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ABSTRACT

Deployment of large-scale grid-connected PV systems continue to face issues around and
challenges of reliability, stability, and quality of power because of the intermittency, and
nonlinearity of solar resources. Intermittency and nonlinearity of solar resources also make the
implementation of strategies based on fixed-rule and model toolsets increasingly inadequate.
This paper documents the benefits, and the results of employing intelligent, Artificial
Intelligence (Al) technologies for analysing and building toward increased reliability and
stability of interconnected PV systems. The investigation examines the operative current and
post Al and ML (machine learning), deep learning, and reinforcement learning frameworks built
around system functionalities of fault monitoring, diagnosis and control, dynamic inverter
control, power forecast and control, and voltage and frequency control, as well as grid support
and self-sustaining systems. Proactive and reactive Al driven frameworks and machine learning
methods from predictive control have been tested on systems to develop fault detection, and
dynamic control under operational challenges. The challenges of control and uncertainty
dynamically and operationally based on real world datasets and simulations. numerous active
disturbances, voltage dips, frequency decline, integrated control of partial cloud systems and
rapid change of intelligent solar system Shadow loss of energy. The achieved intelligent systems
brought numerous challenges on operational latency. Cyber control and information system
security challenges have been eased to provided operational state. The intelligent systems have
sustained the operational uncertainty expected. The paper provides and elaborates on the
numerous challenges attained. The findings enable utility companies and policymakers to view
and appreciate the role of Al as an essential component to sustained and adaptable grid-tied solar
PV integrations.

Keywords : Grid-tied solar PV systems, Artificial intelligence (Al), Reliability and stability
enhancement, PV power forecasting, Intelligent fault diagnosis, Inverter control, Maximum

[power point tracking (MPPT).

1. INTRODUCTION:
1.1 Background and Motivation

There is an increasing deployment of grid-tied solar
photovoltaics (PV) systems globally due to the increasing
shift to sustainable and low-carbon energy systems. Solar
PV systems became one of the main components of
modern power systems due to the decreasing prices of PV
modules and improvement of inverter technologies and
climate policies (IEA, 2023) within the time period of
2020 to 2025. However, there are still major issues
regarding the rapid large-scale integration of grid-tied PV
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systems. These issues are primarily due to the operational
security of the grid and the impacts that the integration has
to the reliability and the dynamic stability of the grid
(Kundur & Balu, 2021). These issues are due to the
variable nature and the uncertainty of the solar energy
resources.

A fundamental difference between grid-tied PV systems
and traditional synchronous generation is that grid-tied
PV systems interface with power electronic converters.
This change results in a decrease in system inertia and
changes the grid from a traditional system dynamically
increasing the systems susceptibility to disturbances such
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as voltage sags and frequency changes (Milano et al.,
2020). High levels of PV penetration also increase issues
such as voltage rise, reverse power flow, harmonic
distortion and protection miscoordination, particularly in
distribution networks and weak grids (Bollen et al., 2022).
Table 1. Is a summary of the most relevant issues of large-
scale grid-tied solar PV integration and the associated
impacts on grid performance.

Table 1. Key challenges of grid-tied solar PV integration

Challenge Root Cause Impact on
Grid
Intermittency | Irradiance Voltage and
variability frequency
fluctuations
Low inertia Converter- Reduced
based transient
generation stability
Power quality | Switching Equipment
harmonics stress and
losses
Protection Bidirectional | Relay
issues power flow miscoordinati
on

1.2 Limitations of Conventional Control and Reliability
Methods

Control of the conventional power systems, protection,
and reliability assessment techniques were also designed
for centralized, dispatchable generation sources. The
techniques used are built on linear models, predefined
parameters, and static thresholds which are insufficient in
PV dominated grids that have high levels of uncertainty
and non-linear systems (Olivares et al., 2020). For
instance, PL (proportional-linearity) controllers which are
a type of PV inverter controller are susceptible to low
performance due to rapid changes in the system caused by
disturbances or varying levels of sunlight (Sera et al.,
2021). Traditional protection techniques also have
problems with accurately detecting and isolating faulted
elements of the system that have a high level of distributed
PV generation (Kou et al., 2022).

In addition, traditional forecasting and monitoring
methods are unable to accurately predict the stochastic
nature of solar generation, resulting in greater operational
uncertainty and diminished grid resiliency (Yang et al.,
2021). The challenges described and the need for more
sophisticated approaches that can analyse big data,
respond to changing conditions of the grid, and assist in
real-time decisions become evident. The flow of Figure 1
provides a comparative perspective of traditional versus
intelligent control frameworks in PV systems connected
to grids.

