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Conventional maximum power point tracking (MPPT) algorithms often
struggle with slow convergence and oscillations under these conditions.
This study aims to improve system stability, dynamic performance, and
power quality through a novel adaptive hybrid control strategy. The
proposed controller integrates an artificial neural network (ANN) for
precise reference voltage generation with sliding mode control (SMC),
enhanced by an adaptive super-twisting observer (ASTO). This
combination effectively estimates unmeasured states and mitigates
chattering phenomena. The system is validated using MATLAB/Simulink
under rapidly changing solar irradiance and both symmetrical and

asymmetrical fault scenarios. Simulation results show that the proposed
method significantly reduces DC-link voltage overshoot and settling time
compared to conventional methods, ensuring fast and stable tracking. The
method achieves a superior total harmonic distortion (THD) of 1.34% and
maintains robust operation during faults. The novelty of this approach lies
in the ASTO-based ANN-SMC framework, which ensures robust tracking
under severe nonlinear disturbances. This solution provides a resilient
method to enhance energy conversion efficiency in modern grid-integrated
renewable systems.
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1. Introduction

Renewable energy sources [ 1], particularly solar power [2], have emerged as a pivotal solution
in the global transition toward sustainable energy systems. Their environmentally benign nature and
virtually inexhaustible availability make them ideal substitutes for conventional fossil fuels [3]-[7]. In
parallel, the development of advanced motor control technologies plays a crucial role in optimizing
[8] energy conversion efficiency, ensuring system stability, and enhancing the overall performance of
renewable energy applications [9]-[11]. Among the renewable energy sources, photovoltaic (PV)
systems are widely deployed in many countries in both grid-connected and standalone forms, serving
a variety of applications in energy production and industrial sectors [12]-[15]. However, the energy

d") http://dx.doi.org/10.31763/ijrcs.v5i6.2281 Oiircs@ascee.org


http://pubs2.ascee.org/index.php/ijrcs
http://dx.doi.org/10.31763/ijrcs.v5i6.2281
mailto:ijrcs@ascee.org
mailto:23742351.hao@student.iuh.edu.vn
mailto:levandai@iuh.edu.vn
http://creativecommons.org/licenses/by-nc/4.0/

International Journal of Robotics and Control Systems
Vol. 5, No. 6, 2025, pp. 3015-3046

ISSN 2775-2658 3017

conversion efficiency of PV systems is strongly influenced by environmental conditions such as
shading, dust, temperature, and radiation intensity, which in turn affect the determination of the
maximum power point (MPP) [16]-[19].

Tracking and maintaining the MPP, also known as MPP tracking (MPPT), is a key factor in
ensuring optimal energy extraction from the PV system. Traditional algorithms, such as perturb and
observe (P&O) and incremental conductance [20], although advantageous in terms of simple structure
and ease of implementation, face challenges under rapidly changing weather conditions due to large
fluctuations and relatively low accuracy [21]-[24]. Furthermore, grid-connected PV systems typically
include PV panels, DC-DC converters [25], DC-AC inverters, MPPT controllers, and grid connection
controllers [26]-[30]. However, when grid faults such as voltage sags occur, particularly severe faults
like three-phase to ground short circuits, the grid voltage can drop sharply over a short period, causing
instability in the PV system and forcing the inverter to disconnect from the grid [28], [31]-[33]. While
renewable energy system design has advanced, ensuring stability, control capability, and high
performance remains a major challenge due to the complex operational and control characteristics [2],
[21],[22], [34], [35]. Enhancing the stability of renewable energy systems through control methods is
arapidly growing area of research. Among these, PV systems have been widely deployed across many
countries [12], [36], [37]. PV systems are generally categorized into two main types based on their
intended use. The first category is grid-connected PV systems, including hybrid systems, power plants,
grid-connected systems, and other integrated applications. The second category is standalone PV
systems, which are used to power devices such as electric vehicles, pumps, streetlights, space
applications, and other self-operating equipment [ 12], [38]-[40]. To maximize the power output of PV
systems under varying radiation and temperature conditions, MPPT methods have been integrated [4],
[41].

In recent years, various improvements to conventional MPPT algorithms have been proposed to
enhance tracking accuracy and reduce power loss under rapidly changing environmental conditions.
For example, Killi and Samanta [42] modified the classical P&O algorithm by incorporating the
current variation Al alongside AP and AV to mitigate the drift phenomenon that occurs when
irradiance changes suddenly and modified the classical P&O algorithm by incorporating the current
variation Al alongside AP and AV to mitigate the drift phenomenon that occurs when irradiance
changes suddenly. This approach improved the dynamic tracking capability and reduced energy
losses, but its heuristic nature limited adaptability under complex fault scenarios. Similarly, Shang et
al. [43] enhanced the Incremental Conductance method by analyzing instantaneous variations in
current, voltage, and power to accelerate convergence and minimize oscillations. Although this
method achieved a 20-30% improvement in tracking speed compared with the traditional IncCond, it
still lacked self-learning capability and robustness against grid disturbances. To address issues related
to partial shading and multiple local maxima, several hybrids or metaheuristic-based MPPT methods
have been introduced. Abo-Khalil et al. [44] combined simulated Annealing with the P&O method,
using SA to approximate the GMPP and P&O for fine-tuning, resulting in reduced oscillations and
shorter convergence time. However, the increased computational complexity limited its suitability for
real-time applications; similarly, Xiao et al. [45] proposed a hybrid slime mold-golden sine algorithm
for GMPP tracking, demonstrating superior convergence and accuracy on benchmark tests compared
to PSO and TSO. Yet, the heavy computational demand and lack of fault-tolerant assessment restrict
its deployment in grid-connected systems. In another approach, Harrag and Messalti [46], optimized
the step size of P&O using a Genetic Algorithm to balance speed and stability during tracking.
Although the GA-P&O achieved flexible step adaptation and improved dynamic response, it relied on
offline optimization and did not explicitly address system behavior under severe grid faults.

