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Abstract

This paper reviews recent progress in fault detection, reliability analysis, and predictive
maintenance methods for grid-connected solar photovoltaic (PV) systems. With the rising
adoption of solar power globally, maintaining system reliability and performance is vital for
a sustainable energy supply. Common faults discussed include panel degradation, electrical
issues, inverter failures, and grid disturbances, all of which affect system efficiency and
safety. While traditional diagnostics like thermal imaging and V-I curve analysis offer
valuable insights, they mostly detect issues reactively. New approaches using Artificial
Intelligence (AI), Machine Learning (ML), and Internet of Things (IoT) enable real-time
monitoring and predictive diagnostics, significantly enhancing accuracy and reliability. This
study represents the introduction of a consolidated decision framework and taxonomy that
systematically integrates and evaluates the fault types, symptoms, signals, diagnostics, and
field-readiness across both plant types and voltage levels. Moreover, this study provides
quantitative benchmarks of performance metrics, energy losses, and diagnostic accuracies
of 95% confidence intervals. Adopting these advanced techniques promotes proactive
management, reducing operational risks and downtime, thus reinforcing the resilience and
sustainability of solar power infrastructure.

Keywords: grid-connected photovoltaic systems; fault diagnosis; predictive maintenance;
power system reliability; grid integration; Al-based fault detection; machine learning
applications in power systems; smart monitoring; condition monitoring; internet of things
(IoT) for renewable energy

1. Introduction

The rapid expansion of renewable energy has significantly transformed the global
energy landscape, with solar photovoltaic (PV) systems playing a crucial role in this transi-
tion. Grid-connected solar PV systems have become an essential component of modern
energy infrastructures due to their ability to generate clean, decentralized, and environ-
mentally friendly power at various scales. While these systems offer minimal greenhouse
gas emissions and lower operational costs, they still face challenges related to reliability
and performance [1]. With increasing research and large-scale deployment, solar energy
is now recognized as one of the most prominent renewable energy sources, and grid-tied
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PV systems form a fundamental part of contemporary power networks. Solar PV systems
convert sunlight into electrical energy, which is then integrated into the electrical grid,
reducing dependence on fossil fuels and contributing to lower carbon emissions. However,
like any electrical system, grid-connected PV installations are susceptible to faults and
operational inefficiencies that can compromise their effectiveness and longevity. Common
issues include failures in electronic components such as solar panels and inverters, as well
as external factors like grid disturbances and weather-induced damage. These failures can
lead to significant energy losses and increased maintenance costs, making system reliability
a critical concern. To enhance the dependability of these systems, predictive maintenance
has emerged as a key solution, aiming to minimize operational downtimes through contin-
uous monitoring of system parameters. By identifying deviations from normal operating
conditions, predictive maintenance enables proactive interventions, thereby improving
system efficiency and durability [2,3]. This review examines the existing research gaps re-
lated to grid-connected PV system faults, reliability, and predictive maintenance strategies,
highlighting areas for further investigation and development. Figure 1 shows the growth
of globally installed capacity across different regions over the past decade.
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Figure 1. Trends and global landscape of solar photovoltaic (PV) deployment. (a) Global cumulative
installed solar PV capacity from 2010 to 2030. Historical data from 2010 to 2023 are based on IEA
and IEA-PVPS reports, while projections from 2024 to 2030 reflect current deployment trends and
global energy transition targets. (b) A typical daytime solar power generation profile under clear-
sky conditions, highlighting peak generation around midday and zero output during nighttime.
(c) Installed solar PV capacity of the top 10 countries as of 2023, showcasing China’s dominant
position, followed by the USA, Japan, and Germany. Data emphasizes both the rapid growth and
geographic distribution of solar power infrastructure globally.

The rising global energy demand has intensified the search for sustainable and environ-
mentally friendly energy sources, with solar energy emerging as a leading candidate. Two
decades ago, the production and deployment of solar energy systems posed significant chal-
lenges due to complex manufacturing processes and high costs. However, advancements
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in photovoltaic (PV) technology and improved grid integration have streamlined these
processes, making solar power more accessible and efficient. Despite these advancements,
solar energy systems, like any other power infrastructure, are prone to operational failures.
Performance degradation over time—caused by panel aging, inverter malfunctions, and
grid-related issues—can result in energy losses and increased maintenance costs [4,5]. To
optimize the performance and longevity of grid-connected PV systems, reliability-centered
designs have become essential. Various factors contribute to system malfunctions, includ-
ing environmental conditions, manufacturing defects, and improper installation practices.
Common issues such as shading, inadequate cleaning, poor electrical connections, inverter
failures, and grid disturbances can significantly reduce system efficiency or, in severe cases,
cause complete shutdowns. Understanding these failure mechanisms and their impact on
PV system performance is crucial for researchers, engineers, and industry professionals to
develop more robust, efficient, and resilient solar energy solutions [6,7]. Figure 2 shows
the globally installed capacity of solar power at different locations of the world, with the
largest individual solar farms, in which shady colors indicate greater installed capacity and
larger farms; countries have solar generation <0.1 GW.
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Figure 2. Global installed solar power capacity, with the locations of the world’s largest individual

solar farms. Darker colors indicate greater installed capacity and larger farms; countries shown in
white have <0.1 GW installed capacity [8].

Ensuring reliability in grid-connected solar PV systems is essential for maintaining un-
interrupted energy production and grid stability. Various stakeholders, including investors,
system operators, and policymakers, emphasize the importance of system availability and
operational efficiency. Unlike stand-alone solar PV systems, which operate independently
without strict regulatory constraints, grid-connected configurations must comply with
established power network regulations to ensure seamless integration and functionality [9].
Any failure within a grid-tied PV system can lead to power quality issues, voltage fluc-
tuations, and, in extreme cases, grid instability. The reliability of a grid-connected solar
system is influenced by multiple factors, including component quality, system design,
environmental conditions, and maintenance practices. Research indicates that inverter
failures contribute significantly to system downtime, underscoring the critical need for
effective monitoring and maintenance strategies [10,11]. Additionally, the gradual decline
in energy output due to potential-induced degradation (PID), hot spots, and delamination
further highlights the complexities of ensuring long-term system reliability.
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Solar power generation presents unique operational challenges compared to con-
ventional energy sources, as its output depends on variable sunlight conditions. The
intermittent nature of solar energy necessitates optimal performance of all system com-
ponents to sustain stable power production. Frequent faults and failures can lead to
substantial downtimes, escalating operational costs, and negatively impact the return
on investment (ROI). In large-scale solar farms, even minor reductions in efficiency can
result in significant financial losses. Therefore, enhancing system reliability is imperative
for maximizing economic and energy benefits [12]. To improve reliability and RO, solar
system operators must adopt advanced monitoring and maintenance strategies. Traditional
maintenance approaches fall into two primary categories: reactive maintenance, which
addresses issues only after failures occur, and preventive maintenance, which follows
scheduled inspections. However, both methods have limitations—reactive maintenance
leads to unexpected downtimes, while preventive maintenance incurs high costs with no
guarantee of preventing failures.