Figure 1.  Conventional versus intelligent control
paradigms in grid-tied PV systems-
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1.3 Artificial Intelligence for Reliability and Stability
Enhancement

Artificial intelligence is an invaluable tool to comprehend
the intricacies of today's power systems. Primary Al
techniques - Machine Learning (ML), Deep Learning
(DL), Reinforcement Learning (RL), and Fuzzy Logic -
are able to generate and extract actionable control
strategies in real-time from data. (Russell and Norvig,
2021). Given these characteristics, Al is optimally
applicable to grid-connected PV systems, which
constantly alter in accordance with environmental factors
and changes in load (Zhang and others, 2023).

The literature 2020 - 2025 presents additional evidence of
the effectiveness of Al techniques in addressing
fundamental problems in PV systems, such as maximum
power point tracking (MPPT), control of inverters,
regulation of voltage and frequency, detection of faults,
and power forecasting in the short term (Ahmed et al,
2022). They describe the determination of MPPT using
Deep Learning as yielding better results in accurately
tracking power levels under partial shading and rapid
fluctuations of solar irradiance levels, which is a challenge
to many conventional techniques (Sera et al., 2021). Other
studies introduce controllers of inverters based on RL as
means of equipping PV systems with controllable power
of provided ancillary services, which improve stability of
system transients, and small, during grid disturbances
(Tielens et al., 2023). Representative Al techniques, and
their uses, in grid-connected solar PV systems are listed in
Table 2.

Table 2. Al techniques applied in grid-tied solar PV
systems

Electrical grid

Al Technique Application Key
Advantage
Machine Fault High accuracy
Learning detection,
forecasting
Deep Learning | MPPT, Nonlinear
inverter control | modelling
Reinforcement | Voltage/freque | Adaptive
Learning ncy regulation | optimal control
Fuzzy Logic Power quality | Robustness to
enhancement uncertainty
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1.4 Research Gap and Paper Contributions

Although there have been significant advances in the
application and use of Al in RE systems, there continue to
be significant areas of concern and research gaps. Many
of the existing literature seem to focuses on the Al in
renewable energy applications as single case studies and
not fully developed empirical studies. Many studies use
computer simulations and, as Garcia et. al. (2021) have
pointed out, there continues to be a significant empirical
evaluation void when studying real world grid
disturbances. Scarcity of real world data, model and
simulation generalization (across the different grid
disturbance scenarios), the cybersecurity implications of
the systems and intrusiveness of the model are systemic
virtualization limitations to the adoption of the systems as
pointed out in Goodfellow et al. (2022) and Teixeira et al.
(2023). Deep learning algorithms and Al lie at the centre
of the data science revolution. The use of Al to create
empirical simulations to provide an explanation of system
phenomena (both real and hypothesized) excels, but the
problems highlighted above enumerate (perhaps the most)
the degree to which the system can be relied upon in a
safety critical power systems,

This paper presents an attempt to partially alleviate some
of the gaps and outlines the robust investigation into the
application of Al (and other intelligent systems) to bolster
the safety, reliability and stability in grid connected solar
(PV) systems. The research studies most (if not all)
existing Al systems to a real world, high fidelity (from
both a functional and simulation perspectives) operated in
diverse environments with specific real world
(Hatziargyriou et al. 2022) scenarios. Al has a multi-
dimensional, and multi-faceted, role with respect to
monitoring, managing and controlling power systems and
in the systematic, automated and autonomous
functionalities in the power systems. The end goal
primary goal of the research investigation is to enable
robust, intelligent, responsive power system with
integrated PV technologies and to ensure enable enhance
the PV power system to be adaptable to future smart grids.

Figure 2. Role of Al in enhancing reliability and stability
of PV-integrated grids
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2. LITERATURE REVIEW

2.1 Al-Based PV Power Forecasting for Grid Reliability

Gupta (2025) analyses machine learning, solar PV power
forecasting. and forecasting accuracy’s influence on grid

reliability as a crucial determinant under high PV
penetrations. This research demonstrates that short-term
and ultra-short-term forecasts constitute the basis of
reserve allocation, congestion management, and
frequency control, thus performance forecasting and
operational reliability within grid connected PV systems.