Overall, while these studies have successfully improved MPPT efficiency under varying
irradiance or shading, they remain predominantly heuristic and lack adaptability to unpredictable fault
conditions such as three-phase fault to ground (LLLG). Moreover, none of these methods explicitly
evaluates DC-link voltage overshoot, total harmonic distortion (THD) reduction, fault ride-through
capability, key indicators of grid-connected PV stability. These limitations underscore the need for an
intelligent control strategy that can learn nonlinear relationships, adapt to real-time disturbances, and
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facilitate faster recovery during faults. Consequently, the integration of an artificial neural network
(ANN) trained by the levenberg-marquardt (LM) algorithm [47] emerges as a promising approach to
enhance MPPT performance, reduce transient oscillations, and improve overall system stability under
both dynamic environmental changes and grid fault conditions. Therefore, machine learning
techniques, particularly ANNs, have been applied to the MPPT problem. ANN can model the
nonlinear relationship between inputs such as voltage, current, temperature, and output power without
the need for prior assumptions about the mathematical model. In this study, the application of ANN
for MPPT is designed with an input dataset consisting of historical values of voltage V,, and current
I,y to estimate the duty cycle, thereby optimizing the output power of the DC/DC converter [25].
Unlike traditional ANN methods based on popular training algorithms such as Backpropagation or
Gradient Descent, this study combines ANN and SMC, a powerful and efficient technique, to improve
the neural network training process for MPPT optimization. SMC allows for fast convergence with
minimal error, which is especially suitable for nonlinear regression models such as the multilayer
perceptron. Therefore, ANN combined with SMC not only significantly improves the accuracy of
power prediction but also ensures high stability and adaptability under rapidly changing weather
conditions. In addition, the adaptive super-twisting observer (ASTO) is an advanced state observation
method belonging to the Sliding mode observer family, which is specially designed for nonlinear
systems tolerant to disturbances and uncertainties. The outstanding advantage of ASTO lies in its
ability to significantly reduce chattering and ensure fast convergence, which helps to accurately
estimate state variables that cannot be measured directly. In addition, the adaptive mechanism allows
the observer to maintain high stability and robustness even when operating conditions change
continuously. The main goal of this method is to design an intelligent MPPT controller using an ANN
combined with SMC with ASTO, which is capable of fast and stable MPPT positioning while
minimizing power fluctuations and energy losses. This method is verified through simulations
involving scenarios with changes in radiation and temperature, evaluating performance based on
response time, stability, power quality, and energy yield [48], [49].

The primary objective of this study is to design a novel adaptive hybrid MPPT controller to
enhance stability, dynamic performance, and power quality under both environmental changes and
severe grid faults. The specific contributions are:

1. Developing an MPPT controller using ANN combined with SMC and ASTO for accurate system
identification and dynamic control.

2. Evaluating the controller's robustness against DC-link overvoltage and THD under severe grid
faults.

3. Demonstrating the superiority of the proposed method over conventional techniques in terms of
stability and power quality

The remainder of the paper is organized as follows: Section 2 focuses on the grid-connected solar
power conversion system, analyzing the theoretical basis of the PV array model. Section 3 discusses
the proposed control solutions for MPPT, including the conventional control solution and the proposed
control solution. Section 4 presents the results and simulations of the study, in which the system is
tested in both scenarios. Finally, the conclusion summarizes the main findings of the study.

2. Photovoltaic Power Conversion System Interfaced with the Grid

In Fig. 1, a grid-connected PV system, consisting of two arrays, is studied, which is modeled and
simulated at standard conditions of 1000 W/m?, cell temperature of 25°C corresponding to each array
having a capacity of 219.961 W. A DC-DC boost converter is connected to each variety, where an
MPPT control algorithm based on an ANN is implemented to maximize the efficiency from the PV
arrays by adjusting the respective terminal voltages. A 1000 V-rated voltage is connected from the
power converters to a common DC bus, which remains constant regardless of changes in the input
power of each PV array. The generation of 500 V is achieved through a three-level neutral point
clamped inverter to convert the energy to three-phase AC. Reactive power up to =1 MV Ar is achieved

Le Duc Hao (High-Performance ANN-SMC MPPT Control with Adaptive Super-Twisting Observer for Enhanced
Stability in Grid-Connected PV Systems)



International Journal of Robotics and Control Systems
ISSN 2775-2658 3019
Vol. 5, No. 6, 2025, pp. 3015-3046

thanks to the system being supplemented with a reactive power controller that allows the desired
power to be consumed or emitted. A three-phase transformer with a rated capacity of 2.25 MVA and
a rated voltage of 500 V/25 kV is the bridge to connect the grid and the PV system. The grid-side
model includes a 25 kV distribution line and a 120 kV transmission grid.

[ MPPT |5[ PWM | Bus1  Lransformer . ..o - Power Network
PV Array [ f 17, ] rRL 225-MVA ! (Fig. 4)

= 500-V/25-kV
Boost _L Three-Level
Converter T NPC Converter

Fig. 1. Solar energy system connected to the utility grid

2.1. Model of the Photovoltaic Array

The equivalent circuit model represents [50], the overall /-V characteristic of a PV cell, module,
or array is through a continuous mathematical relationship involving key electrical variables. The
diode equivalent circuit model is commonly used to represent the electrical behavior of a PV cell. A
PV array is formed by connecting multiple PV modules in series to achieve the desired voltage and in
parallel to provide the required current. This configuration allows the system to efficiently meet
specific power requirements, as illustrated in Fig. 2 [51]-[55].
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i<
Wy
=
=
<

0%

8. L ®—

Fig. 2. Equivalent circuit of a PV cell

To mathematically describe the equivalent circuit of a PV cell, Kirchhoff’s current law is applied,
leading to the following expression for the output current [50], [56], [57]:

I=1ly—1q—1, (1)

where I,y is the photocurrent, /g is the loss diode current, and /, is the shunt current. The diode current
14 in a single-diode PV model follows the Shockley equation for an ideal diode [58]:

(V + Rsl)q

g = Lexp(—) — 1] 5
G ?

where I is the reverse saturation current of the diode, ¢ is the electron charge (1.6x107°C), n is the
diode ideality factor typically between 1 and 2, R; is the internal series resistance, V is the terminal
voltage of the PV cell, k& is the Boltzmann’s constant (1.38x10* J/K), and T is the cell’s junction
temperature in Kelvin [59]. Meanwhile, the shunt current /,, caused by leakage through the shunt
resistance Ry, is given by:

_ (V+Rs)q

b= 3)

p

Combining these relationships, the final expression for the output current of the single-diode PV
model is:
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V + Rl V + Rl
1= Iy = Llexp( ) ~ 1] = (0 W
nCg) i

This comprehensive formulation captures both the diode’s nonlinear characteristics and the
effects of resistive losses within the PV cell. The simulation and demonstration are based on a Solarex
PV module, Canadian Solar Inc. CS5P-220M, consisting of 66 polycrystalline cells connected in a
datasheet of PV arrays used [60]. The /-V and P-V characteristics of the PV array are illustrated in Fig.
3 (a) and (b).