To overcome these shortcomings, predictive maintenance has emerged as a superior
approach. By leveraging real-time data, artificial intelligence (Al), Internet of Things (IoT)-
based monitoring, and advanced analytics, predictive maintenance enables the early detec-
tion of potential failures, minimizing downtime and optimizing system performance [13].
Despite being one of the most important components of renewable energy generation, the
long-term reliability of Photovoltaic (PV) systems remains an enduring problem. Global
installation capacity expansions are accompanied by considerable energy and maintenance
cost losses due to inverter failures, module degradation, and grid instability. To minimize
ongoing maintenance costs and maximize energy generation, understanding and mitigat-
ing the reliability issues, along with developing efficient fault detection and predictive
maintenance systems, are of utmost importance [14].

1.1. Common Faults and Failures in Grid-Connected Solar Systems

Faults in grid-connected solar PV systems arise from electrical, mechanical, and
environmental factors, each contributing to system underperformance and potential failures.
Some of the most common failure mechanisms include the following;:

e  Module Degradation: Issues such as micro-cracks, delamination, encapsulate discol-
oration, and hot spots degrade PV modules over time, reducing power output and
potentially leading to permanent damage.

e Inverter Failures: Inverters play a critical role in converting DC power from PV panels
into grid-compatible AC power. However, their performance deteriorates due to
thermal stress, aging, and software malfunctions, sometimes leading to complete
system shutdowns [15].

e  Grid-Related Issues: Voltage fluctuations, frequency variations, and regulatory con-
straints impact the operation of grid-tied PV systems, potentially causing grid instabil-
ity if not managed properly.

e  Electrical Connectivity Issues: Loose or corroded terminals, poor insulation, and
inadequate grounding can result in power losses, fire hazards, and safety risks.

e  Environmental and External Factors: Extreme temperature variations, humidity, dust
accumulation, shading, and severe weather conditions (e.g., hailstorms and lightning
strikes) accelerate degradation and increase failure risks. Hybrid systems incorporat-
ing battery storage also face challenges such as battery aging, capacity loss, and thermal
runaway, which must be addressed to ensure system stability and longevity [16].

Since grid-connected PV systems consist of multiple interconnected subsystems, a
failure in any single component can disrupt the entire operation. As a result, predictive
maintenance at the subsystem level is crucial for ensuring continuous power generation
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and avoiding unexpected system failures. Since the overall system consists of multiple

interconnected subsystems, a fault in any one of them can disrupt the entire operation.

Therefore, implementing predictive maintenance at the subsystem level is crucial to ensur-

ing system reliability and preventing unexpected failures. Figure 3 represents the general

block diagram of a three-phase integrated grid-connected PV system (IGCPS) multilevel

inverter for a solar photovoltaic (PV) system.
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Figure 3. Three-phase integrated grid-connected PV systems (IGCPS).

1.2.

Role of Predictive Maintenance in Enhancing Reliability

Predictive maintenance is a proactive approach designed to minimize system under-

performance and unexpected failures. Unlike reactive maintenance, which only addresses

faults after they occur, and preventive maintenance, which schedules routine checks based

on projected lifespan, predictive maintenance leverages advanced technologies to detect

and prevent potential failures before they escalate [17]. Enhancement of modern power

grids with the use of cutting-edge electronics, with creative approaches for the integration

of solar energy, is achieved through the use of smart technologies, hybrid storage systems,

and international cooperation [18]. Improvements in efficiency, stability, and sustainability

are

also addressed. Some of the most effective predictive maintenance methodologies

include the following;:

Real-Time Monitoring and Data Analytics: Supervisory Control and Data Acquisition
(SCADA) systems and IoT-enabled sensors continuously collect operational data.
Advanced analytics tools identify deviations from normal performance, allowing for
early fault detection [19].

Al and Machine Learning-Based Fault Detection: Al-driven models analyze historical
and real-time data to predict potential failures, estimate remaining useful life, and
suggest corrective actions [20].

Thermal Imaging and Infrared Inspection: Thermal cameras detect temperature anoma-
lies and hotspots in solar panels, which indicate issues such as cell degradation and
bypass diode failures [21].

Drone-Based Aerial Inspections: High-resolution imaging and thermal scans from
drones enable rapid fault detection at the module level, reducing inspection time and
labor costs [22].
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e  Power Quality and Grid Stability Assessments: Advanced power monitoring systems
ensure compliance with grid regulations, while also detecting anomalies that could
lead to system faults or efficiency losses [23].

Despite these advancements, fully automated and efficient fault detection systems for
grid-connected PV systems are still under development. Challenges such as integration of
diverse data sources, lack of standardized diagnostic protocols, high implementation costs,
and cybersecurity concerns must be addressed to ensure secure and effective predictive
maintenance [24]. To further enhance predictive maintenance, emerging technologies such
as Blockchain for secure data management and digital twins for real-time system modeling
hold significant potential. Future research should focus on improving Al-based fault de-
tection accuracy, enhancing sensor technology, and developing cost-effective maintenance
strategies [25]. Given the increasing global reliance on solar energy, reliable grid-connected
PV systems are essential for maximizing energy efficiency, minimizing operational costs,
and maintaining grid stability. As predictive maintenance continues to evolve, it will
play a pivotal role in ensuring prolonged system reliability, optimizing energy output,
and reducing maintenance costs [26,27]. Figure 4 represents the basic factors defining the
reliability and availability of the system.

4 Environmental Factors

Components Degradation
Maintenance Strategy

Grid Stability

Manufacturing Quality

Load Variations

Monitoring and Control Systems

Failure Rate l<

-
Mean Time to Failure Factors Affecting the Mean Time to Repair
(MTTF) Reliability (MTTR)
| Availability |

Figure 4. Different factors affecting system reliability and Availability.

1.3. Reliability and Availability Analysis

Reliability assessment is essential for ensuring stable, safe, and efficient operation
of solar photovoltaic (PV) systems, as it helps identify potential issues that can lead to
reduced performance, energy losses, or unexpected failures. Accurate reliability evaluation
enables proactive management, minimizes downtime, optimizes maintenance strategies,
and significantly enhances system lifespan and sustainability [28]. As shown in Figure 5,
reliability methodologies are broadly categorized into analytical methods (e.g., Fault Tree
Analysis, Markov Models), simulation approaches (e.g., Monte Carlo simulations), data-
driven techniques (e.g., Machine Learning and statistical methods), and component-based
reliability analyses that include studying degradation impacts and maintenance strategies.
Selecting appropriate methods from these categories is crucial to comprehensively assess
and improve PV system reliability [29].

