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Grid-connected photovoltaic (PV) systems consist of solar panels that
convert sunlight into electrical energy, interconnected directly with the
utility grid. These systems comprise several key components: PV,
multilevel, controllers, and grid interface equipment. In this context, five-
level inverters are increasingly favoured over three-level inverters due to
their ability to reduce total harmonic distortion (THD), improve efficiency,
and ensure better power quality in grid-connected applications. This research
presents a three-level enhanced control scheme aimed at optimizing the
performance of a grid-connected photovoltaic system with a five-level
inverter. A fractional-order proportional-integral (FOPI) controller is utilized
for maximum power point tracking (MPPT) to ensure precise tracking under
variable irradiance conditions. At the grid-interface stage, a modified active
disturbance rejection controller (MADRC) is developed for grid-interface,
featuring an inner loop for DC-link voltage regulation based on Lyapunov
theory, leading to improved dynamic performance with lower THD of the
grid current and enhanced efficiency. Simulation results highlight the
effectiveness of the proposed system. Compared with the FOPI-ADRC, a
three-level configuration (0.38% THD), the proposed FOPI-MADRC with a
five-level inverter achieves superior performance, with only (0.22% THD).
These results confirm the advantages of combining advanced control
strategies with multilevel inverter technology in improving both power
quality and system efficiency.
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1. INTRODUCTION

Energy production is a major challenge for the coming years [1]. Indeed, the energy needs of
industrialized societies continue to increase. Solar energy systems production is a major challenge for the
coming years, as they are efficient in generating electricity in a clean manner. Solar energy is the most
promising renewable energy source, and photovoltaic (PV) power generation has become one of the most
used renewable energy power generation methods [2], [3]. The development and utilization of PV power
generation technology has received widespread attention in countries all over the world [4], [5].

PV is a process of converting light energy into electrical energy [6], [7]. PV power generation has
the advantage of environmental factors and has randomness and volatility. Renewable energy sources,
especially PV ones, are becoming more and more interesting due to the predicted lack of conventional

sources over the coming years.
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The PV grid-connected inverter is an important power electronic converter to realize direct current-
alternating current (DC-AC) conversion. The PV grid-connected inverter is the interface between the
renewable energy power generation systems and the power grid, and it plays a decisive role in grid-connected
power generation. The association of the PV station connected to the electricity network is done using a
continuous/alternate current converter.

Generally, in the literature, we note that the work deals with the control of simple classic inverters
and even those treated by multilevel inverters have been limited to the classic maximum power point tracking
(MPPT) control of the chopper that is upstream of the inverter. It is also noted that there is little work done
on nonlinear control of multilevel neutral point clamped (NPC) inverters, or that the work is limited to
conducting simulations or carrying out experiments for one type of inverter without comparisons or testing of
parameter changes [8]. During the research, no comparison was made with another technology or even with
an inverter of another type. This research will mainly focus on controlling the grid-side inverter in order to
reduce the harmonic distortion content. The work aims to compare the performance of a three-level and a
five-level NPC converter used in a PV generation system connected to a nonlinear electrical network.

The ADRC control strategy is based on the extended state observer (ESO), which constitutes its core
and allows estimation and cancellation of various external and internal disturbances of the system in real time
[9]. This observer has the advantage that it does not require complete knowledge and exact system control.
Furthermore, it allows for reducing the time required to establish a detailed model of the studied system.

The modified active disturbance rejection control (MADRC) refers to various alterations or
enhancements made to the standard ADRC design to improve its performance, address specific challenges, or
simplify implementation. These modifications often involve changes to the ESO or the feedback control law.
The research will also provide a comparison between the performance of ADRC and MADRC controllers in
regulating AC grids. Pending the work, PQ theory was used to determine harmonic currents.

The study [10] analyzed a grid-tied PV system, suggesting a control method for the grid-side
converter (GSC) using a three-level diode-clamped multilevel inverter with voltage-orientated control
(VOC). The performance was assessed based on inverter and grid current and total harmonic distortion
(THD) but did not evaluate the PV system's efficiency. Ali et al. [11] described a grid-tied PV system using
the perturbation and observation (P&O) MPPT algorithm, with model predictive control (MPC) managing
real and reactive power. Results showed the MPC effectively connected the solar system to the grid while the
MPPT tracked maximum power. A different study [12] focused on simulating a grid-connected PV system
with a three-phase inverter and a boost converter. It introduced an advanced MPPT controller using linear
matrix inequality (LMI) to improve efficiency and reduce current THD. It compared multi-level inverters and
control techniques, finding the three-level NPC inverter with integral backstepping control superior. The
active disturbance rejection controller (ADRC) and improved MADRC were proposed pour une meilleure
stabilité et résilience dans diverses conditions. The research highlights the need for optimizing control
systems for grid-connected PV power systems.