The operational features of a solar PV system, especially its P-V and I-V curves, are greatly
affected by the current environmental conditions, as shown in the referenced figure. Understanding
these curves is key to evaluating the power output of the PV system under different scenarios. The
MPP on these curves, which indicates where the system delivers its highest power, varies with changes
in temperature and sunlight intensity. To precisely identify the MPP based on the existing
environmental factors, an artificial neural network (NN) is used. This technique draws on the NN's
capability to process non-linear connections and complex patterns, making it well-suited for
forecasting the MPP from inputs such as temperature and solar radiation levels [61].

2.2. Modeling of Key Components in Grid-Connected Systems

The model in Fig. 4 represents a complete three-phase power network, integrating essential
components such as high-voltage sources, step-down transformers, transmission lines, and parallel
RLC loads. In this configuration, the transformer steps down the voltage from 120 kV to 25 kV and
has a rated capacity of 47 MV A, allowing for power transfer between different voltage levels. The
three-phase source provides the system with a voltage of 120 kV and a short-circuit capacity of 2500
MVA, ensuring a robust and stable input power supply. An earthing transformer is integrated to
protect the system under fault conditions and enhance operational safety. The transmission section
consists of three lines with lengths of 8 km, 2 km, and 6 km, respectively, allowing for the
representation of distributed electrical properties such as resistance, inductance, and capacitance. Two
parallel RLC loads rated at 30 MW and 2 MW simulate real-world power consumption, supporting
the analysis of how different load levels affect dynamic behavior and voltage stability. Voltage and
current sensors placed at key points enhance monitoring capabilities, allowing for early fault detection
and performance evaluation. Overall, the model is a useful tool for assessing the stability and
performance of grid-connected PV systems.

3. Advanced Strategy for Maximum Power Point Tracking in PV Systems

3.1. Perturb and Observe Algorithm

The perturb and observe (P&O) algorithm MPPT, or the conventional method algorithm,
provides a simple and efficient method for tracking the MPPT of a PV system, while ensuring
originality. The MPPT determines the point at which the PV system produces its maximum power.
The algorithm starts by initializing the operating point of the PV system at a random value. Then, the
algorithm adjusts the operating point slightly. Next, the algorithm measures the subsequent change in
the output power. If the output power increases suddenly, the algorithm moves in the direction of
adjustment. Conversely, if the output power decreases, the algorithm moves in the opposite direction
to the initial adjustment. The P&O algorithm works by periodically adjusting the PV system operating
point and evaluating subsequent changes in output power. The algorithm systematically progresses
towards increasing output power until the MPP is reached, the block diagram of which is shown in
Fig. 5 [62]-[66].

Finally, after each adjustment, the values of D(¢), Vy(?), Ipu(f), and Py (%) are stored and used in
subsequent iterations, enabling the system to continue tracking the MPP stably. However,
synchronization with the MPPT can be slow, especially in cases where the MPPT experiences rapid
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fluctuations. The convergence speed of the P&O algorithm is correlated with the adjustment
amplitude. Larger adjustments increase the convergence speed but also increase the risk of
overshooting the MPP. Therefore, it is important to apply a more improved method to solve these
problems. Therefore, the proposed method is presented in the next section.

x10
4001 | w/m? 1 8r 1 kW/m2 1
§ 300 .75 kW/m? 18067
52001 0.5kW/m’ | B4
=
= 2 ]
O 100 0.25 kW/m {85 .
0.25 kW/m~
0 L 1 1 L L 0 1 Il
0 50 100 150 200 250 300 ¢ 50 100 150 200 250 300

@) Voltage (V) () Voltage (V)

Fig. 3. Specifications of a PV array at 25°C of an array type of Canadian Solar Inc. CS5p-220N; 5 series
modules; 66 parallel strings; (a) the /-V characteristic and (b) the P-V characteristic

Transformer
Soure 120 kV Bus 120 kV/25 kV
2500 MVA  120kV 47 MVA
A
W3 {
C
A
| Transformer |
| Bus 500 vaskv | BYS  Fault Grounding
| Line 8km 00V 225.MvA | / Transformer
A
[ c V>
| 8 : PCC Ground
:_ 3 | 30 MW
Studied PV system 2 MVAr Load
(Fig. 6) A—a A A
- B b8 B H
CI—L¢ C C
2 MW Load Line 8 km
Fig. 4. The system represents a three-phase power network
i Measure: V), (f) and I,,(¢) i
i i i
i Calculate: |
o Pa@= Vo < In |
i Ava(t): va(t) - va(t '1) E
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Fig. S. Flowchart of the P&O-MPPT algorithm using the dynamic step size tuning solution
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3.2. Proposed Method MPPT

The PV system under study is fully illustrated in Fig. 1, which includes all the basic components
of the panels and the boost converter used in this study. The boost converter operates to regulate the
voltage and current between the panels and the grid, thereby maximizing the power transmission
efficiency. In terms of control, the conventional system is divided into two main blocks: boost
converter control and inverter control.

The inverter control controls the DC-AC voltage source and is built on a combination of a power
balance controller and a PI controller that provides feedback on the DC link voltage. In addition, it
integrates a converter module that performs essential functions such as phase-locked loop (PLL) and
dg coordinate transformation to control the current in the rotating synchronous coordinate system
shown in Fig. 6. Together with the converter, the algorithm combines ANN and sliding mode control
to observe MPPT using advanced computational techniques to actively maintain the optimal power
operating point of the PV system.

To ensure optimal power extraction under changing real-world environmental conditions and
source/load fluctuations, ASTO is proposed. In this application, ASTO is responsible for estimating
the necessary inputs to the SMC controller. Specifically, ASTO estimates the induced current and
applied output of the system, providing important data for the MPPT controller to decide. The
following subsections will focus on the detailed modeling analysis of this intelligent hybrid controller
and the design of the ASTO tool [67]-[69].

Boost

PV Array Diode L Converter

Irradiance ()

Temperature (7)

Vov R A AR
0A

10 ’I Adaptive Super-

‘ LA| Twisting Observer

[OAT-221y [,

13

+ N
o | D
Sliding Mode Control

AL

| VAIN-§T'7 1PHOAU0D DIN

7

JOULIO.

Wos Output
Input Layer Hidden Layer Layer

Fig. 6. Proposed MPPT control method diagram for PV system

Temperature and irradiance are fed into the ANN controller through three steps, including the
input layer, the hidden layer, and the output layer, to determine the reference voltage Vref
corresponding to the maximum power operating point. The generated reference voltage is then
forwarded to the SMC controller, combined with ASTO, which estimates the input/state for the SMC
controller, which in turn adjusts the converter to ensure the PV system continuously tracks the MPPT.
The MPPT at any operating condition can be efficiently determined using the sliding mode formula
to generate the desired reference voltage. This is done by defining a suitable sliding surface to adjust
the convergence of the operating point towards the maximum power condition, as shown in Fig. 6.