Contrary to previous reviews that concentrate on PV fault categories or single
diagnostic methods, this review proposes a complete taxonomy that connects fault
types — observable symptoms — signals — diagnostic methods — metrics of the di-
agnostic methods — field-readiness levels. This hierarchical arrangement captures the
relationship between diagnostic methods and specific fault behaviors. Additionally, a
criterion is proposed to assist PV plant operators in the choice of monitoring and mainte-
nance methods based on system type, which may be residential, commercial, or utility, and
voltage levels (LV, MV, and HV) [30]. These contributions provide coherent guidance that
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links the theoretical and practical aspects of PV fault detection and predictive maintenance.
Our unified taxonomy and decision framework, illustrated in Figure 6, goes beyond simply
aligning fault types, symptoms, signals, diagnostic techniques, and field-readiness levels. It
also contextualizes each case and recommends prescriptive actions. Take, for instance, the
case of a utility-scale medium-voltage (MV) plant where symptoms of potential-induced
degradation (PID) are recurring. The framework identifies, designs, and prioritizes moni-
toring techniques that can help implement the recommended adjustments to reduce energy

loss and improve reliability [31,32].
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Figure 5. Reliability assessment methodologies of a grid-connected photovoltaic system.
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Figure 6. Unified taxonomy and decision framework for PV fault detection and predictive maintenance.

2. PV System Network Configurations

Photovoltaic systems may be classified by their interaction with the electrical grid and
associated components as shown in Table 1. The primary types are standalone systems,
grid-connected systems, and hybrid systems, which encompass different frameworks,
governance techniques, and modes of fault tolerance. Stand-alone systems do not require
interaction with other grid systems and utilize charge controllers and batteries. Storage
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batteries, controller failure, and wiring corrosion constitute the primary degradation faults
of such systems [33-35]. In modern installations, grid-connected systems gain popularity
because they utilize power inverters and synchronization mechanisms, which facilitate the
direct integration of power to the grid. These systems are mostly susceptible to faults within
the inverter, the maximum power point tracker (MPPT), and grid-related components. Hy-
brid systems are capable of performing all functions simultaneously. They integrate battery
banks or diesel generators to provide reliability during unstable grid periods. Inverters and
control-logic conflicts constitute the primary ‘coordinated fault” in such systems [36-38].
Every system configuration assists in fault classification and the development of precise
predictive-maintenance techniques, because the topology and system connection determine
fault origin and detection signals.

Table 1. Classification of PV System Network Types and Common Faults.

. . . Typical Monitoring/
PV Configuration Connection Type Key Components Common Faults Detection Method
Battery degradation, .
Standalone PV Isolated (Off-grid) Panels, charge controller, wiring faults, and Voltage-current 'a na1y51s,
battery, inverter : battery SoC estimation
controller failure
PV array, inverter, grid Inverter failure, FFT. impedance spectrosco
Grid-Connected PV Grid-synchronized interface, protection synchronization loss, s tmpedance sp Py,
- Al-based signal analysis
devices ground faults
. Dual-mode PV panel.s, 1nvengr, grid, Inverter mismatch, storage SCADA /IoT diagnostics,
Hybrid PV . batteries, auxiliary overload, and control L
(Grid + Storage) . e model-based fault prediction
generator instability

3. Power Quality Impacts of Grid-Connected Solar Systems
3.1. Impact of Solar PV Systems on the Grid

The integration of grid-connected solar PV systems introduces several power quality
challenges, including voltage fluctuations, frequency instability, harmonic distortions, and
reactive power management issues. These factors can affect grid stability, reliability, and the
overall efficiency of power distribution networks [39]. One of the primary concerns is volt-
age fluctuations, which arise due to the intermittent nature of solar power generation [40].
Since solar PV output varies based on solar irradiance, cloud cover, and weather conditions,
the grid experiences sudden voltage surges and drops. These fluctuations are especially
problematic in weak distribution networks with a high penetration of solar PV, leading to
voltage instability and power quality deterioration [41]. Another significant issue is har-
monic distortion, which occurs due to the conversion of DC electricity to AC using inverters.
Poorly designed inverters inject harmonic currents into the grid, which can interfere with
sensitive electronic devices, reduce transformer efficiency, and increase transmission line
losses. Higher-order harmonics can also cause overheating in electrical equipment, further
degrading power system performance [42]. Additionally, frequency instability becomes a
growing concern with increased solar PV penetration. Unlike conventional power plants,
which have large rotating generators providing inertia for frequency regulation, solar PV
systems lack inherent inertia. This leads to rapid frequency deviations, requiring additional
frequency regulation mechanisms such as battery energy storage systems (BESSs), and
synthetic inertia from advanced inverters, or fast-response backup generation [43]. Another
crucial factor is reactive power management, which is essential for maintaining voltage
stability and power factor correction [44]. Many traditional solar inverters are designed to
operate at a unity power factor, meaning they do not inject or absorb reactive power. With-
out proper reactive power compensation, voltage fluctuations and power losses increase,
impacting overall grid efficiency. Advanced power electronics, dynamic reactive power
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compensators, and grid-supportive smart inverters are now being implemented to enhance
power factor control and improve grid stability [45,46].

To mitigate these challenges, modern grid codes and regulations are being enforced to
ensure that solar PV systems comply with power quality standards. The deployment of
smart inverters, adaptive control mechanisms, and real-time grid monitoring technologies
plays a critical role in stabilizing voltage and frequency levels [47]. Additionally, energy
storage solutions help in balancing supply-demand mismatches by storing excess solar
energy and releasing it during periods of low generation. By implementing these tech-
nological advancements and regulatory measures, grid-connected solar PV systems can
operate more efficiently and reliably, ensuring minimal disruptions while maximizing the
benefits of renewable energy integration into modern power networks [48]. The integration
of solar photovoltaic (PV) systems into the power grid brings both significant benefits and
technical challenges. On the positive side, solar PV helps reduce dependence on fossil fuels,
lowers greenhouse gas emissions, and promotes energy sustainability by utilizing an abun-
dant and renewable energy source. Additionally, it contributes to energy diversification,
reducing strain on conventional power plants during peak demand periods and enhancing
the overall resilience of the power system [49,50].

However, the widespread adoption of solar PV also introduces several operational
and control challenges. One of the most critical issues is intermittency and variability,
as solar power generation fluctuates based on weather conditions and time of day. This
unpredictability can cause sudden voltage and frequency deviations, requiring real-time
balancing mechanisms, such as energy storage solutions, demand-side management, or
flexible backup generation sources. Without these measures, grid stability can be com-
promised, leading to inefficiencies in power distribution [51]. Another key challenge is
reverse power flow, which occurs when excess solar energy is injected back into the grid,
particularly during low-demand periods. If not properly managed, this can overload
transformers and distribution networks, causing equipment failures and voltage instabil-
ity, especially in weaker or poorly designed grid infrastructures. Advanced bidirectional
inverters, automated grid control systems, and real-time load forecasting are crucial to
mitigating these effects [52,53]. Power quality degradation is another concern with solar PV
integration. The use of inverters to convert direct current (DC) to alternating current (AC)
can introduce harmonic distortions, which negatively affect sensitive electrical devices and
degrade overall power system efficiency. Poorly designed inverters can also contribute to
voltage flickers and waveform distortions, leading to higher transmission losses. Moreover,
since solar PV systems do not inherently provide rotational inertia, they cannot naturally
stabilize grid frequency, making frequency control more challenging [54].

