curves for different irradiations, (d) P-V curves for
different temperatures.

The specifications for one PV module used in this study are detailed in Table 1.

Table 1: PV module specifications.

Number of series-connected cells 96

Open-circuit voltage and short-circuit current Voc =642V, Isc =5.96 A

Voltage and current at maximum power Vmp =54.7 V, Imp= 5.58 A

2.2. Fuzzy-based MPPT controller

2.2.1. FL Controller structure

The FLC monitors the PV panel’s voltage and current (I and V) to generate one fuzzy input
variable. This input is processed through Mamdani’s fuzzy inference system to calculate the
optimal duty cycle command, which adjusts the PV system’s operating point to maximize power
extraction. As illustrated in Figure. 4, this calculation process follows a structured flowchart of
FLC. The Mamdani FLC approach implements maximum power point tracking through four
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sequential steps [17]: fuzzification of input variables, application of fuzzy rule base, fuzzy
inference using compositional operators, and defuzzification to obtain the crisp duty cycle
output. This method provides an effective balance between computational efficiency and
control precision for PV systems.

PV current and voltage sensors

Generation of fuzzy
input variables

I/V+dl/av

[ Input .\Icqlbcrshlp Fuzzification j
functions

Fuzzy rules base fuzzy mrﬂ?"“ STBI Defuzzification (CoG)
(Mamdani method)
Output Membership
functions

Figure. 4. Flowchart diagram of the fuzzy controller.

deltaD

Increment of duty cycle commend

2.2.2. Fuzzy-based MPPT controller implementation

The proposed MPPT algorithm employs IC as the foundation for the fuzzy controller design.
As demonstrated by the P-V curve characteristics and expressed in equations (2), (3), and (4),
the power-to-voltage derivative dP/dV equals zero at the maximum power point (MPP),
positive on the left of MPP, and negative on the right:

dP/dV =0 (2)
=1+ V(dl/dV)=0 (3)
=>I/V+dl/dV=0 (4)

The I-V characteristic is subdivided into three regions used to build a rules base, as shown in
Figure.5a, and the corresponding major I U V+ dI U dV characteristic is presented in Figure.
5b. The proposed algorithm leverages this distinctive characteristic to design the fuzzy logic
controller. A key feature of the approach is its ability to detect the operating point’s position
relative to the MPP on the P-V curve: when I U V+ dI U dV >0, the system operates on the left
side of the MPP. Under this condition, indicating an excessively low PV output voltage, the
controller intelligently reduces the duty ratio command to elevate the PV voltage toward the
MPP. For I U V+ dI U dV <0, the controller increases the duty ratio to reduce excessive PV
voltage. This single-input algorithm determines the operating region, with fuzzy rules shown in
Table 2 and membership functions depicted by Figure. 6, enabling efficient MPPT.
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The proposed algorithm directly locates the operating point relative to the MPP, unlike
conventional methods that estimate MPP proximity through perturbations. This enables larger
duty cycle adjustments for faster MPPT convergence while maintaining stability. The approach
simplifies system design by requiring only single-input/single-output operation, reducing
computational requirements. Its rule base is organized into three distinct operational regions
for optimized tracking performance. Detailed analyses are provided below:
Region 1 (Right of MPP):

* The operating point resides on the right side of MPP on the P-V curve.

* The duty ratio is proportionally increased based on the measured distance to the MPP.
Region 2 (Near MPP):

* The operating point is close to the MPP.

* The output is maintained at Zero Error (ZE), indicating optimal power extraction.
Region 3 (Left of MPP):

» The operating point lies on the left side of the MPP.

* The duty ratio is proportionally decreased according to the detected deviation from the MPP.

xR
D5

— v
""" IC method

A
v

Region 3 Regio

S
T

»

NN
T

Current (A)

PV Current(A)

o

10 20 30 40
Voltage (V) PV Voltage(V)

() (b)
Figure 5. (a) Operational regions, in I-V characteristic, to build a rules base and (b) the corresponding
I/V+dl/dV.

The built and compressed fuzzy rule database for the proposed MPPT algorithm is shown in
Table 2.

o

Table 2: Fuzzy rule database for FLC-based algorithm.