3.2.1. Adaptive Super-Twisting Observer

To design the ASTO, we consider the dynamic analytical relationship of the induced current and
capacitor voltage in the boost converter [70].
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(Al Vou = (1 = DIVy)

dt L
1011/0 _(-Dh Vo (5)

dt L RC,

where V) is the output voltage in the boost converter, C, is the output capacitor, R is the resistance
load, and L is the inductance. Therefore, the ASTO method is presented as follows:

~ diL 1 ~ C,f]_ 1 . A~ .
ILa= il [-1-D)V, + va] + [T le,|2sign(ey) + @, f sign(ey)dt + nye, (6)
~ v, 1 .1 1 . .
Voa= ar = . [(1 —-D)I, + EVO] — 01a, e, |Zsign(e,) — 0, @, f sign(ey)dt — ngey, (7
2

To smooth the signal and accelerate convergence, a linear component has been introduced, and
the two gain coefficients have been synchronized in ASTO. Since the super-twisted observer
essentially involves non-linear equations due to the presence of sign functions and two gain
coefficients. Therefore, this study defines the nonlinear component as ngey,, where ng is the positive
gain coefficient, and the adaptive dynamic gain coefficients o and o are expressed as follows [70]-
[72]:

eL=iL—IL
da, 1 —Ddey, dey, 1
E_ﬁ<_TW_nOE leLlz2 (B<-1)
da, da, g
- a ®
1-Dd d 1 a2,
_izPde, o den) Sl dt
E<\]|< e dt>|~‘3L|2 A=-p+-

In with ¢ is the parameter of ASTO to satisfy Eq. (8). The error in estimating the induced current
is defined by the first derivative equation as follows:

de, df, di

—L_-L_-t 9
dt dt dt ©)
Substituting the current equation in Eq. (5) into Eq. (6) and Eq. (9), we can rewrite it as follows:
~ & V., — (1—D)V,
& = (l [—(1 - D)V, + va] + 4 |eL|%sign(eL) + @, f sign (ey)dt + noeL> - <M>
dt L L L
1-D (10)

= T(V0 -V + [% |eL|%sign(eL) + @, J sign (e )dt + noeL]
where z(t) = &, [ sign (e)dt, and w(t) = % (Vo — V), let A; = @, /L. To analyze the stability
of the nonlinear, nonsmooth system in Eq. (10), the following assumptions are introduced. The
disturbance term  w(t) is bounded, i.e., there exists W >0 such that
lw(t)] < W, Vt. The integral term z(t) is bounded in the region of interest. That is, there exists Z >
0 such that the sign of the nonlinear coefficient is known. Two important cases arise: if 4; < 0, where
the nonlinear term contributes to dissipation; if A; > 0, where the nonlinear term may destabilize the
system. The linear gain n, satisfies ny < 0, or is sufficiently small positive such that local dominance
of the negative nonlinear term is preserved. To stabilize the system, we consider the Lyapunov
function as follows.

1
V(e = et (11)
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For e}, # 0, its derivative along trajectories of Eq. (10) as follows:

v dey

e~ %ar
Using the bounds |w(t)| < Wand |z(t)| < Z, we obtain as follows:

3
= e w(t) + Aqley|2 + epz(t) + nyef (12)

dv 3
ES (W +Z) |e,| + AqleL|Z + ngef (13)

Express e, | = V2V, | ), 13/2= (2V)3/4, and e# = 2V. Substituting into Eq. (13) gives:
dv .
s (W + V2V + AW + Z2)(V2V)? + noV (14)

Because 4; < 0, the dominant term near the origin is the negative nonlinear component:

A1(2V)% =0 (15)

As V — 0, the terms vV and ¥ become negligible compared to V3/%. Hence, there exists & >
Osuch thatforall0 <V < &:

dv 3
— < —c(V)2 16
i c(V) (16)
For some constant ¢ = —%A123/ 4> 0. Integrating Eq. (17) yields the classical finite-time
convergence inequality:
4 1
T < EV(O)4 < oo (17)

Therefore, V(t) = 0, and consequently ey (t) — 0, in finite time.

3.2.2. MPPT Control Design-Based ANN-SMC

The proposed MPPT strategy integrates an ANN-based voltage estimator with a sliding-mode
control layer, where the ANN predicts the optimal MPP voltage based on irradiance and temperature.
Meanwhile, the SM controller utilizes three tracking errors: PV voltage, inductor current, and load
voltage to ensure robust convergence toward the estimated MPPT. This hybrid design enhances
adaptability to environmental variations while maintaining strong disturbance rejection and stability.
To calculate the optimal operating voltage at the MPPT, a feed-forward ANN is used, using
illuminance and temperature as input features through the following three basic steps [73].

Step 1. Hidden layer output. First, the net input n" to the hidden layer is calculated through an affine
transformation of the input vector Xix:
nW = WDy, +p® (18)
The output of the hidden layer / is obtained by applying the nonlinear activation function ¢(.)
element-wise to the net input:
h=¢(n®) =p(WDx, + M) (19)

Step 2. Output layer calculation. The final control reference signal Ve, which is xs, is calculated based
on the linear combination of the hidden layer outputs /4 and the output layer weights w®. The net input
to the output layer n® is:

n@ = w@Ty 4 p@ (20)
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Finally, the control signal Vi is the result of applying the output activation function 9(.) to n®:

Vieg = %6 = 9(n®) = 9(w@Th + b@) 1)

By substituting the expression for % into the final output equation, the complete closed-form
control signal Ve is:

Vret(tin, W) = 9w @7 (¢ (W Dixiy + b)) + b3) (22)

Once the Vier data is updated into the SMC, we identify three main tracking errors that are used
to adjust the MPPT system operation to achieve optimal power tracking. These three errors represent
the difference between the measured/estimated system value and the desired reference value expressed
through the following equations.

Error 1. Panel voltage error e;:

e = va — Vet (23)

This error measures the difference between the actual panel voltage V},, and the optimal voltage
Vier, which is the voltage at the MPP.