To address these challenges, grid modernization and advanced technologies are being
deployed. Solutions include smart inverters with reactive power support, battery energy
storage systems (BESSs), hybrid renewable energy setups, and real-time demand-response
mechanisms. Additionally, the development of intelligent grids with Al-based forecasting,
power electronics enhancements, and adaptive grid control strategies can significantly
improve the stability, reliability, and efficiency of solar PV integration [55]. By implement-
ing advanced energy storage, flexible power generation, and enhanced grid management
techniques, solar PV can become a cornerstone of a sustainable and resilient power system.
While technical barriers remain, continued innovation, policy improvements, and invest-
ment in grid infrastructure will ensure that solar energy plays a major role in the transition
toward a cleaner and more reliable energy future [56]. Table 2 highlights the Challenges of
Solar Power Integration and Their Potential Solutions.
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Table 2. Challenges of Solar Power Integration and Their Potential Solutions.
Impact Description Potential Solution
Intermittency and Variability Solar power generation dc?pends on sunlight, Use battery storage, demand response, and
leading to fluctuations in power supply. hybrid energy systems.
Reverse Power Flow Excess solar energy fed back into the grl(?l can Implement smart grid technology and
overload transformers and cause instability. dynamic voltage control.
Sy . Poor-quality inverters introduce harmonic Use high-quality inverters with
Harmonic Distortions . . . . P
distortions, affecting power quality. harmonic filtering.

Lack of Inertia and Frequency Instability not provide rotational inertia, making

Unlike traditional generators, solar PV does Deploy grid-forming inverters, battery storage,

frequency regulation difficult. and flexible power plants.

Grid Voltage Fluctuations

Sudden changes in solar generation can lead to Utilize advanced power electronics and
voltage instability in the grid. voltage regulation techniques.

3.1.1. Voltage Deviations and Harmonics Injection

The operation of solar PV inverters results in voltage deviations, which create changes
in grid voltage levels. Additionally, they produce harmonic injections, and the total system
power waveform becomes less stable because inverters output harmonics that deteriorate
power quality. The implementation of proper inverter design together with harmonic filters
successfully addresses these matters [57].

3.1.2. Flicker Effects and Frequency Stability Concern

The fast evolution of solar power generation makes voltage flickers occur, which
disrupt sensitive equipment because of variable cloud conditions. When large amounts
of solar PV systems join the electricity grid, they affect frequency stability, so the system
demands enhanced frequency controls [58].

3.1.3. Reverse Power Flow Challenges

The grid faces reverse power flow challenges, which occur because too much elec-
tricity produced by solar generation enters the power system when electricity demand is
low, thereby risking transformers and grid infrastructure overloads. The integration of
bidirectional power flow management strategies and updated grid infrastructure becomes
essential for handling this situation [59,60].

3.2. Impact of Grid on Solar PV Systems

The national grid has the potential to affect both the performance and efficiency of
solar photovoltaic (PV) systems related to their integration within the system. One of
the most challenging aspects is grid voltage fluctuations, which can interfere with the
functioning of grid-tied solar inverters [61]. If the grid voltage is greater than safe operating
levels, inverters usually disconnect to protect the system. Energy losses are inevitable; as a
consequence, this worsens inefficiency. Alternatively, frequency variations in the grid can
also impact solar PV operations, for a large proportion of inverters, correct functioning relies
on stable frequency ranges. Frequencies that exceed certain limits may compel PV systems
to either fully shut down or operate at less-than-optimal levels [55]. Another glaring issue
is power curtailment, where grid controllers considerably reduce the quantity of solar
energy that is supplied to the grid during times of oversupply, for stability reasons [62].
This greatly reduces the profitability of renewables and, by extension, the profits of owners
of solar PV systems. Moreover, grid congestion caused by a lot of solar energy in areas with
low power demand also results in curbs on energy export, further worsening the power
generation inefficiency of PV systems.
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3.2.1. The Impact of Grid Outages and Disturbances on Solar PV Systems

Usually, grid-connected solar systems are designed to idle when there are blackouts
because of security problems, which means they will not be able to provide electricity even
when solar energy is ready. This reliance on the grid, without any supportive measures like
battery storage or microgrid features, reduces the productivity of solar photovoltaic systems
in supplying power constantly. Issues like these can be addressed by the integration of
battery storage systems, modernization of the grid, and smart inverters. Smart inverters can
assist with voltage and frequency variations [63]. Energy storage helps solar PV systems
function during grid failures. Enhanced infrastructure on the grid, management of demand,
and adaptable institutional framework policies will optimize the integration of solar PV
and contribute to a more reliable and effective power system [64]. Table 3 presents the Grid
Integration Challenges of Solar PV and Their Potential Solutions.

Table 3. Grid Integration Challenges of Solar PV and Their Potential Solutions.

Impact Description Potential Solution
Variations in grid voltage can cause solar Use smart inverters with voltage
Grid Voltage Fluctuations inverters to disconnect, leading to &

regulation capabilities.
energy losses.

Frequency Variations

Grid frequency instability affects inverter
operation, sometimes forcing PV systems to
shut down.

Implement grid-supportive inverters and
battery storage.

Power Curtailment

Grid operators may limit the amount of solar

energy fed into the grid during Improve grid flexibility and adopt energy

storage solutions.

oversupply periods.
Grid Congestion ngh.sola.r penetration can overload . Upgrade grid mfr.astructure and
transmission lines, restricting energy exports. introduce demand-side management.
Grid-tied solar PV systems shut down during .
. . . Deploy battery storage or implement
Grid Outages &Disturbances blackouts, preventing power supply even

when sunlight is available. microgrid capabilities for backup power.

3.2.2. Grid Disturbances Affecting On-Grid Inverters

Grid disturbances that include faulty operations, voltage unbalance, and sudden
changes in load result in solar inverter performance losses, which might trigger system
disconnections [31].

3.2.3. Voltage Sags/Swells and Their Influence on PV Operation

The sudden fluctuations in grid voltage, referred to as sags and swells, negatively
affect the operation of PV systems. Solar inverters require advanced inverter technologies
featuring voltage ride-through functions because these capabilities help maintain operation
stability during instances of disturbance [65].

3.2.4. Sudden Grid Disconnections and Their Consequences

Solar PV systems disconnect themselves from the grid through sudden disconnections
to protect against safety risks. Multiple connections and disconnections within a system
lower the effectiveness and reliability of solar power utilization [66]. The combination
of Grid-forming inverters along with energy storage systems helps address the problems
mentioned. Tables 4-7 show the summary of techniques and methodologies for fault
detection and predictive maintenance in PV systems.
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Table 4. Comprehensive Analysis of the Most Significant AI-Based Fault Detection and Diagnostic
Techniques in Solar Photovoltaic (PV) Systems: Categories, Attributes, Advantages, and Limitations.