Input NB NS ZE PS PB
Output PB (11) PS (1) ZE (3) NS (1) NB (| )
Region Region 1(Far Region 1(Near  Region 2 (MPP) Region 3 (Near Region 3 (Far
Left) Left) Right) Right)
Action Large duty cycle Small duty cycle No change Small duty cycle Large duty cycle
increase increase decrease decrease

This rule database uses five linguistic terms, namely positive small PS, positive big PB, zero ZE,
negative big NB, and negative small NS for the input variable. The fuzzy controller adjusts the
buck-boost converter’s duty ratio, modifying the PV array’s output voltage, which in turn
updates the next input values. Careful design of input/output domains and membership
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functions is critical, following a three-step process: (1) set PB/NB boundaries, (2) define ZE
range based on MPPT goals, and (3) establish PS/NS boundaries iteratively.

NE NS ZE PS PB ‘ NB NSZEPS PB ‘

A

innut variable "I Fl innut"

output variable "Delta_D"
(a) (b)
Figure. 6. (a) Membership functions of input I/V + dI/dV, and (b) Membership function of output Delta_D.

The implementation diagram of the proposed fuzzy logic-based MPPT controller is illustrated
in Figure. 7. This diagram includes an I/V and dI/dV computation block, which generates the
combined input signal (I/V+dI/dV) for the FLC. This input is normalized before being
processed by the FLC to produce the duty cycle adjustment output (Delta_D).

dugv —-<gfl_dV M
1

I_PV W P

Normaized_Input
error Input Bml‘ N_input »>
INV+dlidV
normalisation Joe = Delta_D

(D—’ 2 > M —Pn out
V_PV Vpv_Mean f—-<

f <= [T pt ——gM G

Delta_D
|_Vanddl_dV calculation 3 F m_’—ﬂ L
on/off

Figure. 7. Simulink diagram of MPPT-based Fuzzy logic controller.

2.3. Design of the DC-DC boost converter

The PV array supplies power to the boost converter while experiencing changing irradiance
levels and temperature variations (Figure.1). It produces low voltages, typically requiring a
series of connections for practical applications. The DC-DC boost converter increases voltage,
reducing the number of series panels needed [4]. This optimizes cost and space while
minimizing shading or panel degradation mismatch losses.

b,
g
@-— 0k e - ° o .. -<_3_-_>
. L1 Ll 3
4
Car2
°
o i
L] ? N
. °
(2o . . .o

4

Figure. 8. Simulink diagram of DC-DC boost converter.
The converter uses PWM-based closed-loop control to maintain MPP operation by adjusting
the duty cycle based on PV voltage (V) and current (I) measurements. MPPT algorithms
optimize performance, while fast transient response handles irradiance or temperature
changes. The diagram of the DC-DC boost is shown in Figure. 8.

The boost converter’s input-output behavior is mathematically described by equation (5):

Vou= Vi/(1-D) (5)
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Where Vi, is the input voltage, V..is the output voltage, and D is the duty cycle.

Inductor and capacitor values are critical to balance ripple current and transient response.
These values are obtained according to the equations used in [7]. In this simulation, the
considered values of the designed components are as follows: Ci = 100 pF, Co = 24mF, and L1
= 5mH.

2.4. Three-level voltage source converter (VSC)

The three-level VSC converts the DC power to AC, with the LCL filter mitigating harmonics
for grid compliance and local load supply (Figure. 1). Various multilevel inverter topologies
exist in the literature, including diode-clamped, flying capacitors, and cascaded H-bridge
configurations. Among these, the Neutral Point Clamped (NPC) topology [18], [19], [20]
remains the most widely adopted. This work utilizes a three-level NPC-based Voltage Source
Converter (VSC). It operates as follows: The three-phase VSC performs DC-AC conversion
from 500 V to 260 V with unity power factor operation through a dual-loop control system: an
outer loop regulating DC link voltage (+250 V) and an inner loop controlling grid current
components (Id, Iq), where Id reference derives from the DC voltage controller and Iq is set to
zero for unity PE The current controller’s Vd and Vq outputs are transformed into three-phase
PWM signals (Uabc-ref) with 100 ps sampling for control loops and PLL synchronization,
while the PWM generator operates at 1 ps resolution for precise switching.