Error 2. Panel current error e;:

€ = fL - IL_ref (24)

This error compares the estimated inductor current [}, with the inductor current reference Ip rer.
The reference value /1 .ris defined as:

IL_ref = _C1VpV + Ipv (25)

where C; is a constant related to the panel, often its capacitance, V,y is the panel voltage, and /v is the
panel current. Substituting /i, rinto the e; expression yields:

e, = iL - IpV + Clvf)v (26)
Error 3. Load voltage error es:
e3 = Vo ref — VO_A (27)

This error is the difference between the load voltage reference Vj rof and the estimated load
voltage 7, VO_A and fL_Aare estimations of ¥y and /p using an ASTO observer. The load voltage
reference Vj ref is defined based on Ohm's law for the load with a purely resistive load R and load
current /o:

Vo_ret = IoR (28)
Combining the Eqs (28) and (29), it yields the following:

63 = IoR - Vo_A (29)

The control law used in this case is a form of SMC, which generates the control signal u(¢) to
ensure the system tracks the optimal power point. The sliding surface s is a linear weighted
combination of the defined tracking errors:

3
s = Z kie; = ke, + ke, + kes (30)

1=1
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where k; > 0 are the gains selected to ensure the system's stability and convergence. The goal of SMC
is to drive the system to reach and stay on the sliding surface, i.e., s = 0. The control signal u(¢) is a
sign function of the sliding surface s, multiplied by the gain £;:

u(t) = kysign(s(t)); with k4 > 0 (31)

The sign(s(#)) function generates the switching control signal, which is characteristic of SMC:

1 (s(t)>0
sign(s(6)) =< 0,{s(®) =0 (32)
-1 1s(t) <0

This control law ensures that when the system is off the sliding surface s # 0, the control signal
drives the system back towards the surface s — 0. The gains &; cannot be chosen arbitrarily; they must
satisfy a stability condition to ensure the effective operation of the sliding mode:

c C dIL_refmaX
1
CO pv_max

where Cpv and C are the panel capacitance and the output capacitance, respectively. Iy, ref, . and
Ipv max these are the maximum values of the derivative of the inductor’s current reference,
representing its maximum rate of change. This condition constrains the value of k; related to voltage
error e; between a ratio involving k3 and k», ensuring that the dynamics of the errors are balanced to
achieve system stability. To ensure the reliability of the MPPT controller, stability analysis is crucial.
The Lyapunov method is employed to prove the system's convergence to the desired state, the sliding

surface s =0 [70], [74].

Panel voltage rate of change:

v, 1 .
a9 C_l(lpv — 1) (34)

Inductor current rate of change:

- (35)
dt L
Output voltage rate of change:
av, 1V, . .
— =—(—=+1I.—DI 36
&R TP (36)

The convergence of the tracking errors, e;, demonstrates the stability. We calculate the time
derivative of the errors:

de; dev dVrer
@ adr
de, dIy, dly e
de  dr dt
% _ dVO_ref _ %
dt dt de

Substituting the boost converter dynamics Egs. (35)-(37) into the error derivative expressions:

(37
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d61 1 - dVref
= (L. —1)—
dt ~ ¢ oy = 1) =55
dez 1 ~ ~ dIL ref
{— ==V, = Vo +DVy) —— 38
dt L( pv 0 0) dt ( )
de3 dVO ref 1 ]70 ~ N
—=—""———(=+1I.—DI
dt dt €, g th L)
The Lyapunov function V'is defined based on the squared sliding surface s:
1
V ==s2 39
55 (39)
For stability, the time derivative of d}/d¢ must be < 0.
3
dv. ds Z k de; (40)
ac car o\Lar
i=1
Substituting Eq. (39) into Eq. (41), and grouping terms:
dv _ Il v iL dVref Vv Vo dIL,ref dVOJef I70 iL k3iL kZVO
E‘S["l(%‘a‘ it )*"2(%‘7‘7)”‘3( it _R_CZ_C_2>+D(C_2+T)] (41)
Substituting the SMC law u(?) = kssign(s) into the expression:
dV I v iL dVref VV I70 dIL,ref dVO,ref I70 iL k3iL kZV\O
d—t=S|:k1<CL1—C—1—T>+k2 <%—T—T>+k3<T—R—C‘2—C—Z>:| +k4<C—Z+T> |S| (42)

To ensure stability, dV/df must be less than zero and must be enforced. By considering the
maximum possible values of all physical quantities, €.g., lpy max, Vet max/dt, etc., dV/dt is bounded as
follows:

dv k3fL max [70 max
— < |s||Tk thy|l———+k,— s 43
dt | |[ 4]max 4( Cl 2 L | | ( )
where 7 is the terms not containing, to guarantee dV/d¢ must be less than zero, the maximum
magnitude of the non-ks terms must be overcome by the k4 switching term. This leads to conditions
on the gains ki. Therefore, we prove that the two main conditions on the gain k; are to ensure the

dIL_refmaX _ Ipv_max
. kq . > 0.
The global stability condition for the controller gains 4; is expressed by the inequality:

negativity of dV/d¢. Lower bound on £, % - % > 0, upper bound on k,
1 2

d-IL ref;
k C — max
k3Cy 2T dr (44)

CZ I pv_max

By selecting the parameters k; within this range, it is guaranteed that d//d¢ must be less than zero.
According to the Lyapunov theory, this mathematically proves the global stability of the system,
ensuring that the tracking errors converge to zero and the system effectively tracks the MPPT. The
values and parameters for this control method are reused by the author in the study [70].

4. Results and Simulation

A control system for connecting a PV array to the grid has been developed and comprehensively
simulated. A comparative analysis is performed to evaluate the performance and efficiency of the
proposed control strategy. Specifically, the study focuses on evaluating the robustness and dynamic
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response of the controller under two distinct conditions: normal operation and fault conditions. The
proposed control system exhibits high stability and reliable performance under all three scenarios,
demonstrating its resilience and adaptability to disturbances. The simulation model is constructed in
Fig. 1, illustrated Fig. 4 and the control method shown in Fig. 6. During the simulation of the system
control using ANN controller under the coordination of SMC and with the participation of ASTO
combined called the proposed method, the following parameters are set DC voltage supplied to the
rectifier is Vg = 1000 V during the simulation, switching frequency is 7y = 25 ms. Simulation is
performed using MATLAB/Simulink [62] to evaluate the performance of the proposed method in
MPPT control compared with the conventional control method.

4.1. Case Study 1

The initial analysis of the grid, considering all parameters, was conducted under fault-free
conditions in the distribution network, with irradiance levels shown in Fig. 7 and maintained at a
constant 25°C. As illustrated in Fig. 8, both the conventional and proposed MPPT control methods
ensure stable active power output from the PV array. However, the proposed method demonstrates
superior stability throughout the simulation. Consequently, the proposed method maintains a more
consistent output power and is less sensitive to variations in irradiance conditions.
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Fig. 7. The solar irradiance pattern applied to PV arrays
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Fig. 8. The active power PV under irradiance levels

Fig. 9 provides a detailed experimental comparison of the performance of the DC link voltage
controller under normal operating conditions, contrasting the conventional and proposed methods.
Both methods maintain a stable reference voltage of 1,000 V. However, initially, the link voltage for
the conventional method rises to about 1,050 V, while the proposed method increases to only around
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1,020 V. When transient disturbance events, caused by irradiance fluctuations, occur at various times,
the difference in dynamic response becomes evident. The conventional method exhibits a higher
overshoot voltage, while the proposed method effectively minimizes this oscillation. During the start-
up process, the proposed method reduces the maximum oscillation to approximately 30 V. Though
small, this reduction is crucial in minimizing voltage stress on power electronic components, such as
capacitors and semiconductors, thereby enhancing the system's reliability and extending its lifespan.
Additionally, the proposed method demonstrates faster settling time and better damping, highlighting
its superior dynamic response and ability to maintain DC bus stability. In conclusion, these results
confirm that the proposed method significantly improves DC link voltage control performance
compared to the conventional method.