Technique Attributes Pros Cons References
. . Historical data, High accuracy in fault detection Requires extgnswe tljalnmg data
Machine Learning supervised, and Real-time adaptability Computationally intensive [67-69]
(ML) unsupervised learning Handles complex fault patterns Performance s affected by
data quality
Automatic feature extraction Requires large, labeled dgtasets
. Neural networks (CNN, . : Complex network tuning
Deep Learning (DL) Effective for nonlinear faults o . [70,71]
RNN, Autoencoders) Early fault detection Results are difficult to interpret
y (black box)
Computationally expensive for
Support Vector Classification- Rolftfll;?:\,;r‘lf;itgvseilf?tltlin Kernel fulr?z;gizr? :teellzi;[ison affects [72]
Machines (SVM) based method gamnst ¢ g
Strong generalization capability the accuracy
Sensitive to parameter tuning
Robust to noise and uncertainty Reﬁ;:ﬁfg;X};fgr_j?ig}degnrﬁes
. Rule-based No labeled data required & .
Fuzzy Logic vy . - . . unseen scenarios [73]
decision-making Easy integration with o
other models Complexity increases
significantly with large rule sets
rlzgr%ﬂr?:;j:;agefgz Prone to overfitting
Artificial Neural Adaptive learning Capable of sel?—learnin Long training durations [73-76]
Networks (ANN) from data I d;ﬁ fies complex faul‘cty, Performance highly depends on -
interac tilgns network architecture
Inc}gizﬁ:gcl‘;?;lasiﬁess Complex model design
Hvbrid AT Models Combination of ANN, classification accurac High computational complexity [77,78]
y SVM, and Fuzzy Logic Y Integration challenges between !

Combines the advantages of
individual models

different methods

Table 5. Comprehensive Analysis of Signal Processing-Based Fault Detection and Diagnostic Tech-
niques in Solar Photovoltaic (PV) Systems: Categories, Attributes, Advantages, and Limitations.

Requires high-quality sensors

Electrical Signature Voltage, current

High sensitivity to
electrical anomalies

Susceptible to signal noise
interference [79]

Analysis (ESA) waveform analysis Real—tlme monitoring capablhty Limited effectiveness for
Non-invasive fault detection .
mechanical faults
Effective for inverter-
side diagnostics Computationally demanding
FFT-Based Spectral Frequency spectrum Capable of detecting Less effective for transient or
: . S . . [71]
Analysis analysis periodic faults intermittent faults
An established and reliable Expert interpretation required
method
Effective for transient fault High computational complexity
Wavelet Transform Signal decomposition for . detection - Proper wave{let f.u netion selection
(WT) Analysis transient faults Good time-frequency localization is critical [76]
of faults Expert knowledge is required for
Useful with non-stationary signals interpretation
Requires careful data
Efficient handling of large datasets preprocessing
Principal Component . . . . Reduces redundancy and noise Potential loss of critical
Dimensionality reduction . o . N . . [67]
Simplifies visualization and information

Analysis (PCA)

interpretation

Less effective alone, usually
combined with other methods
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Table 6. Comprehensive Review of Thermal Analysis-Based Fault Detection and Diagnostic Tech-

niques in Solar Photovoltaic (PV) Systems: Categories, Attributes, Advantages, and Limitations.

Thermal Imaging

Temperature anomaly
detection

Quick and non-invasive method
Effective hotspot identification
Applicable in real-time
monitoring scenarios

Environmental dependency
(e.g., cloud cover)
Detects only surface-level defects [75]
The high initial cost of quality
equipment

High precision in
defect localization

Requires specialized,
expensive equipment

Electroluml_nescence Infrared emission imaging Capable of detecting micro-cracks Canngt operate effectlvgly under 76]
Imaging for defects : bright ambient conditions
and cell degradation . .
. . . Time-consuming for large-
Functional even in dark conditions - -
scale inspection
. . - Expensive for large-scal
Effective visualization of penswve for farge-scale
hidden defects deployment
Infrared (IR) Imaging Overhe.,-atlng an.d defect Quick and non-contact inspection Limited dep th.Penetratlon [21,80,81]
visualization capability

Detect multiple defect types
simultaneously

Sensitive to environmental
temperature variations

UV Fluorescence Imaging

Defective encapsulation
detection

Enables early detection
High sensitivity to
encapsulation faults
Effective for preventive
maintenance

Requires UV-sensitive
specialized cameras
Limited practical deployment
in daylight
High operational expertise needed

Table 7. Comprehensive Review of Statistical and Model-Based Fault Detection and Diagnostic

Techniques in Solar Photovoltaic (PV) Systems: Categories, Attributes, Advantages, and Limitations.

Current-voltage

Effective module-level diagnostics
Sensitive to various

Requires stable
environmental conditions
Less effective for

I-V Curve Analysis . . electrical defects . . . [82-84]
characteristics analysis . . intermittent issues
Quick assessment in .
. Sensor accuracy significantly
stable conditions .
impacts results
Excellent tracking of Sensitivity to modeling
dynamic faults inaccuracies
Kalman Filtering RecurS{ve apomaly Reduces noise High computational cost in [85]
estimation measurement effectively large systems
Suitable for real-time Requires precise initial
diagnostic scenarios parameter estimation
Effectively manages uncertainty
and incomplete data Computational complexity is high
Robust probabilistic for large networks
Bayesian Networks Probablhs’flc fault reasoning capability Sen§1tlve to incorrect (73]
detection prior probabilities

Clear probabilistic interpretation
of results

Model design and structure
selection are critical

State Estimation Methods

Mathematical modeling of
system health

Early detection of system
degradation
Predictive capability for
maintenance planning
Good accuracy if the model
parameters are accurate

Requires highly accurate
system parameters
Limited performance in [48]
dynamic environments
Complex mathematical modeling

Markov Models

Long-term degradation
prediction

Effective for reliability and
maintenance planning
Good for modeling degradation
over time
Predictive insights into future
system states

Extensive historical
data requirement
Assumes stationary transition
probabilities
Computationally intensive for
large state spaces

[68]

4. Faults and Failures in Grid-Connected Solar PV Systems

Solar PV systems that are connected to the grid tend to have several faults and failures

that may alter their effectiveness, efficiency, and even longevity. The issues can be classified
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as electrical, mechanical, and environmental faults. Electrical faults include the inverter
and MPPT (Maximum Power Point Tracking) failures alongside arc faults, which directly
contribute to loss of power or might even cause hazardous situations. Mechanical failures
like cracked panels, badly made solder joints, and damaged mounting structures may
follow winds, hail, and poor installation. Increased dust, shading, and higher or lower
temperatures are all Environmental Factors that reduce the efficiency of systems over time.
In addition, grid-related problems such as changing voltages and shifting frequencies
may result in disconnecting or a lesser power contribution. Predictive maintenance and
monitoring systems, as well as fault detection algorithms, are the key measures to ensure
the reliability and stability of grid-connected solar PV systems [86].

4.1. Types of Faults in Solar PV Systems

Like any other electrical system, solar PV systems also have faults. These can be
classified as DC-side faults, AC-side faults, and environmental faults.

e  Solar Panel Associated Faults.

e  Electrical Faults: Open circuit, short circuit, ground faults.

e Inverter and Power Electronics Failures: Switching failures, overheating, and compo-
nent degradation.

e  Grid-Related Faults: Islanding, voltage imbalances, frequency shifts.

e  Environmental and Mechanical Failures: Soiling, shading, weather-induced degradation.