To improve power quality in the grid and enhance energy extraction from solar panels, intelligent
nonlinear control systems are needed. This paper suggests a new method that combines a MADRC for grid
regulation with fractional proportional-integral (FOPI) controllers for MPPT. The goal is to enhance the
performance of five-level inverter-based PV systems.

This paper has been organized in four sections, where the first section was the paper introduction. In
the second section, we are interested in the modelling of the entire PV system component, going from the PV
cell to the connection with the utility grid. The third section was devoted to the mathematical model of the
ADRC and MADRC. The simulation results of the three-phase grid-connected PV system are presented in
the fourth section.

2. METHOD
2.1. System description

In this section we are interested in the modelling of the entire PV system component going from the
PV cell to the connection with the utility grid. The studied system is shown in Figure 1, and it consists of
i) a PV panel system, ii) a DC-DC boost converter and MPPT control, and iii) a three- and five-level type
NPC inverter connected to the grid.

2.2. PV cell modeling

To explain the modelling of a PV array, an equivalent electrical circuit of the same is shown in
Figure 2. Which consists of a current source and a diode with a series and parallel resistor [13]-[15]. The
characteristic equation is given as follows:
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vd
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where, PV array current I,y can be presented as,
vd
Ipv —Isc—a—ld 2
Reverse saturation current of the diode can be given,
quc

Irs = Iscref + [ NefT) — 1 3)

Module saturation current lo can be shown as,

T
o)’
IO - ITS[ TTEf ech * (Trlef - %)] (4)

Finally, PV current equivalent model shown in Figure 2 equation is given as,

qVpv+IpvRs IpURS

Ipv = IscNp — Nslo [e NsAKT — — 1] Vpv + (5)

Where, Ipv=current of PV model, Id=diode current, Isc=short circuit current, Vd=voltage across diode,
Rp=resistance in parallel, Rs= series resistance, Voc=open circuit voltage, Ns=number of series strings,
K=Boltzmann constant, T=absolute temperature in Kelvin.
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Figure 1. Three phase grid connected PV system
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Figure 2. Equivalent model of single diode solar cell

2.3. DC-DC Boost converter and MPPT control

A boost converter increases the value of the input DC voltage to the necessary output voltage level
because the DC output voltage of the PV module has a low value that needs to be converted to AC
compatible with the grid voltage and frequency. A boost converter is also known as a step-up converter
because it uses an inductor, a diode, a capacitor and a high-frequency semiconductor switch to operate [16]-
[18]. A DC/DC bhoost converter is used as a control device due to the wide utilization of such a step-up
DC/DC structure in PV systems. Figure 3 shows the corresponding block of a boost converter with load.
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di —(1-D) 1
d_tL = I Vout + ZVin (6)
av, (1-D) 1

;tut = Cout L~ RCout Vout (7)

Where Vin= input voltage, Vout=output voltage, and D=duty cycle.
Due to their ability to synthesize an output voltage greater than the voltage rating of each switching
device, multilevel inverters have several benefits for medium- and high-power systems [19], [20].
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Figure3. DC-DC boost converter model

MPPT is applied in the system to track maximum power output from solar PV. In our work, by
combining MPPT with fractional order proportional-integral-derivative (FOPID), we achieve more precise
and responsive control of the maximum power point tracking, even under variable conditions such as shading
or changing temperature.

FOPID controllers (PI*D")are the continuation of conventional PID control, and they are positive
real numbers. From the literature, one can also observe that the FOPID controller enhances the system
performance, is less sensitive to changes of parameters and attains the property of iso-damping very easily.

The general form of the FOPID controller is defined as [21].

U ki
C(S)ropip = % =kp+g + kgS* (hp = 0) 8

Where C(s) is the transfer function model of the FOPID controller, E(S) is an error signal, and U(s) is the
controller’s output, and the block diagram of the FOPID controller is presented in Figure 4.