Asiedu (2024) assesses singular and hybrid machine
learning models with empirical data, operational, in a
grid-connected PV plant. Findings indicate that hybrid
learning frameworks are effective in significantly
mitigating forecasting errors across varied meteorological
conditions, enhancing grid balancing, and decreasing
dependence on conservative reserve margins.

Lari (2025) investigates the operational consequences of
PV forecasting accuracy on voltage regulation devices in
distribution networks. Findings indicate that Al-enhanced
forecasts lead to a reduction in unnecessary activations of
tap changers and voltage regulators, thereby interlinking
intelligent forecasting with long-term grid asset
reliability.

Hassan (2024) identifies the demand and need for
explainability in Al PV forecasting, and performance
evaluation. The study aspires to formulate an explainable
deep learning model for forecasting, and advocates
operational trust and decision confidence in Al supported
grid systems reliability.

2.2 Intelligent Fault Detection, Diagnosis, and Predictive
Maintenance

Hajji (2023) examines deep learning methods for fault
diagnosis of PV systems connected to a grid. Through the
use of convolutional neural networks to integrate
electrical and thermal data, the author demonstrated that
these systems outperform traditional fault detection
methods based on thresholds and result in increased
system availability through the prevention of system
faults.

Teta (2024) proposes a neural network architecture
designed to perform fault diagnosis of grid-tied PV
systems in real-time. The author points to the growing
importance of edge computing and fault classification
speed in real-time systems due to their role in preventing
the escalation of faults and improving system reliability.

Talby (2024) explores the use of inverter current data and
machine learning for fault diagnosis, focusing on the role
of data pre-processing. The author concludes that the use
of specialized pre-processing methods, such as
normalization and selective feature scaling, enables the
implementation of fault classification, and improves
system performance to an optimal state in a high grid
current disturbance environment.

Bougoffa (2025) proposes an integrated approach to
machine learning for the diagnosis of faults in PV systems
that combines feature extraction and optimized decisive
classification. The author demonstrates the ability of such
integrated approaches to reduce operational downtime and
improve reliability of PV systems by accurately
diagnosing faults in real-time across a variety of
operational states and faults.

2.3 Al-Driven Inverter Control for Stability Enhancement
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Zhang (2024) analyses and summarizes the applications
of intelligent optimization techniques on PV inverter
control systems. The review finds that data and learning
based parameter tuning approaches outperform fixed
parameters controllers in dynamic responses in weak-grid
and low-inertia scenarios.

Abdelwahab (2025) assesses PV inverter controllers using
reinforcement learning and node-structure neural
networks. Results suggest that through reinforcement
learning control there is adaptive voltage and frequency
support during voltage and frequency disturbances, which
increases transient stability and mitigates oscillations.

Abu-Zaher (2025) analyses inverter control using
artificial neural networks (ANN) that targets power
quality control. Results show that ANN controllers
resolve harmonics and current distortion and consequently
improve grid stability by reducing the overheating loss of
inverter.

2.4 Intelligent MPPT and Its Role in Stability and
Reliability

Khan (2024) contrasts the conventional and Al-powered
methods of maximum power point tracking (MPPT) and
states that Al gives MPPT methods greater adaptability to
rapid changes in sunlight. The study warns that the
behaviour of MPPT should be stable to prevent unstable
power flows that may damage the PV inverter.

Abbass (2023) studies under which conditions of partial
shading the MPPT performs best and states that Al closed
the gap that existed in adaptive methods of MPPT in the
conventional techniques with respect to convergence rate
and robustness. Results advocate for intelligent MPPT as
a means to improve efficiency and operational reliability.

Guessoum (2024) describes an unsupervised learning
framework for MPPT that clusters patterns for irradiance
and temperature. The study demonstrates that adaptive
MPPT strategies based on learned environmental regimes
increase stability by reducing tracking oscillations and
better maintaining stability during rapid atmospheric
changes.

Hoang (2025) the author examines the prediction of
MPPT via Al associated with alternative sensing
configurations aimed at lowering the complexity of the
hardware. The results show that sensing intelligently
along with prediction strategies maintain reliable power
output, and at the same time, lowering the overall system
cost along with the risk of system failure associated with
sensing.

2.5 Synthesis of Literature and Research Gap

Hassan (2024) and Gupta (2025) focus on the fact that Al
has significantly advanced in the domains of forecasting,
diagnostics, control, and layers of MPPT. Most of the
studies, however, treat these functions in isolation. The
literature for the period of 2020-2025 shows, with little
integration, empirical validation in the combined
disturbance of weak grid and irradiance ramp with rapid
changes.