4.1.1. DC-Side Faults

DC-side faults occur within the photovoltaic (PV) module, DC wiring, and associated
components, significantly impacting system performance and safety. Open-circuit faults
arise when a break in the wiring or connection prevents the flow of current, leading to
reduced power output or complete system shutdown. Conversely, short-circuit faults occur
when unintended connections between conductors create excessive current flow, which can
lead to overheating, potential fire hazards, and permanent damage to system components.
Another critical DC-side issue is bypass diode failure within PV modules. Bypass diodes
are designed to mitigate the effects of partial shading by allowing current to flow around
shaded cells.

However, when these diodes fail in an open state, affected PV strings experience
power losses due to increased resistance. If they fail in a shorted state, they can cause
hot spots, leading to thermal degradation of PV cells and a higher risk of module failure.
Other faults on the DC side include ground faults, where unintended current leakage to
the ground occurs due to insulation breakdown or moisture intrusion, posing safety risks
and potentially triggering ground fault detection interruptions (GFDI) [87]. To enhance
the reliability and safety of PV systems, real-time monitoring, thermal imaging, insulation
resistance testing, and fault detection algorithms are increasingly employed to identify and
address DC-side faults before they escalate into critical failures. Figure 7 shows the PV
schematic diagram for DC side failures in the grid-connected systems.

4.1.2. AC-Side Faults

AC-side faults occur primarily at the inverter, transformer, and grid interface, impact-
ing power conversion efficiency, grid stability, and overall system performance. One of
the most frequent issues is inverter failure, which can stem from component degradation,
excessive heat accumulation, or failure of the Maximum Power Point Tracking (MPPT)
mechanism. Since inverters are responsible for converting DC power from PV modules into
AC power for grid compatibility, their malfunction can lead to significant energy losses and
system downtime. Another critical AC-side fault is transformer failure, commonly caused
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by overheating, insulation breakdown, or harmonics-induced stress. Transformers play a
vital role in voltage regulation and power distribution, and any disruption in their function
can result in inefficient power transmission, increased losses, or even a complete system
shutdown [88]. Additionally, grid-related issues, such as voltage fluctuations, frequency
instability, and power surges, can disrupt PV system operation. If grid parameters exceed
the inverter’s operational limits, the inverter may disconnect automatically as a protective
measure, leading to temporary system downtime and power quality issues. Moreover, vari-
ations in grid impedance and phase imbalances can cause harmonic distortions, reducing
overall system efficiency and affecting nearby electrical equipment. To mitigate AC-side
faults, advanced inverter protection mechanisms, thermal management solutions, predic-
tive maintenance strategies, and real-time grid monitoring are employed. Implementing
fault-tolerant inverter designs, improved grid synchronization techniques, and enhanced
power electronics ensures more reliable and stable solar PV system operation.
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Figure 7. Schematic representation of faults occurring on the DC side of a PV system.

4.1.3. Environmental and Degradation Faults

Solar PV systems are exposed to various environmental stressors that gradually de-
grade their performance and longevity. One of the most common issues is soiling, where
dust, dirt, bird droppings, or other particulate matter accumulate on the surface of PV
panels, reducing their ability to absorb sunlight efficiently. Regular cleaning schedules and
self-cleaning coatings can help mitigate this issue. Corrosion and thermal stress are also
major concerns, particularly in coastal or highly humid environments. Moisture ingress
and salt deposits can lead to material degradation, impacting electrical contacts, frames,
and junction boxes. Similarly, thermal cycling—constant expansion and contraction due
to fluctuating temperatures—can create micro-cracks in solar cells, leading to hot spots,
power losses, and potential long-term failure [89]. Figure 8 shows the degradation process
through delamination.
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Figure 8. Photovoltaic (PV) Module Degradation Mechanism Caused by the Delamination Process
and Its Impact on Performance over Time [90].

A critical long-term degradation factor is potential-induced degradation (PID), which
occurs due to high voltage differentials between the PV modules and grounding. This
can cause a gradual leakage of charge, resulting in a significant decline in power output.
The use of PID-resistant modules, optimized system grounding, and periodic voltage
stress tests can help prevent this issue. Extreme weather conditions such as hailstorms,
high winds, and heavy snowfall can cause physical damage to PV modules and structural
failures in mounting systems. Strong winds can lead to misalignment or detachment of
panels, while hail impact can result in glass fractures and reduced light absorption. Ro-
bust racking systems, tempered glass panels, and aerodynamic designs are essential for
enhancing mechanical durability. To combat these environmental and degradation-related
faults, advanced monitoring techniques such as thermal imaging, drone-based inspections,
Al-powered predictive maintenance algorithms, and real-time performance tracking are
increasingly adopted. These technologies enable early fault detection, preventive mainte-
nance, and system optimization, ensuring higher reliability, extended operational lifespan,
and improved efficiency of solar PV systems [82]. Figure 9 represents the visual representa-
tion of various factors that impact the power output of photovoltaic modules, leading to a
gradual decline in performance over time.

[

e

(c) Hotspot

(d) Discoloration (e) Crack (f) Temperature and Humidity

Figure 9. Key Aging Factors Influencing the Longevity of Photovoltaic Modules: Insights from
Laboratory Experiments and Original Sample Analysis [90].
4.1.4. Solar Panels Associated Fault

Like any other electrical system, solar PV panels are susceptible to various faults that
can compromise their performance, efficiency, and longevity. These issues can arise due to
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manufacturing defects, installation errors, environmental exposure, or operational stresses.
One of the most common faults is the formation of hot spots, which occur due to partial
shading, poor soldering, or faulty bypass diodes. These localized overheated regions can
significantly reduce efficiency and, in severe cases, cause thermal damage or even fire
hazards [91]. Another critical issue is cell cracking, which can result from mechanical stress,
thermal cycling, or poor handling during transportation and installation. These micro-
cracks increase parasitic series resistance, limit power output, and accelerate degradation
over time. Even minor cracks can eventually propagate and disconnect portions of the
cell, further diminishing the system’s energy yield. Potential-Induced Degradation (PID) is
another significant challenge in solar panels, occurring when high system voltage, moisture
ingress, and improper grounding cause charge leakage. This leads to a gradual reduction
in module efficiency and power loss, often requiring special anti-PID modules, optimized
grounding techniques, or periodic voltage stress tests to mitigate the issue [92].

Poor material quality and prolonged exposure to UV radiation, high humidity, and
extreme weather can lead to delamination and encapsulation failure. This weakens the pro-
tective layers of the panel, allowing moisture penetration, which can corrode internal com-
ponents and reduce electrical insulation; ultimately accelerating module degradation [93].
Another common fault arises from the junction box and connector failures, which can
occur due to poor installation, water pressure, or thermal stress. Faulty connections lead to
open circuits, increased contact resistance, and reduced power output. If left unaddressed,
these failures can further escalate, causing overheating, arcing, or electrical faults. To
ensure the longevity and optimal performance of solar PV systems, regular maintenance,
thermal imaging inspections, electroluminescence testing, and Al-driven fault diagnostics
are essential. Early detection and timely repairs of these faults can significantly enhance
system reliability, prevent safety hazards, and maximize energy yield, making proactive
monitoring an indispensable part of solar PV system management [94,95]. Table 8 shows
the Common Faults in Solar PV Systems, their Causes, and their Impacts, and Figure 10
shows the hotspots, cracks in the solar cell, and potential-induced degradation that are the
most common reasons for degradation of PV modules.

