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https://doi.org/10.18280/jesa.590320 ABSTRACT

This study investigates and compares several control strategies dedicated to the extraction
and regulation of power in photovoltaic energy conversion systems. After recalling the
essential operating principles of direct current to direct current (DC-DC) ¢ converters and
their interaction with photovoltaic (PV) generators, attention is directed toward the
implementation of three Maximum Power Point Tracking (MPPT) algorithms: the
conventional Perturb and Observe (P&O) technique, a model-based predictive control
strategy, and an enhanced hybrid approach. The analysis is carried out through detailed
simulations in both stand-alone and grid-connected configurations, allowing the dynamic
behavior, conversion efficiency, and power quality to be evaluated under varying
operating conditions. Particular emphasis is placed on the effect of the control method on
the stability of the DC bus and the harmonic quality of the current injected into the grid.
The comparative results show that predictive and hybrid control schemes offer significant
improvements in tracking accuracy and energy quality, highlighting their relevance for

Received: 11 January 2026
Revised: 9 March 2026
Accepted: 16 March 2026
Available online: 31 March 2026

Keywords:

photovoltaic systems, Perturb and Observe,
Model Predictive Control, grid-connected
systems, power quality

modern PV systems where reliability and performance remain key requirements.

1. INTRODUCTION

Electricity is one of the fundamental pillars of modern
societies, powering homes, industries, transportation, and
communication systems. Its strategic importance lies in its
ability to support economic and social development while
addressing current environmental challenges. In this context,
photovoltaic (PV) solar energy has emerged as a key solution
for the energy transition due to its sustainability and
technological maturity [1, 2].

The increasing integration of PV systems into modern
electrical grids introduces significant challenges related to
energy efficiency, system stability, and power quality. Due to
their nonlinear characteristics and dependence on
environmental conditions, PV systems require advanced
control strategies to ensure optimal operation.

Maximum Power Point Tracking (MPPT) techniques are
essential to maximize the energy harvested from PV systems.
Conventional methods such as Perturb and Observe (P&O)
and Incremental Conductance are widely used due to their
simplicity and ease of implementation [3]. However, these
techniques suffer from inherent oscillations around the
maximum power point (MPP), leading to power losses and
reduced efficiency, especially under rapidly changing
environmental conditions.

To overcome these limitations, intelligent MPPT methods
based on fuzzy logic, artificial neural networks, and
optimization algorithms have been developed [4]. These
approaches improve tracking accuracy and robustness against
uncertainties but often require careful parameter tuning and
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may increase computational complexity.

More recently, Model Predictive Control (MPC) has
emerged as an effective alternative for MPPT applications.
MPC relies on a system model to predict future behavior and
optimize control actions, offering fast dynamic response and
reduced oscillations [5]. Nevertheless, its performance
strongly depends on model accuracy and can be sensitive to
parameter selection.

Hybrid approaches combining MPC with intelligent
techniques, such as fuzzy logic, have been proposed to
enhance adaptability and robustness [6]. These methods
enable real-time adjustment of control parameters, improving
tracking performance under varying operating conditions.

Despite these advancements, most existing studies
primarily focus on power tracking efficiency, while the impact
on power quality, including voltage stability and total
harmonic  distortion (THD), remains insufficiently
investigated.

In this context, the main contributions of this paper are:

- The development of a hybrid MPC—Fuzzy MPPT strategy
with real-time adaptive tuning of key control parameters,
including the duty cycle step size (AD) and the weighting
factor (A).

- A comprehensive comparative analysis between classical
(P&O), intelligent (Fuzzy), and model-based (MPC) MPPT
methods under identical operating conditions.

- A detailed investigation of power quality, including
voltage and current THD, which is often overlooked in MPPT
studies.

- An analysis of the interaction between MPPT control


https://orcid.org/0009-0007-0048-9458
https://orcid.org/0009-0008-2176-2692
https://orcid.org/0000-0001-7687-4810
https://orcid.org/0000-0003-4059-343X
https://crossmark.crossref.org/dialog/?doi=10.18280/jesa.590320&domain=pdf

strategies and  grid-connected inverter performance,
highlighting the impact of control on harmonic distortion and
system stability.