K>
E(s) ”_'iir K> ,Z/\U(s)
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Figure 4. Block diagram FOPID controller

The control signal u(t) is stated in the time domain as,
U(t) = kp+K; D "e(t)+k,D*e(t) ©)

FOPID-based MPPT offers significant advantages in dynamic performance and robustness for solar
systems but demands careful tuning and advanced hardware. It bridges the gap between traditional PID and
Al-based methods, making it ideal for applications where efficiency and stability are paramount. For
practical implementation, start with simulations (MATLAB) and use metaheuristics for optimization.

3. MULTI-LEVEL CONVERTERS FOR RENEWABLE ENERGY SYSTEMS

Multilevel converters are widely used in renewable energy systems to improve power quality,
increase efficiency, and facilitate grid integration. They are particularly beneficial for applications like wind
energy systems (WECS) and PV energy systems (PVES), where they can handle variable speeds, eliminate
reactive power compensation, and maximize energy extraction. Multilevel inverters are characterized by
lower power losses during the switching process [22], [23].
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3.1. Description of the NPC topology

The NPC topology is a family of multilevel converters characterized by the use of clamping diodes
that divide the voltage across the power switches. The structure of the NPC topology is composed of multiple
stages of switches and clamping diodes, arranged to divide the input voltage into multiple output voltage
levels. A typical three-level NPC inverter, for example, includes two DC voltage sources, four switches
(IGBTS), and two clamping diodes per phase.

The NPC configuration allows for even distribution of voltages and currents between the various
switches and diodes, reducing stress on each component. This not only improves component reliability and
lifespan but also overall system efficiency. The ability to create multiple intermediate voltage levels also
helps to reduce harmonics in the output waveform, thereby improving power quality.

3.1.1. Structure of the three-level NPC

For a three-level NPC topology, the typical structure uses two DC voltage sources (or a DC bus of
capacitors). The output voltage is obtained by combining these sources in a controlled manner using the four
(4) IGBTSs present in the three-level structure. The diodes will be connected between two successive sources,
allowing the different intermediate levels to be reproduced. Figure 5 shows the topology of a three-phase,
three-level NPC.
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Figure 5. Topology of three-phase three-level NPC
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3.1.2. Structure of the five-level NPC

For a five-level NPC topology, the typical structure uses four DC voltage sources (or a DC bus of
capacitors). The output voltage is obtained by combining these sources in a controlled manner using the eight
(8) IGBTSs present in the five-level structure. The diodes will be connected between two successive sources,
allowing the different intermediate levels to be reproduced. Figure 6 shows the topology of a three-phase
five-level NPC.
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Figure 6. Topology of three-phase five level NPC
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4.  GRID SIDE CONVERTER MODELING

Electric power generation systems with renewable sources of energy of all kinds, such as wind
energy, sea wave energy, solar energy cells, and other various sources, depend on the grid-side converter
(GSC), which permits current flow from and to the grid, that main converting DC-link voltage Vdc to AC
voltage, or vice versa [24]. Figure 7 depicts the GSC; it consists of 12 electronic switches (S11...S34), and
each switch is a phase. A transistor and a diode are connected in parallel, and these twelve switches are
distributed over three columns, and the three columns are connected to the grid through three identical coils
with Lyirer inductance and Ryireer resistance.

Si1 L

Va I3 >2 : l F

v T | ' ' 7
Pt Vac
= 7, Y .
83 2 533{,\/1 L e

S L Sy L S34£?1L

Figure 7. Structure of the grid side converter
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A GSC can be represented in a d-q rotating coordinate as follows [25], [26]:

dig _ 1 . )
A Lrneer (—Rruteria + WsLsyreriq + Vg — ug) (10)
dig 1 . )
E - Lritter (_Rfilterlq - wstilterlq + V;{ - uq) (11)

The DC link voltage relationship is given as follows [25], [26]:

dav, 1 . .
7‘10 =c (—lac + ldc—grid) (12)

5. LINEAR ADRC CONTROL

Han [27] proposed the effective ADRC technique in 2009 [28]. The tracking differentiator (TD),
ESO, and nonlinear state error feedback (NLSEF) are the three primary components of the ADRC controller
[24]. Structure of the ADRC controller is illustrated in Figure 8.
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Figure 8. Structure of the ADRC controller

A lot of settings in the ADRC controller need to be changed in practice, and it’s difficult to change
these parameters [24], [29]. In light of this, a linear ADRC design method is recommended and used to
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control the DC link voltage in the grid-side converter, control the speed of the PMSG, and regulate the input
current of the boost converter in order to decrease the model complexity and the controller computational
requirements.