Table 8. Common Faults in Solar PV Systems: Causes and Impacts.

Fault Type Description Causes Impact
Localized overheating in Shadmg,. defective bypass Decreased efficiency,
Hot spots diodes, and o
solar cells . potential fire hazard
soldering defects
Micro-cracks in silicon cells Manufacturing defects, Increased series resistance
Cell Cracks thermal cycling, and and reduced power

reduce power output

mechanical stress

generation

Potential-Induced
Degradation (PID)

Performance loss due to
leakage currents

High system voltage,
humidity, and poor
grounding.

Reduced power output
over time

Delamination and
Encapsulation Failure

The peeling of module
layers causes water ingress

Poor material quality, UV
exposure, and humidity

Accelerated degradation,
electrical insulation loss

Connector and Junction
Box Failure

Lose or broken connections
lead to open circuits

Poor installation, thermal
cycling, and water ingress

Reduced power delivery,
increased resistance
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Figure 10. (a) Hotspots, (b) cell cracks, and (c) Potential-Induced Degradation (PID) [91,92].

4.1.5. Electrical Faults

Electrical faults in solar PV systems can significantly impact efficiency, safety, and
reliability. These faults typically arise due to poor installation, environmental exposure,
material degradation, or operational stresses. If not addressed, they can lead to power
losses, electrical hazards, or even fire risks. One of the most common electrical issues is
open circuit faults, which occur when loose connectors, damaged wires, or faulty junction
boxes interrupt the flow of current. This disruption causes affected modules or entire strings
to lose power, leading to reduced energy generation and system inefficiencies. Ground
faults occur when current unintentionally escapes into the ground due to insulation failure,
moisture ingress, or improper wiring. These faults not only cause power losses but can
also trigger inverter shutdowns, increase electric shock risks, and, in severe cases, cause
fire hazards [96].

Arc faults are particularly dangerous as they involve high-energy discharges between
damaged or loose electrical connections. They can result from corroded terminals, frayed
wiring, poor crimping, or filter failures, creating plasma arcs that overheat components and
increase fire hazards. In extreme cases, arcing faults may lead to explosions, transformer
damage, or complete system failure. Additionally, tracking failures caused by electrical
surges, extreme weather, or sudden voltage fluctuations can accelerate cable degradation
and component wear, further elevating system vulnerability [97]. To minimize risks and
enhance operational safety, modern solar PV systems integrate advanced arc fault detection
systems (AFDD), ground fault interrupters (GFI), thermal imaging diagnostics, and Al-
driven predictive maintenance. Implementing regular inspection protocols, ensuring
high-quality electrical connections, and using fire-resistant materials can further reduce
failure rates and improve system longevity [98]. Table 9 highlights the Electrical Faults in
Solar PV Systems and their Causes and Impacts.

4.1.6. Inverter and Power Electronics Failures

Inverters play a critical role in solar PV systems as they convert DC power from solar
panels into AC power for grid compatibility. However, these components are prone to
various faults that impact efficiency, reliability, and safety. Solar inverters rely on power
semiconductor components such as MOSFETs, IGBTs (Insulated Gate Bipolar Transistors),
and diodes. These components are susceptible to thermal stress, overvoltage conditions,
and switching transients, which can cause cascade failures leading to burnouts, voltage
spikes, or even complete inverter shutdowns. Excessive heat buildup due to poor venti-
lation, external temperature fluctuations, or electrical overloading can cause component
degradation. Heat-related issues often result in inverter de-rating, power losses, and in-
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creased failure rates. Advanced liquid cooling and forced-air cooling systems can mitigate
these effects and extend the inverter lifespan [99]. High-frequency switching operations in
power electronics generate electromagnetic noise, which can interfere with communication
systems, sensors, and control circuits. Poor filtering or improper shielding can lead to
malfunctions in control logic, inaccurate power measurements, and instability in MPPT
(Maximum Power Point Tracking) algorithms.

Table 9. Electrical Faults in Solar PV Systems: Causes and Impacts.

Fault Type Description Causes Impact
Int ti in th t . .
Oven Circuit Faults n erruf}foiindile toe;urren Loose connectors, broken wires, Power loss in affected
P broken connection and a faulty junction box modules or strings
An unintended connection . . . .
Short Circuit Faults between conductors causes Insulation failure, moisture Overheating, component
excessive current flow ingress, damaged cables damage, fire risk
Leak. f t to th . . . . .
Ground Faults ca agi; dctzrj;}n o the Damaged insulation, improper Risk of electric shock, inverter
gthe imi)alanceg grounding, and moisture shutdown, and fire hazard
High-t t 1 . . .
Arc Faults '8 Zﬁiﬁi l;rfnp asma Loose connections, corroded Fire hazard, increased
& terminals, damaged cables electrical losses

broken conductors

Inverter operation is dependent on firmware and control algorithms that regulate
power conversion, synchronization, and protection mechanisms. Software errors, firmware
bugs, or malfunctioning microcontrollers can result in inverter freeze, failure to track MPPT,
or improper grid synchronization. Remote monitoring and Al-driven predictive diagnos-
tics help detect and correct software anomalies. Defective feedback loops in transistor-
controlled inverters lead to power fluctuations, harmonic distortions, and inefficiencies in
power conversion [79]. Inverters must comply with grid codes to maintain power quality,
and the use of advanced control strategies such as active harmonic filtering and reactive
power compensation can reduce grid disturbances. To enhance the reliability and lifespan
of solar inverters, several strategies should be implemented. Enhanced cooling systems,
such as liquid cooling, heat sinks, and temperature monitoring, improve thermal man-
agement. Routine inverter maintenance ensures early fault detection by identifying wear
and tear in critical components. Real-time remote monitoring systems allow operators to
track inverter performance and detect issues before they escalate. The use of robust power
electronics with improved surge protection and fault-tolerant designs strengthens inverter
resilience against electrical disturbances [100]. The operational performance of inverters
in different quadrants is depicted in Figure 11, while Table 10 summarizes inverter faults,
their causes, and impacts.

4.1.7. Grid-Related Faults

Grid-connected solar PV systems face several operational challenges that can com-
promise both system efficiency and overall grid stability. One critical issue is islanding,
which occurs when the grid experiences a shutdown, but the solar PV system continues
to generate and supply power. This typically happens due to ineffective anti-islanding
protection mechanisms. If utility workers or grid-connected appliances remain energized
during this condition, it poses serious safety hazards, including electric shocks and equip-
ment damage [101]. Implementing reliable anti-islanding detection methods, such as active
and passive techniques, enhances system safety and ensures compliance with grid regu-
lations. Voltage imbalances arise when the three-phase grid experiences unequal voltage
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levels across different phases. This imbalance is commonly caused by unbalanced loads,
asymmetric grid faults, or inadequate power quality management. Such discrepancies lead
to a drop in operational efficiency and an increased likelihood of inverter failure. If not
properly managed, voltage imbalances can stress power electronic components, degrade
performance, and disrupt grid synchronization. Advanced power electronics, real-time
voltage monitoring, and phase-balancing techniques can mitigate these issues and improve

system resilience [102].
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Capability curve Power generation in
f)f four quadrant quadrants 1 and 2 which
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and 4 (shaded area) operational region

Negative Reactive Power
(Sink)

Figure 11. Quadrants of inverter operation.