Abdelwahab (2025) and Teta (2024) reveal that the issues
of explainability, scalability, and coordinated operation
across Al modules, especially in real time grid scenarios,

remain largely unexplored. The need for a fully
comprehensive empirical framework is motivated by the
need to assess Al-based forecasting, fault diagnosis, and
inverter control in real time to enhance the reliability and
stability of grid connected solar PV systems.

Table 3. Summary of recent literature on Al-based
reliability and stability enhancement in grid-tied PV

systems (2023-2025)

Author Focus Al Key
(Year) Area Technique | Contributi
on
Gupta PV Machine Links
(2025) forecastin | learning forecast
g accuracy
to grid
reliability
Asiedu PV Hybrid Empirical
(2024) forecastin | ML reduction
g models in
forecastin
g error
Teta (2024) | Fault Lightweig | Real-time
diagnosis | ht CNN fault
detection
Talby Fault ML  with | Improved
(2024) detection | signal pre- | robustness
processing | under
noise
Bougoffa Fault Hybrid High
(2025) classificati | deep diagnostic
on learning accuracy
Zhang Inverter Intelligent | Enhanced
(2024) control optimizati | dynamic
on stability
Abdelwaha | Inverter Reinforce | Adaptive
b (2025) control ment voltage/fre
learning quency
support
Abu-Zaher | Power ANN- Harmonic
(2025) quality based mitigation
control
Khan MPPT Al-based | Robustnes
(2024) tracking s under
fast
irradiance
changes
Hoang MPPT Predictive | Reduced
(2025) sensing Al models | sensing
complexit
y

3. METHODOLOGY
3.1 System Model and Study Design
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* To analyse the solar PV systems reliability and stability,
intelligent techniques have been tested using a hybrid
empirical and simulation approach.

e Distribution level grid connected PV system is
composed of

PV array

DC-DC converter with maximum power point tracking
(MPPT) capability

Voltage source inverter (VSI)
Output Filter
Grid Connection (PCC)

* The system setup is based on the models published by
IEEE as it is the most preferred system.

The model well describes the dynamic characteristics of
the inverter based PV system in low inertia and weak grid
conditions.

3.2 Selection and pre-processing of data

The time series data for the following variables were used:
Solar irradiance

Ambient temperature

PV output power

All the datasets were obtained from publicly accessible
sources used in academic research of PV systems.

* Variables on the grid side obtained from the Electrical
Engineering simulations included:

‘Voltage’

‘Frequency’

» Consequently, the steps in data pre-processing included:
Deleting any missing and inconsistent data

Normalizing huge data for stability in the numbers

Maintaining the order of the data in a time series such that
the data is partitioned into the training and testing datasets
to maintain time order dependence

3.3 Artificial Intelligence Modelling and Control Strategy

* Moreover, machine learning and deep learning
algorithms were used in:

Power forecasting for a short time in the PV cells
Monitoring system parameters

* In addition, the supervised learning methodologies were
utilized for:

Detecting system faults
Classifying system faults in electrical signals
* In addition, the system stability was improved through:

Control of the inverter using reinforcement learning
algorithms.

Active control of system responses.

Avoidance of fixed-control system parameters.

3.4 Assessment Alternatives and Performance Metrics

* Models were benchmarked by using representative
operating scenarios including:

Typical operating conditions

Gradual changes in solar irradiance

Sudden changes in solar irradiance using cloud cover
Voltage sag conditions at the Power Control Centre

* Consequently, the reliability of performance was
measured by:

Fault detection metrics
False alarm metrics

* In addition, performance of stability was measured with
respect to:

Voltage changes at the Power Control Centre
Frequency changes after a disturbance
Comparative benchmarking conducted against:
Conventional control methods

Traditional monitoring approaches

3.5 Simulation Environment

» All the simulations were conducted on MATLAB on
Simulink.

* Developed power electronics and control models to:
Precisely represent inverter dynamics.

Represent grid disturbances and system response

4. RESULTS AND DISCUSSION

This section presents the empirical outcomes stemming
from the application of the proposed intelligent
methodologies to the grid-tied solar PV system. The
results and discussion will be divided into forecasting
capabilities, reliability improvements via fault diagnosis,
and intelligent control of inverters for enhanced system
stability. The sequence of the tables and figures continues
from the previous sections.