A proportional controller kp and an ESO make up the LADRC. External disturbances and system
uncertainty are seen as a single, generalized disturbance. The generalized disturbance and system states are
estimated using the ESO. The tracking error between the system's output and the reference signal is driven to
zero by the proportional controller [25], [30].

A first-order system defined by (9) is one with a single input and a single output y.

dy
d—(tt) =f(y.dt)+ bou(t) 1)

Where by is the known portion of the system and f(y,d,t) represents the dynamic model and any system
disturbances (internal and external). The system described in (9) is given a representation in state variables as
shown in (10)-(11).

da

=L = 7, + bougyy (14)
dz; ﬂ

dar  de (15)

The first-order linear ADRC, including the ESO, is given as:

% =z, + bou() — Bye (16)
22— —Bye (17)
e=z,—y (18)
g ="t (19)
Uy = kp(r —z;) (20)

Where z,is the estimated output. [B;B,] = [2wyw3] it is the observer gain vector. w, Denotes the observer's
cut-off pulse; it should be emphasized that while a big pulse allows for a decent assessment of the states, it
also runs the danger of making the system more sensitive to noise. It should be observed that a large
pulsation allows for the possibility of the estimated variables z; - y andz, — fbeing used to offset all

disturbances by using the control law, as shown in (16).

The controller gain k, is denoted by w., which is the closed-loop natural frequency, and r is the
reference signal. Compared to the dynamics of the controller, the observer's dynamics must be swift. As a
result, the observer's poles are positioned to the left of the closed-loop system's poles. Typically, w, is
selected so that wo= (3-10)k,, [30].

6. VO CONTROL OF GSC

The aim of the control system of GSC is to regulate the DC link voltage at Ve in the outer loop
using ADRC technology and regulate the active and reactive power in the inner loop using a PI controller,
where the reference value of the reactive power is equal to zero. Assuming that the coordinate axes (d,q) are
orientated so that the d-axis applies to the grid voltage vector Vs, which means V=0, then the following two
relations can be obtained for the electrical power passed by the GSCs:

P =15V,i4 = Vdc—grididc—grid (21)
Q = —1.5V,i, (22)

For a unit power factor, the reference current iq is set to zero, thus the GSC control system has two regulating
axes:
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i) g axis: the current iq is regulated at zero.

ii) d axis: it includes two regulating loops, the first is an external regulating loop through which the DC link
voltage is regulated according to the reference value, and the second is an internal regulating loop through
which the current iq is regulated according to the reference value determined by the voltage regulating
loop.

7. ADR CONTROL OF DC-LINK VOLTAGE
The implementation of the ADR control is detailed in Figure 9:

Al

Utility Grid

Ve

Figure 9. Grid side converter control by ADRC

To control the DC-link voltage, and if we consider that iq is set to zero, then we can rewrite (8) as follows:

aVae 1. a .
Wae _ _1; 14 23
dt c dc c da ( )

a is related to the transform ratio of GSC.
In (19) can be rewritten as shown:

e — f () + bou (24)

The dc-link voltage ADR controller is designed by (22)-(28), as shown:

dzq

F=f (.) + b,u— B;e; (25)
%t(') = —B,e; (26)
e =2z — Vg 27)
w= uo-b]; 0 (28)
Uy = kp Vac—rer —21) (29)
Where:
f O =fGiged) (30)
b, = % (31)
U= lg_ref (32)
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8. MADR CONTROL OF DC-LINK VOLTAGE

A MADRC is a control strategy that builds upon the standard ADRC framework to improve
performance and address specific challenges. It often involves modifications to the ESO or the control law
itself, aiming for better disturbance rejection, tracking accuracy, or robustness to uncertainties. The grid-side
converter control by MADRC is similar to Figure 9, where the ADRC control has been changed to MARDC
control.