3. RESULTS AND DISCUSSION

This section evaluates the performance of the developed MPPT algorithm under uniform
irradiation conditions. The study employs a 10-kW grid-connected PV array system (Figure. 1)
for testing and validation. To assess power tracking effectiveness between the PV panels and
grid, we utilize a local load with the profile shown in Figure. 9a. The analysis is conducted at a
constant temperature of 25°C across varying irradiation levels.

il 1000 o

900

800

700 1

600

500 -

Pload (KW)
© - N W & O O N ® ©
rET N X N . S I

Irradiation (Wim:)

400

300 1

200 pre—

100 _‘_ !

6 0’5 1 1‘5 2 25 3 35 4 0 0‘5 1 1’5 2 2’5 3 375 -;
Time (seconds) Time (seconds)

(a) (b)
Figure. 9. (a) Load profile used to evaluate the proposed MPPT method, and (b) Tested irradiation
Levels.

To demonstrate the competitiveness and validity of the proposed MPPT-based FLC, a
comparison of the designed controller with the conventional incremental conductance-
based MPPT algorithm has been made for positive and negative irradiation steps, as
depicted in Figure. 9b.
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The panel power extraction compared to theoretical power, using the P-V characteristic, is
illustrated in Figure. 10, where Figure. 10a displays the conventional IC algorithm’s
performance, and Figure. 10b shows the convergence behavior of this algorithm under
abrupt irradiance changes. In contrast, Figure. 11a demonstrates the power capture of the
proposed fuzzy-based MPPT, while Figure. 11b highlights its convergence time under the
same step-irradiation conditions.

Simulation results demonstrate that for an abrupt irradiance change, from 0.4 to 1 kW/m?,
the fuzzy logic-based MPPT method achieves a remarkably fast convergence time (CT) of
0.015 s, compared to 0.33 s using the IC method, making it 22 times faster.

M 10.7*
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Ppv_ICond (kW) |[
= = «P_incid

Power (KW)

o o5 1 15 2 25 3 35 4 [0 033 KRNNE &3 BECHENNED
Time (seconds) Time (seconds)
(a) (b)

Figure. 10. (a) Extracted PV power using the IC method, and (b) convergence time of PV Panel power.
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Figure. 11. (a) Extracted PV power using the proposed fuzzy-based MPPT method, and (b)
Convergence time of PV Panel power.

A comparison of efficiency and absolute error for the IC algorithm and the FLC method is
reported in Table 3.

The efficiency values were derived from graphs presented in Figure. 10a and Figure. 10b.
The efficiency values reveal distinct performance patterns for each MPPT method under
varying irradiance conditions, as illustrated in Table 3: under standard conditions (1 kW/
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m?), IC achieves 99%, making it ideal for nominal operation, while FLC shows slightly
lower 96% efficiency at full irradiance.

Table 3: Comparison of efficiency under 25 °C.

MPPT Method Efficiency (%) Absolute Error (%)
Incremental 99 % at 1 KW/m? 1%
Conductance
94.25 % at 0.8 KW/m? 5.75 %
98.36 % at 0.6 KW/m? 1.64 %
88.37 % at 0.4 KW/m? 11.63 %
95.24 % at 0.2 KW/m? 4.76 %
Fuzzy Logic 96 % at 1 KW/m? 4%
98.85 % 0.8 KW/m? 1.15%
93.44 % at 0.6 KW/m? 6.56 %
93.02 % at 0.4 KW/m? 6.98 %
95.24 % at 0.2 KW/m? 4.76 %

In partial irradiance conditions (0.2-0.8 kW/m?), FLC demonstrates superior adaptability,
performing 4.6% better at 0.8 kW/m? (98.85% vs. 94.25%) and maintaining more stable
efficiency across mid-range irradiances (93-95%), whereas IC shows a significant 10.63% drop
at 0.4 kW/m? (88.37% vs. FLC’s 93.02%). Under low-light conditions (0.2 kW/m?), both
methods converge at an identical 95.24% efficiency. In conclusion, while the IC method
performs well at high irradiance (1% error at 1 kW/ m?), it exhibits significant error at low
irradiance (11.63% at 0.4 kW/m?). The FLC, however, demonstrates superior stability across
the entire irradiance spectrum, with a maximum error of 6.98% at 0.4 kW/m?, and proves more
effective than IC at medium irradiance (1.15% vs. 5.75% error at 0.8 KW/m?).