Unlike existing approaches, the proposed method not only
improves MPPT efficiency but also explicitly addresses power
quality issues, providing a more comprehensive solution for
grid-connected photovoltaic systems. To better illustrate the
overall system architecture, a simplified block diagram is
presented in Figure 1 [7-10]:
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Figure 1. Simplified block diagram of the proposed grid-
connected photovoltaic (PV) system

Figure 1 shows the general structure of the grid-connected
PV system. The MPPT controller regulates the DC/DC
converter to extract maximum power from the PV panel. The
inverter ensures DC/AC conversion and synchronization with
the grid through a phase-locked loop (PLL) and current control
loops. A more detailed representation of the control strategy
and system components is provided in Figure 2:
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Figure 2. Detailed control diagram showing MPC—fuzzy

MPPT and inverter control loops
Note: MPC = Model Predictive Control; MPPT = Maximum Power Point
Tracking

2. SYSTEM MODELING
2.1 Photovoltaic model

Photovoltaic energy is obtained directly from the sun's rays.
Photovoltaic panels made up of silicon-based photovoltaic
cells have the ability to transform photons into electrons as
Figure 3 shows the characteristics or behavior of the PV cell
can be modelled using the equivalent electrical circuit [11]:

Ipv = lpp — Isat [exp< KT
_ va + (Ipv * RSer)

Rshu

e(va + (Ipv * RSer))) _ 1]
(M
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2.2 Converter

To obtain the best return on the electrical energy
produced/solar energy received by a photovoltaic installation,
a DC/DC converter must be used to ensure that the PV module
is always operating at its optimum power. To do this, we use
a specific converter with MPPT control, enabling the module
to operate at optimum voltage and optimum current, and
therefore at optimum power [12].

The relation between input and output voltages of the boost
converter is given as [13]:
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Figure 3. Electrical equivalent circuit of the photovoltaic cell

The parameters of the boost converter used in this study are
summarized as follows in Table 1.

Table 1. Parameters of the converter

Parameter Value
L 2 mH
C 470 pF
fs 10 kHz
R 20Q

2.3 Perturb and Observe command

Among classical MPPT techniques, the P&O method
remains one of the simplest and most widely used algorithms
thanks to its ease of implementation and low computational
cost. The principle is based on perturbing the PV operating
voltage Vpv or the duty cycle Dof the DC-DC converter and
observing the resulting variation in output power P. The
flowchart in this method is shown in Figure 4 [14-16].

This approach intrinsically generates an oscillation around
the maximum power point (MPP), even under steady
environmental conditions, leading to non-negligible steady-
state power losses.

2.4 Model Predictive Control

In contrast to conventional techniques, MPC exploits a
dynamic model of the PV—converter system to predict the
effect of control actions on future output power. The control
objective is to determine the optimal duty cycle D that
maximizes the extracted photovoltaic power over a finite
prediction horizon. The system is described using a discrete-
time state-space model [17, 18]:



x(k) = [Ipv(k), Vpv ()] “4)
x(k +1) = Ax(k) + Bu(k) (5)

where, x(k) is the state vector, and u(k) = D(k) represents the
duty cycle of the DC/DC converter.

The predicted PV power over the horizon is obtained from
the model, and the optimal control action is determined by
minimizing the following cost function:

Np Np

= Z(Pref —Pk+0) + AZ(AD(k )

where:

- Pref is the reference maximum power,

- P(k+i) is the predicted PV power,

- AD(k+1) is the variation of the duty cycle,

- L is a weighting factor that penalizes large control
variations.

The first term of the cost function minimizes the error
between the predicted power and the reference maximum
power, ensuring accurate MPPT. The second term penalizes
excessive variations of the duty cycle, thereby improving
system stability and reducing oscillations. The weighting
factor A defines the trade-off between tracking accuracy and
control smoothness. The optimal duty cycle is selected as:

D*=argminJ,D € U @)

where, U represents the admissible control set.

In this study, the prediction horizon is set to Np = 10, which
provides a good compromise between tracking accuracy and
computational complexity.