Neglecting the external disturbance in the relation (19), we find:

Vac _ @

=g (33)

dt Cy
Suppose the following error relationship:
€; = VRef — knVac (34)

By derivation, after substituting the relation (29), we find:

a

€, = —knaid (35)

Assuming a Lyapunov function:
V =0.5e2 (36)
By deriving the Lyapunov function and substituting the relation (31), we find:

g (37)

V = _ezkna
The control lawig can be chosen as follows:

ig= L2, (38)

- kna
Compensation in the relationship (33) we find:
V = —ke? (39)

Therefore, a positive value of k must be chosen to ensure the stability of the system.
Thus, based on the relations (29)-(35), the following differential relation can be written expressing
the transfer function between V.. and Vy,.:

aVae

k
dt = _kaC + Evref (40)

Redesigning the ADRC controller to regulate DC-link voltage based on (36) will be as follows:

d
%=f() +boVref — By (41)
af ()

T —Be; (42)
ey =21 — Vg (43)

o—f()

Vref b % (44)
Uy = kp (Vdc—ref —7;) (45)

Where:
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fC) = f(=kVac, dy) (46)
bo = 1- (47)
u= Vref (48)

9. RESULTS AND DISCUSSION

The simulation was exacted using MATLAB/Simulink software. Simulations were conducted for
using the three-and five-level type (NPC) inverter in the PV/grid. In this section we present the simulation
results of the proposed control strategy for a PV system connected to three-phase utility grid (380 v/50 Hz).
Simulation were conducted for using the three-and five-level (NPC) inverters of proposed control ADRC and
MADRC.

The DC link voltage was maintained to its reference as it is shown in Figure 10, which illustrates the
response of different control systems in regulating the DC link voltage. From this figure, a comparison for
Vdc between using a three level (NPC) converter and a five level (NPC) converter is reviewed with the
applied of two different control techniques ADRC and MADRC control.

The DC-link voltage is plotted over time, with the reference voltage set at 625 V. All four systems
start at the same initial voltage and attempt to reach and maintain the reference value. The five-level inverter
controlled using MADRC achieves the reference voltage rapidly (625 V within 0.02 to 0.2 seconds) and
exhibits minimal oscillations, reflecting its superior stability. The three-level inverter controlled using
MADRC shows the second-best performance, with a slightly slower response time and marginally more
oscillation than the ADRC. The three-level inverter controlled using ADRC exhibits the slowest response and
the most significant oscillations around the reference voltage. Notably, all systems experience some
disturbances, likely corresponding to changes in solar radiation, but the MADRC controlled shows superior
ability in quickly overcoming these disturbances and returning to the reference voltage. This graph clearly
illustrates the enhanced dynamic performance and disturbance rejection capabilities of MADRC control
strategies, particularly the five levels using MADRC control, in maintaining a stable DC-link voltage under
varying conditions.

The active power transmitted to the grid under different control systems is illustrated in Figure 11.
The characteristic shows four distinct curves representing the performance of various control strategies. The
blue curve corresponds to the three-level (NPC) inverter with ADRC controller, the red curve corresponds to
the five-level (NPC) inverter with ADRC controller, the yellow curve corresponds to the three-level (NPC)
inverter with MADRC controller, and the violet curve corresponds to the five-level (NPC) inverter with
MADRC controller. This is the fourth control system that achieves the highest active power transmission to
the grid, Table 1 for the parameter of the ADRC and MADRC controller.

Vdc using ADRC-MADRC 3-5 Level
‘ ‘ I I Vdc using ADRC 3level

800

Vdc using ADRC 5level
700 [ Vdc using MADRC 3level |
l Vdc using MADRC 5level

600 \ \
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700 | 560
= 600 640
o 400 g 500 620
2 = 400
=> 600
300

300 0 0.02 0.04 1 1.01 1.02
time (sec)

. . . . . . . . .
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
time (sec)

Figure 10. Control systems response to regulate the DC-link voltage
Table 1. The parameter of the ADRC and MADRC controller

Parameters  Lf Rf C2 ki kp b0
Values 0.6e-3  30*Lf 7000e-6 90 50 1/7000e-6
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We note the presence of a transient power peak (during the setpoint change) that is much more
significant in the case of three-level inverter controlled using ADRC. This certainly favours five-level
inverter controlled using MADRC when we know that these peaks can disrupt the operation of the system or
even seriously damage its electronic components. Another parameter for comparison can be observed: the
resynchronization time following a change in the reference value of the active power. Here too, the advantage
is clearly on the side of MADRC control. In addition, the static error is lower in the case of MADRC control,
which results in a better quality output current. The reactive power exchanged with the grid under different
control systems is illustrated in Figure 12.