In the following part of this section, the analysis is focused on three operational regimes of the
electrical grid in terms of active power flow: (i) balanced regime (Pload = Ppv), where
consumption exactly matches photovoltaic production, (ii) underproduction regime (Pload

> Ppv) requiring grid supplementation, and (iii) overproduction regime (Pload < Ppv) with
surplus injection into the grid.
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Figure.

12. (a) Grid power flow with IC MPPT method, and (b) Zoom from the instant of MPPT activation.
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Figure. 13. (a) Grid power flow for the MPPT-based FLC method, and (b) Time-domain zoom from the

MPPT algorithm activation instant.

Figure. 12 and Figure. 13, respectively, depict the power exchange between the grid, load, and
PV system using the IC-based MPPT method and the proposed MPPT algorithm over a 4-
second interval, enabling a comparative analysis.
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Figure. 15. Grid power gains between the two used MPPT algorithms.
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The result of the simulation for grid active power using both the IC algorithm and the proposed
fuzzy-based method is reported in Figure. 14. Figure. 14b shows a time domain zoom of Figure.
14a from the instant of activation of MPPT, maximum gain of approximately 0.9 KW at 1
KW/m2 is observed. Figure. 15 represents the grid power gain between the two MPPT
algorithms used. This gain is defined as “Pgrid_gain=Pgrid FLC - Pgrid_IC” Where
Pgrid_FLC is the obtained grid power using fuzzy-based MPPT, and Pgrid_IC is the obtained
grid power with the incremental conductance MPPT method.

As a conclusion from Figure. 15, the proposed algorithm demonstrates superior performance
during transient states, particularly when handling large irradiation step changes. In contrast,
the conventional IC method achieves better steady-state power output under stable conditions
(1 kW/m?and 25°C), with a maximum gain of 0.89 kW. For minor irradiation fluctuations (0.1-
0.2- 0.4 kW/m? and 25°C), the difference in power gain between both methods becomes
negligible, not exceeding 0.155 kW. This highlights the proposed algorithm’s robustness for
dynamic weather scenarios while maintaining competitiveness in steady operation.

Table 4 presents a comparative analysis of the investigated MPPT methods (IC vs. FLC),
quantifying their performance differences through metrics such as tracking efficiency (94-99%
for IC vs. 95-98% for FLC), transient response, grid interaction, and complexity. The results
reveal critical trade-offs, with IC favoring speed and FLC excelling in stability under irradiance
fluctuations.

Table 4: Comparative performance analysis of IC vs. FLC MPPT algorithms.

Performance metric IC MPPT FLC MPPT Remarks
Tracking speed IC reacts faster but
(for small steps of Fast response Slightly slower may cause
irradiation) oscillations.
. High oscillations during | . FLC excels in
Stability . Smooth power transitions . .
transients reducing grid stress.

Comparable under

Efficiency ~94-99% (nominal) ~95-98% (nominal) . .
steady irradiance.
Sharp power injections/ FLC favors grid
Grid Interaction P p' werimect Gradual power exchange V_ . &
withdrawals stability.
Low (FLC with rules Both are simpler to
Complexity Low (model-based) w( " . . e simp
compression) implement.

4. CONCLUSION

This study has successfully developed and validated a radically simplified single-input fuzzy
logic MPPT controller for 10-kW grid-connected PV systems. By leveraging only the sum of
conductance and its increment as input and operating with a drastically reduced set of just five
rules, the controller achieves significant implementation simplification, 80-90% rule reduction,
compared to conventional FLCs, without compromising efficiency. The results demonstrate
superior dynamic performance, including 22 times faster convergence than Incremental
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Conductance under faster irradiance steps and 5% higher efficiency at medium irradiance. This
work confirms the feasibility of high-performance MPPT control with substantially reduced
complexity.

Further work will analyze the operation of the controller in different environments as well as in
the presence of partial shading. Its cost-effectiveness will be analyzed in the context of its
implementation on inexpensive hardware platforms, as well as the cost-effectiveness for
different system sizes. Some practical implementation issues, such as the choice of components,
optimization of the switching losses, as well as noise immunity, will be considered.
Improvements may be the use of adaptive modifications of the control rules or the use of this
FLC in conjunction with other techniques for better performance in extreme situations.
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