MPC offers faster convergence and reduced oscillations
compared to P&O, but its performance is highly dependent on
model accuracy and noise sensitivity.
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Figure 4. Perturb and Observe (P&O) flowchart
2.5 Hybrid model predictive -fuzzy control

To overcome the limitations of conventional MPC, a hybrid
MPC—fuzzy strategy is introduced. This method preserves the

predictive optimization structure of MPC while adding a fuzzy
logic supervisor that adapts key MPC parameters such as the
step size AD, the penalty factor A, or the prediction horizon in
real time according to the operating conditions.

The fuzzy supervisor takes as input the power slope
magnitude:

oP
= |— 8
s=[3 ®

where, S represents the variation of power with respect to
voltage and indicates the distance from the maximum power
point (MPP).

The input variable S is normalized and divided into three
linguistic terms:

- Low (L)

- Medium (M)

- High (H)

Triangular membership functions are used for simplicity
and computational efficiency.

The outputs of the fuzzy controller are:

- Adjustment of duty cycle step size AD

- Adjustment of weighting factor A

The fuzzy inference system is based on the Mamdani
method, and defuzzification is performed using the centroid
technique.

The rule base is defined as follows:

- If S is High — increase AD, decrease A (fast tracking)

- If S is Medium — moderate AD and A

- If S is Low — decrease AD, increase A (reduce
oscillations)

This results in adaptive tuning laws:

AD = f fuzzy(S), A = g_fuzzy(S)

Such adaptive behavior enables the controller to respond
quickly when the system is far from the MPP while ensuring
stable operation near the optimum point.

The universe of discourse for S is defined within [-1, 1],
ensuring proper normalization of the input signal.

As a result, MPC—fuzzy ensures smoother transients, higher
tracking accuracy, and a significantly reduced harmonic
distortion in the injected current compared to classical P&O
and standard MPC.

To better illustrate the proposed hybrid control strategy, a
block diagram of the fuzzy supervisor is integrated within the
MPC-Fuzzy control structure, as illustrated in Figure 5:
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Figure 5. Structure of the proposed MPC—fuzzy MPPT

controller
Note: MPC = Model Predictive Control; MPPT = Maximum Power Point
Tracking

As shown in Figure 5, the fuzzy logic supervisor
dynamically adjusts key MPC parameters such as the duty



cycle step size and the weighting factor based on the operating
conditions, improving both tracking speed and stability.

2.6 Inverter

The three-phase inverter with Pulse Width Modulation
(PWM), is employed in this work. Among the available
modulation techniques, Space Vector Pulse Width Modulation
(SVPWM) has been adopted, as it is widely recognized as the
most advanced approach for sinusoidal waveform synthesis,
providing a higher output voltage with reduced THD.

The principle of vector modelling (SVPWM) consists of
reconstructing the voltage vector ref from eight voltage
vectors. Each of these vectors corresponds to a combination of
the states of the switches in a three-phase voltage inverter.
SVPWM is the method recently best suited to the control of
inverter-powered AC motors, unlike other methods. It can
detect additional fault conditions on the network, such as
unbalanced or distorted situations, and adapt the system
accordingly, reducing losses and improving system efficiency
[19,20].

3. RESULTS AND DISCUSSION
3.1 Simulation setup

The simulation was carried out under the following
conditions:

Irradiance: variable (250—1000 W/m?)

Temperature: 25 °C

Sampling time Ts = le-5 s

Switching frequency = 10 kHz

THD is calculated using Fast Fourier Transform (FFT)
analysis:

(ZVn?)
Vi

THD = ©)

The FFT analysis is performed using MATLAB/Simulink
tools.

3.2 Results and analysis

In this simulation model, the chopper controlled by an
MPPT algorithm regulates the DC voltage at the output of the
solar panels. This DC voltage then feeds a three-phase vector
modulated inverter (SVPWM), enabling efficient energy
injection into the grid. The inverter is synchronized with the
grid by means of a PLL), guaranteeing phase and frequency
coupling with the grid voltage - a prerequisite for stable,
standard-compliant feed-in, as shown in Figure 6. Figure 7
shows the solar irradiation curve applied to photovoltaic
panels, with their characteristics determined by Table 2:

Table 2. parameters of photovoltaic (PV) module

Parameter Value
Np 47
Ns 10
Voc 363V
Isc 7.84 A
Vmp 29V
Imp 735 A
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Figure 6. Structure of the PV system associated with a
chopper and an inverter (with SVPWM control) connected to

the electrical network high voltage
Note: PV = photovoltaic; SVPWM = Space Vector Pulse Width Modulation
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Figure 7. Irradiation was applied to the photovoltaic
generator during simulations

The temporal evolution of solar irradiance G (W/m?) over a
10s interval. Overall, the irradiance remains at a high level,
close to 900-1000 W/m?, indicating strong solar conditions.
However, several abrupt and short-duration drops can be
clearly observed, where the irradiance decreases to values in
the range of approximately 250-400 W/m?. These sudden
variations are representative of partial shading events, such as
passing clouds or intentionally introduced disturbances. Such
a highly fluctuating irradiance profile is particularly relevant
for evaluating the dynamic behavior and robustness of the
control and MPPT algorithms. It allows assessing the ability
of the system to respond rapidly to fast changes in
environmental conditions while maintaining stable and
efficient operation under realistic and challenging solar
scenarios.

Figure 8 illustrates the dynamic response of the chopper
output voltage for the three MPPT strategies: P&O, MPC, and
MPC-fuzzy. Significant performance differences appear
among the three methods in terms of transient response,
stability, and steady-state accuracy.

For the P&O algorithm, the output voltage exhibits a
pronounced transient regime with noticeable oscillations at
start-up. These oscillations result from the perturbative nature
of the method, which continuously modifies the operating



point to search for the maximum power. A small overshoot is
observed around 0.3 s, followed by residual oscillations in
steady state. This behavior indicates limited robustness and
reduced tracking precision, which translates into small power
fluctuations at the inverter output.
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Figure 8. Chopper output voltage
Note: P&O = Perturb and Observe; MPC = Model Predictive Control

In contrast, the MPC-based MPPT shows a significantly
faster dynamic response. The output voltage reaches its
reference value almost instantaneously, with practically no
overshoot. The predictive model anticipates system behavior
and minimizes the control error at each sampling period,
resulting in a highly stable voltage waveform and a nearly
perfect steady-state convergence.

The MPC-fuzzy method provides an intermediate
performance level. Although its transient response is slightly
slower than MPC, it remains considerably faster and more
stable than P&O. A small initial overshoot is visible, but it is
rapidly attenuated by the fuzzy inference mechanism, which
adapts the control action to the instantaneous operating
conditions. Steady-state regulation is very stable, with
negligible oscillations. This confirms the method’s ability to
combine robustness and simplicity while ensuring high power
extraction. Overall, MPC provides the best performance in
terms of tracking speed, voltage stability, and maximized
power, while MPV-Fuzzy offers a strong improvement over
classical P&O with lower implementation complexity.

Figure 9 illustrates the three-phase output voltage
waveforms (phases a, b, and ¢) at the inverter output for three
MPPT chopper control strategies: Perturb and Observe (P&O),
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and MPC combined with Fuzzy Logic (MPC—fuzzy):
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Figure 9. Three-phase voltage waveforms at the inverter
output according to the three methods of MPPT chopper

control
Note: P&O = Perturb and Observe; MPC = Model Predictive Control;
MPPT = Maximum Power Point Tracking

In all cases, the inverter produces balanced three-phase
voltages with a 120° phase shift, confirming correct inverter
operation. However, significant differences are observed in
terms of waveform smoothness, transient behavior, and
voltage quality, depending on the MPPT control method.

With the P&O algorithm, the three-phase voltage
waveforms exhibit noticeable oscillations, particularly during
changes in operating conditions. The circled regions highlight
amplitude fluctuations and transient distortions, which are
inherent to the perturbation-based nature of the P&O method.

When the MPC strategy is applied, the voltage waveforms
become more stable and better regulated compared to the P&O
case.

Amplitude variations are significantly reduced, and
transient disturbances are shorter and less pronounced. This
improvement is attributed to the predictive capability of MPC,
which anticipates future system behavior and optimizes the
control action accordingly.

The MPC-Fuzzy approach demonstrates the best overall
performance. The output voltages are highly smooth and
nearly sinusoidal, with minimal oscillations even during
transient periods.