Figure 13 and Table 2 illustrate the THD curve of the current exchanged with the grid under
different controls. The results reveal the use of a five-level (NPC) inverter with an MADRC controller. Leads
to significantly lower (THD) values compared to three levels (NPC) with an ADRC controller.
Demonstrating its effectiveness and efficiency in reducing harmonic distortions and thus enhancing the
quality of power transmission. The figure underscores the importance of using advanced control strategies
like MADRC with five levels (NPC) to achieve cleaner and more efficient power exchange with the grid,
ultimately leading to improved overall system stability and efficiency.

The results of spectral analysis for the grid phase current are illustrated in Figure 14. Show that the
five-level (NPC) inverter with the MADRC controller guarantees a better wave quality of the grid current.
Grid current FFT analysis using ADRC 3 Level has been illustrated in Figure 14(a); grid current FFT
analysis using ADRC 5 Level has been illustrated in Figure 14(b); grid current FFT analysis using MADRC
three-level has been illustrated in Figure 14(c); and grid current FFT analysis using MADRC five-level has
been illustrated in Figure 14(d).

2 10° Active Power using ADRC-MADRC 3-5 Level

Acn\-re powe;usmg A-DRC 3Ie-vel
15 Active powerusing ADRC Slevel
Active powerusing MADRC 3level
1 Active powerusing MADRC Slevel | -
05 0 4
. 22| {
24].5 =il 11
1 26} 1 t -
.s - B0 oo1 oo ) 0995 4 1 1.005 1.01
- ” time (sec) e
g -15 : '
-2
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a 0z 04 06 08 1 1.2 1.4 16 1.8
time (sec)

Figure 11. Active power transmitted to the grid
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Figurel2. Reactive power exchanged with grid
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Figurel3. THD feature of the current exchanged with the grid
Table 2. THD comparison of three-and five level inverters based ADRC controller and MADRC
Inverter THD
3 level controlled by ADRC 0.38%
5 level controlled by ADRC 0.28%
3 level controlled by MADRC  0.28%
5 level controlled by MADRC  0.22%
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Figurel4. Grid current FFT analysis: (a) FFT using ADRC 3 level, (b) FFT using ADRC 5 level, (c) FFT
using MADRC 3 level, and (d) FFT using MADRC 5 level

The FFT analysis of the current exchanged with the grid when three-and five-level ADRC and
three- and five-level MADRC controllers are employed. The analysis demonstrates a significant reduction in
harmonic components across the frequency spectrum, confirming the effectiveness of MADRC control in
minimizing distortion. Unlike ADRC-controlled, which exhibits noticeable harmonic peaks, the MADRC-
controlled maintains a cleaner current waveform, closer to the ideal sinusoidal shape. This improvement in
harmonic suppression is crucial for enhancing the power quality and ensuring stable grid operation.
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10. CONCLUSION

The present study assessed the analysis of a grid-connected PV system using a three- and five-level
inverter with advanced control strategies. A control methodology employing two stages that combine FOPI
MPPT and a MADRC for the grid interface was proposed (FOPI-MADRC).

To confirm the effectiveness of the FOPI-MADRC proposed system, a comparison was made with
different configurations, including the FOPI with a three- and five-level inverter controlled by the traditional
ADRC, as well as with a configuration including the FOPI controller with an inverter controlled by the
MADRC controller in the case of three-level and five-level inverters. The simulation results are then
presented for four scenarios: three-level inverter controlled using the ADRC, five-level inverter controlled
using the ADRC, three-level inverter controlled using the MADRC, and five-level inverter controlled using
the MADRC. It should be noted that PQ theory was used to determine the reference values for the currents in
the inner loop in order to reduce the distortion harmonic factor, which was reduced to values ranging from
(0.28% to 0.22 %) when the three- and five-level (NPC) inverter was controlled using the MADRC and to
values ranging from (0.38% to 0.28 %) when the three- and five-level (NPC) inverter was controlled using
the ADRC.

This significant improvement in power quality confirms the advantage of combining multilevel
inverter technology with advanced control techniques. Overall, the proposed methodology provides a
sustainable optimization of energy harvesting, efficiency, and grid power quality, providing a reliable and
efficient solution for grid-connected PV systems and offering a practical path for future large-scale
deployments.
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