4.1 Results of Al-Based PV Power Forecasting

Forecasting PV output, in the short term, remains pivotal
for the effective functioning of the grid, especially with
the increased solar irradiance. This research evaluated Al-
powered forecasting models against conventional baseline
models, considering different forecasting intervals.

In Table 4, the authors present a statistical comparison of
the forecasting outcomes considering the commonly
accepted statistical error forecasting metrics. Intelligent
models show a noticeable improvement forecasting error
with consideration of persistence and liner regression.

Table 4. Comparison of PV power forecasting
performance

Method | RMSE | MAE | MAPE
kW) | kW) | (%)
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Persiste | 18.6 14.2 11.4
nce
model

Linear 15.1 11.8 9.6
regressi
on

Machin | 10.4 8.1 6.3
e
learning
model

Deep 8.7 6.9 5.2
learning
model

The results show that conventional forecasting methods
cannot keep up with the performance of machine and deep
learning models. The results show that with a superior
understanding of the non-linear relationships between
irradiance, temperature, and PV output, models with a
lower RMSE and MAPE perform better. Other recent
studies show similar results that operational uncertainty
for better grid scheduling decisions is achieved. The
studies emphasize the reliability gained with Al
forecasting models as the operational uncertainty were
improved and errors sustained from forecasting were non-
existent.

To visually contextualize the forecasting improvement
pipeline used in this study, Figure 3 illustrates the Al-
based PV forecasting framework applied for grid-support
decision making.

Figure 3. Al-based PV power forecasting and grid-support
workflow
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4.2 Reliability Improvement Through Intelligent Fault
Detection

The extent to which PV systems, dominated by inverters,
experience cascading failures hinges on how much the
system can stay operational. The performance of fault
diagnosis systems was tested in both normal scenarios and
those that involved disruptions.

The performance metrics of the fault diagnosis systems
that employed a traditional and intelligent approach were
summarized using a reliability framework that employed

both accuracy and false alarm metrics as shown in Table
5.

Table 5. Fault detection performance comparison

Approach Detection False  Alarm
Accuracy (%) Rate (%)

Threshold- 84.3 9.8

based method

Conventional 92.6 5.1

ML classifier

Proposed 96.8 2.9

intelligent

model

The intelligent systems showed the most accurate fault
detection and had the lowest false alarm rates. The cause
of this is the intelligent systems ability to capture faults in
the form of voltages and other electrical signals as
opposed to fixed envelopes. Fault diagnosis systems that
utilize algorithms to learn have garnered increased
appreciation in reliability engineering as they increase the
chances of early detection and accurate diagnosis of faults
in inverters and feeders (Teta, 2024; Bougoffa, 2025). The
negative consequences of false alarms on grid reliability
and system confidence make this advancement pertinent
to scholars and system operators.

To support this analysis, Figure 4 illustrates the
intelligent fault detection and decision-making framework
employed in this study.

Figure 4. Intelligent fault detection and diagnostic
framework for grid-tied PV systems
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4.3 Stability Enhancement Using Intelligent Inverter
Control

The grid-connected PV system's performance in terms of
dynamic stability was examined during voltage sags and
during other disruptions in the supply of photonic energy
and during other disturbances in the energy supply. The
system’s performance during intelligent versus traditional
inverter control was compared. Figure 5 depicts the
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voltage response at the point of common coupling during
a voltage sag event.

Figure 5. Voltage response at PCC under voltage sag
condition
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The figure demonstrates that the intelligent inverter
control is able to recover the voltage faster with lower
voltage oscillations than the conventional control. This
implies that the intelligent system has greater damping
ability and is more responsive to the system changes.
Similar results have been noted in the recent inverter
control studies with reinforcement learning where
adaptive controllers improved low-inertia grids response
transients stability (Abdel wahab, 2025; Zhang, 2024).
From the stability point of view, the faster and smoother
voltage recovery tend to reduce stress on the connected
devices and enhances the overall stability of the grid.

4.4 Integrated Comparative Discussion

Table 6, which allows us to compare intelligent and
conventional approaches to system performance, provides
a summary of system performance.