The integration of fuzzy logic enables adaptive tuning of the
control actions, allowing the controller to better handle system
nonlinearities and uncertainties associated with photovoltaic
generation. A qualitative—quantitative comparison of the three
MPPT control strategies is summarized in Table 3.

The results clearly indicate that while the P&O method
suffers from intrinsic oscillations that degrade voltage quality,



the MPC approach significantly enhances system performance
by reducing fluctuations and improving dynamic response.

The MPC—Fuzzy strategy further refines the control action,
yielding the smoothest voltage waveforms and the lowest
expected harmonic distortion. This makes it particularly
suitable for grid-connected photovoltaic systems where strict
power quality requirements must be met.

Figure 10 shows the three-phase currents (phases a, b, and
c) at the inverter output for different MPPT chopper control
strategies.

Table 3. Qualitative comparison of the three MPPT control

Criterion P&O MPC MPC-
Fuzzy
- Medium— .
Voltage stability Low High Very High
Transient oscillations High Moderate Very Low
Voltage ripple High Reduced Minimal
Dynamic response Slow Fast Very Fast
Robustness to
Low Good Excellent

disturbances
Note: P&O = Perturb and Observe; MPC = Model Predictive Control;
MPPT = Maximum Power Point Tracking

the three phases oscillates around its nominal value. This leads
to extended settling and noticeable ripple, as highlighted by
the circled regions.

In MPC method we see the currents remain balanced and
sinusoidal, but the envelope still widens and narrows as the
system transitions to steady state. MPC offers smoother
regulation than P&O, yet some amplitude oscillations persist,
visible in the highlighted zones. And for the MPC-fuzzy
method, after a brief initial transient, the currents achieve a
constant amplitude and stay perfectly balanced over the entire
time window. The envelopes are stable with negligible ripple,
confirming that the hybrid MPC-fuzzy strategy maintains
MPPT without inducing current modulation. This behaviour
aligns with the very low current THD values reported earlier
and underscores the superior signal quality achieved with this
approach.

Table 4 presents a quantitative comparison of the three
MPPT control strategies (P&O, MPC, and Fuzzy MPC) based
on the quality of the inverter output currents and dynamic
performance:

Table 4. Quantitative comparison of the three MPPT control
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Figure 10. Three-phase current waveforms at the inverter
output according to the three methods of MPPT chopper

control
Note: P&O = Perturb and Observe; MPC = Model Predictive Control;
MPPT = Maximum Power Point Tracking

For the P&O method we ullistrate that the current envelopes
show pronounced modulation. While the perturb-and-observe
algorithm tracks the maximum power point, the amplitude of
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strategy improves current quality and system stability by
reducing oscillations. The fuzzy MPC approach provides the
best performance, ensuring nearly sinusoidal and well-
balanced currents with fast dynamic response and strong
robustness against disturbances.

The THD results are presented in Figures 11 and 12 to
evaluate the quality of the inverter output voltage and currents
under the different MPPT control strategies

The voltage harmonic analysis demonstrates that the MPC-
fuzzy control strategy achieves the lowest THD (0.01%),
significantly outperforming the P&O and classical MPC
methods (0.03%). This highlights the effectiveness of the



hybrid predictive—fuzzy approach in enhancing voltage quality

and minimizing harmonic distortion.
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Figure 11. THD of voltage in a grid-connected photovoltaic

system under the three methods of MPPT control
Note: P&O = Perturb and Observe; MPC = Model Predictive Control,;
MPPT = Maximum Power Point Tracking; THD = total harmonic distortion
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Figure 12. THD of current in a grid-connected photovoltaic

system under the three methods of MPPT control
Note: P&O = Perturb and Observe; MPC = Model Predictive Control;
MPPT = Maximum Power Point Tracking; THD = total harmonic distortion

The current harmonic analysis reveals that the P&O strategy
leads to a high THD of 14.4%, whereas the MPC and MPC-
fuzzy controllers significantly improve current quality,
achieving THD values of 1.16% and 1.11%, respectively. This
highlights the effectiveness of advanced predictive and hybrid
control techniques in minimizing current distortion.

Similar trends have been reported in the literature. The
obtained results are consistent with those reported in recent
studies on MPC and fuzzy-based MPPT techniques [21-25],
particularly in terms of improved dynamic response and
reduced harmonic distortion, confirming the validity of the
proposed approach.