At 0.5, 1, and 1.5 seconds, the change in irradiance causes the active power to increase from 2.0
MW to approximately 2.75 MW at the initial moment, gradually stabilizing according to the irradiance
changes in the subsequent periods, as clearly shown in Fig. 10. In this scenario, the proposed method
demonstrates its superiority by exhibiting a significantly faster response time compared to the
conventional method, enabling the system to track the new power reference value more efficiently
and promptly.

At the same time, Fig. 11 illustrates how the two methods handle reactive power during this state
transition. Although the reactive power command remains unchanged, the instantaneous fluctuations
in active power still cause crosstalk, resulting in overshoot. Both the conventional and proposed
methods maintain improved stability, with the proposed method showing a lower overshoot peak and
faster damping of the oscillations. This demonstrates that the proposed method not only enhances the
active power response but also improves the control separation between active and reactive power.
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Fig. 9. DC link voltage under irradiance levels
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Fig. 10. The active power under irradiance levels

The harmonic analysis of the grid current in phase for both cases, as shown in Fig. 12 and Fig.
13, indicates that both PV inverter configurations deliver grid currents of good quality. The THD
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remains low in both cases, measured at 1.39% for the conventional control method and 1.34% for the
proposed approach. These values are well within typical power-quality limits, which generally require
the current THD to be below 5 percent. A direct comparison shows that the proposed method offers
some technical improvements. The THD decreases slightly compared to the traditional scheme, and
the amplitude of the fundamental component at 50 Hz is also higher, at 61.85 A compared with 61.75
A. This small increase indicates that the new control strategy enables a more effective transfer of
useful power to the grid under the same operating conditions. Overall, although the time-domain
waveforms of both methods appear similar, the harmonic spectrum reveals that the proposed method
produces a cleaner grid current and improves power-transfer efficiency.
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Fig. 11. The reactive power under normal operating conditions
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Fig. 12. Harmonic analysis of grid side a-phase current by the conventional method in case study 1

4.2. Case Study 2

When assessing the reliability and fault-tolerant capabilities of a grid-connected PV system, two
representative fault scenarios are typically analyzed, specifically a symmetrical LLLG and an
unsymmetrical single-line-to-ground (LG) fault. The three-phase short circuit is considered the most
severe disturbance, as its balanced nature results in the highest fault current, making it ideal for
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evaluating protection limits, current withstand capacity, and voltage stability under extreme
conditions. In contrast, the single-line-to-ground fault is the most encountered disturbance in practical
power networks, introducing voltage and current imbalances that directly impact the PV inverter and
power quality at the point of common coupling. Analyzing both fault types provides a comprehensive
assessment of the controller’s performance and the system’s ability to remain stable under both worst-
case and commonly occurring grid disturbances, ensuring compliance with modern grid-connection
requirements. Subsections 4.2.1 and Subsections 4.2.2, present the asymmetric and symmetric fault
scenarios, respectively.
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Fig. 13. Harmonic analysis of grid side a-phase current using the proposed method in case study 1

4.2.1. Asymmetrical Fault Scenarios

The simulation of the system for the case of an LG fault was conducted at the PCC, as shown in
Fig. 4. In this scenario, a short circuit to ground is considered at phase a, with parameters Ro, = 0.001
Q, ground resistance R = 0.01 Q, and snubber resistance Rs = 1e6 Q. The voltage at the PCC for this
case is shown in Fig. 14.

This scenario provides a comprehensive evaluation of the robustness and dynamic response of
the tested controllers when the PV system is subjected to a LG fault, with a temperature of 25°C and
an irradiance of 1000 W/m?. As shown in Fig. 14, the fault occurs between 0.5 to 0.6 seconds, after
which the system is restored to its original value, creating a highly non-linear and challenging
environment for maintaining maximum power output. These rapid environmental disturbances allow
for an in-depth assessment of how effectively each controller tracks the MPPT while maintaining
system stability.

In Fig. 15, the power of the solar panel is shown clearly demonstrating that the proposed method
operates more stably and has a faster fault recovery time compared to the conventional method. This
indicates that the proposed method has a stronger ability to adjust the amplitude of oscillations, with
fault recovery based on values such as voltage, active power, and reactive power, all of which operate
more stably and smoothly than in the conventional method.

Fig. 16 illustrates the dynamic response of the grid currents during a single-phase to ground fault.
In both cases, the three-phase currents remain balanced before the fault occurs around 0.5 seconds.
Once the fault is initiated, the current amplitudes increase sharply and exhibit significant oscillations
due to voltage imbalances among the phases. After the fault is cleared for around 0.6 seconds, the
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currents rapidly return to their steady-state value. Comparing the two plots reveals that the proposed
method achieves faster damping and smoother recovery than the conventional method, showcasing
superior capability in maintaining current stability under asymmetrical fault conditions.
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Fig. 16. The grid current under LG fault: (a) the proposed method and (b) the conventional method
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Fig. 17 shows the DC link voltage response of the system when a single-phase short circuit fault
occurs around 0.5 seconds, with fault recovery occurring after 0.6 seconds. Prior to the fault, the DC
link voltage for both methods remains near the reference value of 1,000 V, with the proposed method
showing smaller fluctuations. When the fault occurs, the conventional method reacts less stably, as
indicated by large amplitude oscillations and voltage spikes reaching up to about 1,000 -1,250 V. In
contrast, the proposed method experiences only small oscillations, with a significantly lower voltage
increase in the range of 1,000-1,050 V and quickly decreases. The conventional method, however,
shows a maximum voltage decrease of about 200 V. After the fault is cleared, the DC link voltage of
the proposed method returns to the reference value more quickly and stably, while the conventional
method still exhibits residual oscillations. This result demonstrates that the proposed control method
is more effective in reducing oscillations and improving the robustness of the DC link voltage under
phase-to-earth fault conditions.
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Fig. 17. DC link voltage under LG fault