Table 6. Overall comparison of conventional and
intelligent approaches

Performance Conventional Intelligent
Aspect Approach Approach
Forecasting Moderate High

accuracy

Fault detection | Limited Strong
reliability

Voltage Slower Faster recovery
stability recovery

System Sensitive to | Adaptive to
robustness disturbances disturbances

The results of the comparisons are quite unequivocal that
intelligent approaches have outperformed conventional
methods in all aspects of evaluation. Although
improvements are disparate and differ in extent, the trend
overall suggests that the incorporation of Al-based

forecasting, diagnosis and control act to improve the
reliability and stability of systems. This is in line with the
findings of recent studies which empirical studies have
advocated for the incorporation of Al to be integrated
rather than in silos (Hassan, 2024; Gupta, 2025).

In summary of performance, figure 6 presents qualitative
assessments of conventional approaches versus intelligent
approaches systems.

Figure 6. Comparative performance trends of intelligent
approaches
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The smart methodologies record improvements over all
the functional levels as illustrated in figure 6. Integration
of intelligent forecasting, fault finding, and adaptive
control is superior to all the other combinations, and this
is evident in the figure. This confirms calls in literature to
assess comprehensively Al-based power systems, by
considering actual working conditions (Hatziargyriou,
2022; Abdel wahab, 2025).

4.5 Discussion
4.5.1 Impact of Al-Based Forecasting on Grid Reliability

The findings ascertain Al-based forecasting models
predict PV power with fewer errors than the other
methods. Operational uncertainties are reduced and this
results in a more reliable grid by improved forecasting, as
scheduling decisions are made with more accuracy and
less reserve is kept. The findings confirm that models with
intelligent forecasting are more effective in periods
marked by rapid changes in irradiance, where linear
models are used. These findings are in agreement with
other recent works that PV-integrated grids are more
reliable because of improved forecasting.

4.5.2 Reliability Gains from Intelligent Fault Diagnosis

Diagnostic results from Machine Learning show that it has
the least autocorrelation and has less prediction outliers
than standard threshold techniques. Hence it leads to
downtimes that are less extensive system downtime and
higher reliability. Intelligent systems capable of
classifying more faults when patterns are present are more
likely to be utilized in systems dominated by inverters.
Findings indicate there is an optimal trade-off to be had
between design and representative training data and
performance from an academic standpoint, data set design
requires caution.
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4.5.3 Increase in Stability from Intelligent Inverter
Control

The results from the stability analysis suggest that
intelligent inverter controls seem to be the root of the
higher speed in voltage recovery and the lower amplitude
of oscillations of the system, compared to those from
standard adaptive disturbance. Consequently, these results
indicate that learning could be playing the role of
augmentation to the strategies on adaptive control that is
standard, and that learning could be used to engage
standard control in dynamic systems, without
destabilizing the basic control.

4.5.4 Integrated Evaluation

In total, the application of intelligent forecasting, fault
diagnosis, and inverter control results being more reliable
and stable. Also, results reinforce the need for integrated
evaluations, not single applications of AI. From an
academic perspective, the systematic integration of Al for
enhancing the performance of grid-tied solar PV remains,
empirical proof.

5. CONCLUSION AND FUTURE SCOPE

This paper relates to the empirical study of the intelligent
perspective to improve the reliability and stability of grid-
tied solar photovoltaic systems. From the findings, Al-
based forecasting improves the accuracy of the prediction
envelope, intelligent fault diagnosis increases system
availability, and adaptive inverter control results to
stability under varying disturbance conditions. In total, the
results indicate that data-driven approaches augment the
existing power system methods in PV integrated grids.

The findings used realistic operating conditions and
performance changes rather than optimally performing
changes. Such constrained performance changes,
empirical evidence anchored in the academic context, and
the relevance of the intelligent methods designed and
evaluated to demonstrate theoretical and practical value.
Most importantly, results indicate more benefits were
achieved if forecasting, diagnostics, and control were
integrated than if applied in isolation.

Nevertheless, there are still some challenges in your
research. To understand how to improve the
generalization of the model in different grids and
configurations of PV, we need to conduct more research.
For those models that are Al-driven and are intended for
safety-critical uses in the grid, developing trust requires
the model to be explainable and transparent.

Despite these contributions, several research challenges
remain. Future work should focus on improving model
generalization across different grid conditions and PV
configurations. The development of explainable and
transparent Al models is particularly important for
increasing trust in safety-critical grid applications.
Additionally, coordinated learning strategies involving
multiple distributed energy resources and real-time
implementation constraints merit further investigation.

Overall, this study contributes to the growing body of
evidence supporting intelligent, data-driven solutions as a
key enabler for reliable and stable integration of solar PV
into modern power systems.
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