Table 5 compares the fundamental voltage and current

15 amplitudes and total harmonic distortion values for the P&O,
?g“ MPC, and MPC-fuzzy control methods.
g In addition to harmonic analysis, the dynamic performance
8 10 of the different MPPT strategies is evaluated using key
EE quantitative indicators in Table 6.
2 5 As shown in Table 6, the MPC—Fuzzy approach provides
g the fastest response, lowest ripple, and highest tracking
= | efficiency, confirming its superiority over conventional
0 methods.
0 5 10 15 20
Harmonic order
Table 5. Results comparison
Fundamental Current
Method Fundamental Voltage (50 Hz) Voltage THD (%) (50 Hz) Current THD (%)
P&O 1.995 x 10* 0.03 % 486 14.40 %
MPC 1.995 x 10* 0.03 % 678.6 1.16 %
MPC-fuzzy 1.996 x 10* 0.01 % 678.8 1.11%

Note: P&O = Perturb and Observe; MPC = Model Predictive Control; THD = total harmonic distortion

Similar improvements have also been reported with
intelligent MPPT methods in the literature. In addition to the
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comparison with P&O and MPC, intelligent MPPT methods
such as fuzzy logic and neural network-based approaches have



demonstrated improved robustness and tracking performance
in the literature [26-30]. However, these methods often require
extensive tuning or training. The proposed MPC-Fuzzy
approach addresses these limitations by integrating predictive
control with adaptive fuzzy tuning, achieving both high
accuracy and fast dynamic response.

Table 6. Quantitative performance comparison of MPPT

methods
Criterion P&O MPC MPC-Fuzzy
Settling time (s) 0.35 0.12 0.08
Voltage ripple (%) 5 2 <1
Current THD (%) 14.4 1.16 1.11
Tracking efficiency (%)  96-97 98 ~99

Note: P&O = Perturb and Observe; MPC = Model Predictive Control;
MPPT = Maximum Power Point Tracking; THD = total harmonic distortion

4. CONCLUSION

This paper presented a comparative analysis of three MPPT
control strategies—P&O, MPC, and a hybrid MPC—Fuzzy
approach—for a grid-connected photovoltaic system, with a
focus on both dynamic performance and power quality.

The results show that the conventional P&O method suffers
from inherent oscillations around the maximum power point,
leading to poor dynamic response and high current harmonic
distortion. The MPC-based approach significantly improves
voltage regulation and reduces oscillations, resulting in better
system stability and lower current THD.

The proposed hybrid MPC—Fuzzy strategy achieves the best
overall performance by combining predictive optimization
with adaptive fuzzy tuning. It ensures faster convergence,
improved tracking accuracy, reduced voltage ripple, and
nearly sinusoidal current waveforms with minimal harmonic
distortion.

The obtained THD values remain within acceptable ranges
and suggest that the proposed approach has strong potential to
meet IEEE 519 standards, although further experimental
validation is required to confirm full compliance.

It should be noted that compliance with grid standards
depends on several practical factors that are beyond the scope
of this simulation-based study. Future work will focus on
experimental validation using a real photovoltaic platform and
on further improving robustness under varying operating
conditions.

Overall, the hybrid MPC-Fuzzy approach represents a
promising solution for enhancing both energy efficiency and
power quality in modern grid-connected photovoltaic systems.
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NOMENCLATURE
L Inductance
C Capacitance
fs Switching frequency
R Resistance Load
P PV power, W
Pref Reference power, W
D Duty cycle
AD Duty cycle variation
k Discrete time index
i Prediction step index
U admissible control
D* Optimal Duty Cycle
Np Number of parallel-connected PV modules
Ns Number of series-connected PV modules
Voc Open-circuit voltage, V
Isc Short-circuit current, A
Vmp  Voltage at maximum power point, V
Imp Current at maximum power point, A
J Cost function
v Voltage
S sensitivity
Greek symbols
A Weighting factor
0 partial derivative
Subscripts
ref Refrence value
pv photovoltaic
mp maximum power point
sc short circuit
out output
in input
shu shunt
n diode ideality factor
k Boltzmann constant
T absolute temperature