Fig. 18 illustrates the evolution of the system’s active power when an LG fault occurs. Before
the fault, both control methods maintain stable active power at approximately 2.75 MW with
negligible deviation. However, when the fault occurs at 0.5 seconds, the conventional control method
exhibits an unstable response: the active power fluctuates significantly, with a sudden peak that far
exceeds the normal operating value. This phenomenon highlights the conventional method's limited
ability to manage the power imbalance and voltage fluctuations caused by LG fault. In contrast, the
proposed method shows much smaller oscillations, quickly suppresses the disturbance, and restores
the active power to a stable value immediately after the fault is cleared. This demonstrates the
proposed control strategy's superior robustness to sudden disturbances

Fig. 19 shows the reactive power response under the same fault conditions. Similar to active
power, the conventional method again reveals its limitations: the reactive power fluctuates sharply,
with many unwanted variations occurring right at the fault time. These fluctuations can negatively
impact the voltage condition and stability of the power system. In contrast, the proposed method
displays superior control: small reactive fluctuations, rapid stabilization, and smooth retention of the
rated state after the fault. This proves that the proposed method is more effective in regulating reactive
power exchange, helping to control the voltage more efficiently under adverse conditions.

The simulation results from the three figures clearly demonstrate the superiority of the proposed
control method when the system is subjected to a single-phase-to-ground short circuit fault. In all three
critical quantities DC-link voltage in Fig. 17, active power in Fig. 18, and reactive power in Fig. 19,
the conventional method shows significant limitations, including large fluctuations, transient surges,
and long recovery times after the fault. These characteristics highlight the conventional method's weak
anti-disturbance capabilities and dynamic instability under asymmetric grid conditions. In contrast,
the proposed control method outperforms the conventional method across all three indicators. In every
case, it maintains a lower oscillation amplitude, significantly reduces overshoot, and restores steady-
state conditions more quickly after the fault is cleared. For DC-link voltage, the proposed method
effectively limits voltage surges and rapidly returns the value to the reference level. For both active
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and reactive power, the proposed controller minimizes power disturbances at the fault instant and
maintains stability during the post-fault process. This demonstrates better coordination between
system components and high adaptability to short-term disturbances. Overall, the simulation results
from all three figures clearly show that the proposed control method offers significantly higher
robustness, damping ability, and control quality compared to the conventional method. This confirms
the potential application of the proposed method in renewable energy systems and power converters
operating in grid environments with frequent disturbances and adverse conditions.
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Fig. 19. The reactive power under LG fault

An examination of Fig. 20 and Fig. 21, which correspond to a large transient current event likely
caused by a grid voltage sag, highlights the critical role of the PV inverter controller in disturbance
rejection. Both control methods demonstrate grid-fault ride-through capability by injecting a high
reactive current during the disturbance and restoring stable operation once the event has passed.
However, in the post-fault steady state, the proposed method shows a clear performance advantage in
terms of power quality and power transfer efficiency. The proposed method achieves a THD of 1.78%,
which is lower than the 1.95% obtained with the conventional method. This reduction indicates
improved stability and better harmonic compensation under high-power operating conditions.
Furthermore, the fundamental current component reaches 93.94 A, which is 1.55 A higher than that
of the conventional method. This improvement confirms that the new control algorithm enhances the
extraction and delivery of useful power to the grid, which is particularly important after grid-
disturbance events.

4.2.2. Symmetrical Fault Scenarios

Next, the simulation system for the LLLG fault is performed at the PCC, as shown in Fig. 4. In
this case, a short circuit to ground occurs across all three phases a, b, and ¢ with updated parameters
including R., = 1 Q, ground resistance R,= 0.01 Q, and snubber resistance R; = 1e6 Q2. The voltage
at the PCC in this scenario is shown in Fig. 23. This scenario provides a comprehensive evaluation of
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the robustness and dynamic response of the tested controllers when the PV system is subjected to an
LLLG fault, with a temperature of 25°C and varying irradiance, as shown in Fig. 22. Simultaneously,
the DC link voltage is adjusted to 1050 V over a period of 1 to 1.5 seconds, as seen in Fig. 26.
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Fig. 20. Harmonic analysis of grid side a-phase current by the conventional method under LG fault

1000

500

Grid current (A)

-500 £

T

0.6 0.7 0.8 0.9 1 1.1 1.2
Time (s)

Mag (% of Fundamental)

100

Fundamental (50Hz) = 93.94 , THD= 1.78%
I I T I T

I T

o I s - s -] L l_J__-_.h_I_.J._I_

200 300 400 500 600 700 800 900 1000
Frequency (Hz)

Fig. 21. Harmonic analysis of grid side a-phase current by the proposed method under LG fault

Analysis Fig. 24, which shows the dynamic behavior of the grid current during a severe LLLG
fault, confirms that the proposed method offers superior stability and safety compared to the
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conventional method. When the fault occurs around 1.2 seconds, both control strategies provide the
current required to support the grid as part of the undervoltage overshoot response. However, once the
fault is cleared around 1.3 seconds, the difference between the two methods becomes clear. The
proposed method enables smooth and rapid grid voltage recovery, successfully limiting the peak
transient current to around 500 A, as shown in Fig. 24 (a). In contrast, the conventional method results
in much higher transient currents, exceeding 600 A, as shown in Fig. 24 (b), along with a less stable
grid voltage recovery. This behavior is directly linked to the improved DC voltage regulation
capability of the proposed method, as shown earlier in Fig. 26, which enables more precise operation
of the grid current control loop. This reduces stress on power electronic components and ensures
compliance with the grid’s dynamic recovery requirements after a fault.
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Fig. 22. The solar irradiance pattern applied to PV arrays
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Fig. 23. The three-phase at PCC under LLLG fault

Fig. 25 illustrates the dynamic response of the PV power when the system is subjected to a sudden
change in solar irradiance while simultaneously experiencing a grid disturbance. During the initial
period of constant irradiance from 0 to 1 second, both the proposed method and the conventional
method effectively track the MPPT. However, after 1 second, when the irradiance decreases and the
new DC-link voltage reference is applied, the power obtained using the proposed method shows
noticeable oscillations and a deeper transient drop compared to the conventional method, particularly
between 1.2 and 1.4 seconds. Although both methods eventually converge with the new MPPT, these
fluctuations suggest that under complex transient conditions, the MPPT tracking performance of the
proposed method may be more sensitive to rapid changes in the DC-link voltage.

Fig. 26 provides clear evidence of the controllers’ robustness when the system is subjected to
both a simultaneous LLLG fault and a step change in the DC voltage reference to 1,050 V between 1
and 1.5 seconds. The proposed method demonstrates a highly stable response, efficiently raising and
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regulating the DC-link voltage to 1050 V with minimal overshoot. In contrast, the conventional
method fails to maintain stability, resulting in a severe DC-voltage spike approaching 1,800 V. This
excessive overshoot exceeds the design safety limits and could cause physical damage to power
devices and DC-link capacitors. Therefore, Fig. 26 confirms that the proposed method offers superior
disturbance rejection and stronger DC-voltage loop stability, ensuring safe and reliable inverter
operation under severe grid-fault conditions.
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Fig. 24. The grid current under LLLG fault: (a) the proposed method and (b) the conventional method
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Fig. 25. The output active power of PV under LLLG fault

Fig. 27 and Fig. 28 illustrate the qualitative differences between the conventional and proposed
methods in controlling active and reactive power when the PV system experiences a severe grid fault,
along with changing operating conditions. In Fig. 25, during the grid-fault interval from approximately
1.2 to 1.3 seconds, the conventional method fails to maintain stable operation, evident from a sharp
drop in active power followed by an uncontrolled rise that exceeds 3 MW once the fault is cleared.
This overshoot is a direct result of the loss of DC-link voltage regulation, as shown earlier in Fig. 26.
The resulting instability in the DC-link voltage leads to saturation and loss of coordination in the
current-control loop, causing the inverter to inject excessive power into the grid. In contrast, the
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proposed method maintains tight control over the active power response. The power recovers
smoothly and quickly to the new MPPT, which is lower due to the reduced irradiance, after
approximately 1.4 seconds. This stable dynamic recovery demonstrates that the proposed method
incorporates a more effective anti-windup mechanism and better coordination between the control
loops, ensuring reliable power regulation during and after severe grid disturbances.
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Fig. 26. DC link voltage under LLLG fault
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Fig. 27. The active power under LLLG fault

According to low-voltage ride-through requirements, both control methods inject positive
reactive power into the grid during the voltage sag to support the grid voltage. However, at the moment
of voltage recovery around 1.3 seconds, the conventional method exhibits instability by producing a
large transient peak, reaching nearly 3 MV Ar. Such a sudden spike is undesirable, as it can introduce
voltage oscillations and place unnecessary stress on the grid. In contrast, the proposed method keeps
the reactive power response well-controlled, with a significantly smaller transient peak and a rapid
return to the reference level of 1 MVAr. This difference indicates that the proposed method regulates
the reactive current component more accurately, reducing disturbances and ensuring strict compliance
with power quality and post-fault grid support requirements. Therefore, Fig. 27 and Fig. 28
demonstrate the practical robustness of the proposed method, showing that it maintains stable delivery
of both active and reactive power under harsh operating conditions an important advantage over the
conventional method.

A harmonic analysis of the grid-side phase-a current, following the severe conditions of the
symmetrical fault scenario, reveals a clear improvement in power quality when using the proposed
method, as shown in Fig. 29 and Fig. 30. The proposed method achieves a lower THD of 1.47%,
compared to 1.51% with the conventional method, indicating its ability to maintain a cleaner current
waveform even after a grid fault and a significant DC-voltage disturbance. Although the fundamental
current component of the proposed method is slightly reduced, measuring 53.94 A compared to 54.35
A with the conventional method, this small decrease represents a reasonable trade-off for the enhanced
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dynamic stability and disturbance rejection provided by the controller. The reduction in THD
demonstrates that the proposed method improves the effectiveness of the current-control loop,
minimizes low-order harmonic content, and ensures compliance with stringent grid power-quality
requirements across all operating conditions.
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Fig. 28. The reactive power under LLLG fault
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Fig. 29. Harmonic analysis of a-phase grid current under LLLG fault applying the conventional method

Fig. 31 presents a comparison of the fundamental component amplitude at 50 Hz and the THD
of the phase current across the three studied scenarios, comparing the conventional and proposed
methods. The results show that the THD of the proposed method is consistently lower in all two cases,
demonstrating its ability to maintain more stable power quality, particularly when the system is
subjected to adverse operating conditions in symmetrical fault scenarios. The amplitude of the
fundamental component of the proposed method also shows less variation, reflecting a more robust
current control characteristic and a reduced impact from DC voltage fluctuations. This confirms that
the proposed method enhances the efficiency of the current control loop and limits the energy of low-
order harmonic components. These results indicate that the new algorithm is better suited for grid-
connected PV applications, where maintaining low THD and waveform stability across a wide range
of operating conditions is essential.
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5. Conclusion

This study successfully addresses the challenge of enhancing stability and power quality in grid-
connected photovoltaic (PV) systems by designing and implementing a novel adaptive hybrid control
strategy. By integrating an artificial neural network (ANN) for optimal reference generation with
sliding mode control (SMC) and an adaptive super-twisting observer (ASTO), the research overcomes
the limitations of conventional methods, such as slow convergence and high sensitivity to
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disturbances. The simulation results, validated under various operating conditions, lead to the
following specific conclusion:

1)

2)

3)

Enhanced tracking performance and stability under normal operations: The proposed controller
demonstrates superior dynamic response under rapidly changing irradiance, reducing the DC-
link voltage overshoot to approximately 20 V, compared to 50 V with the conventional method.
Additionally, the grid’s current quality is improved, as indicated by a reduction in total harmonic
distortion (THD) from 1.39% to 1.34%. This confirms that the ANN-based feed-forward
mechanism provides precise maximum power point (MPP) estimation, while the ASTO
effectively minimizes the chattering phenomenon inherent in SMC, ensuring smoother steady-
state operation.

Robustness against asymmetrical grid faults: Under single-line-to-ground fault conditions, the
proposed method demonstrates significant fault-tolerant capability, limiting the DC-link voltage
surge to 1050 V, while the conventional method experiences a spike up to 1250 V. The system
also achieves a low current THD of 1.78%, compared to 1.95% in the conventional method. This
improved resilience is attributed to the observer's ability to accurately estimate and compensate
for unbalanced grid voltages in real-time, preventing destabilization of the control loop during
the transient phase.

Superior fault ride-through during severe symmetrical faults: In the critical scenario of a three-
phase -to-ground fault combined with DC-link voltage step changes, the proposed strategy proves
its value by maintaining the DC voltage near the 1050 V reference, effectively eliminating the
dangerous 1800 V spike observed with the conventional approach. Furthermore, peak transient
currents are limited to approximately 500 A, compared to over 600 A with the conventional
method. This distinct advantage results from the robust nonlinear nature of the SMC law, which,
unlike linear controllers, maintains stability even during grid voltage collapse, thereby protecting
power electronic components from electrical stress.
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