Table 10. Inverter Faults in Solar PV Systems: Causes and Impacts.

Fault Type

Description Causes Impact

Switching Device Failures

Power loss, inverter
shutdown, grid instability

Failure of MOSFETSs, IGBTs, or
diodes in the inverter

Thermal stress, high voltage
spikes, and aging

Excessive temperature rise

Poor ventilation, high ambient Efficiency loss, permanent

heati 1
Overheating eads to component temperature, and overloads damage to components
degradation.
. . Electrolytic capacitor failure High ripple current, Inverter Instability
Capacitor Aging thermal stress reduces efficiency

due to aging

Control Circuit Malfunction

Failure in microcontrollers,
sensors, or software
algorithms

Erratic inverter operation,
poor grid synchronization

EMI interference, software
bugs, and hardware damage

Frequency instability is another major grid-related challenge. Grid disturbances,
excessive generation from solar PV inverters, and variations in power consumption con-
tribute to frequency deviations from the standard 50/60 Hz range. When grid frequency
shifts beyond permissible limits, inverters may trip to prevent system damage, leading
to power losses and reduced grid reliability. Adaptive frequency control mechanisms,
grid-support functionalities in smart inverters, and energy storage integration help in
stabilizing frequency fluctuations. To enhance the reliability of grid-connected solar PV
systems, advanced grid monitoring technologies, robust anti-islanding protection, and
adaptive inverter control strategies must be employed. These solutions ensure seamless
integration of solar power while maintaining grid stability and operational efficiency [98].
Table 11 shows the Grid-Related Faults in Solar PV Systems and their Causes and Impacts,
and Figure 12 shows the typical system configuration of islanding detection.
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Table 11. Grid-Related Faults in Solar PV Systems: Causes and Impacts.
Fault Type Description Causes Impact
. The P.V system continues Improper anti-islanding Safety hazards, damage to
Islanding generating power even when rotection, grid failure appliances, and utility workers

the grid is down P '8 PP ! Y

Unequal voltage in different Unbalanced loads, grid faults, Efficiency reduction,

Voltage Imbalances . . . .
phases of the grid poor power quality inverter malfunction
Deviation of the grid Grid disturbances,

Frequency Shifts

Inverter tripping, grid instability,

frequency from nominal over-generation, and poor
and power losses

values (50/60 Hz) inverter response

Piny + jQy AP+ jAQ
—_— - PCC
Y,
/\/ . ‘
Inverter 2 Electrical
- a Grid
PV array B 2
e
Electrical
Load

Figure 12. Typical system configuration of islanding detection.

4.1.8. Environmental and Mechanical Failures

The performance and longevity of solar PV systems are significantly influenced by
various environmental and mechanical factors. One major concern is soiling, which oc-
curs due to the accumulation of dust, dirt, bird droppings, and pollutants on the panel
surface. This layer obstructs sunlight absorption, reducing energy output and increasing
maintenance costs. Over time, excessive soiling can lower system efficiency and require
frequent cleaning to restore optimal performance. Shading caused by trees, buildings, and
passing clouds, along with module mismatches, further impacts solar energy generation.
In addition to lowering power output, shading can contribute to the formation of hotspots,
which degrade solar cells and may lead to irreversible damage [103].

Extreme weather conditions pose another serious challenge to solar PV installations.
Hailstorms, heavy snow, and prolonged exposure to rainfall can cause mechanical damage
to panels, leading to micro-cracks or even complete breakage. Strong winds may also desta-
bilize the mounting structures, potentially resulting in displacement or total system failure.
Additionally, solar panels installed in coastal or highly humid regions are susceptible to
corrosion and rusting, which weaken both the module frames and mounting structures.
Exposure to saltwater and the use of substandard materials further accelerate degradation,
increasing the risk of electrical shorts and compromised structural integrity [104].

To mitigate these environmental and mechanical failures, preventive measures such
as routine cleaning, the application of anti-soiling and protective coatings, and the use
of corrosion-resistant materials in system components are essential. Employing robust
mounting structures designed to withstand high wind loads, using high-quality encap-
sulation materials, and integrating automated monitoring systems for early fault detec-
tion can significantly enhance the durability and efficiency of solar PV installations [105].
Table 12 represents the Environmental and Weather-Related Faults in Solar PV Systems and
their Causes and Impacts, while Figure 13 represents the different environmental factors
affecting the solar PV output.
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Table 12. Environmental and Weather-Related Faults in Solar PV Systems: Causes and Impacts.

Fault Type Description Causes Impact
Soiling and Dust Dust, dirt, and bird droppings Lack of cleaning, Reduced energy yield, higher
Accumulation block sunlight industrial pollution maintenance costs
Shading Effects Partial shadm.g.reduces Trees, bulldmgs., cloud cover, Decreased power (?utput,
module efficiency. module mismatch hotspot formation
Hail and Weather Damage Physical damage from Hailstorms, heavy rain, snow, Module breakage, reduced
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Figure 13. Different environmental factors affecting the solar PV output.

4.2. Impact of Faults on System Performance and Safety

Faults in grid-connected solar photovoltaic (PV) systems can significantly compromise
both performance and safety, leading to operational disruptions and increased risks. These
faults, if left unaddressed, not only reduce the overall energy output but also impact
system reliability and longevity. Beyond the immediate loss of efficiency, prolonged
exposure to system faults can accelerate component degradation, leading to more frequent
maintenance cycles and higher operational expenses. Electrical failures such as ground
faults, arcing faults, and insulation breakdowns increase the risk of fire and electrical shocks,
making robust safety protocols essential [106]. Additionally, the potential for cascading
failures within interconnected PV networks highlights the need for early detection and
rapid response mechanisms. Implementing proactive fault detection strategies, such as
real-time monitoring, predictive maintenance using Al-based analytics, and compliance
with stringent grid regulations, can mitigate risks and enhance overall system resilience.
Effective damage control measures, including smart inverters, improved circuit protection,
and thermal management systems, help prevent catastrophic failures while ensuring
sustainable and efficient solar PV operation [107].

4.2.1. Effect on Performance Output

Faults in both grid-connected and standalone solar PV systems significantly impact
performance output, with power loss being one of the most critical concerns. Electrical
faults such as open circuits, short circuits, and ground faults disrupt the normal flow of
electricity, reducing the conversion of solar energy into usable electrical power. Additionally,
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shading caused by obstructions like trees, buildings, and accumulated debris can drastically
lower solar radiation absorption, leading to a sharp decline in power generation. Even
minor shading on a small portion of a panel can cause a disproportionate loss of output by
disrupting the coordination of multiple modules, further diminishing system performance.

Efficiency degradation is another major issue, exacerbated by aging components and
environmental factors. Over time, solar panels experience voltage loss due to prolonged
exposure, while potential-induced degradation (PID) can accelerate performance decline.
Overheating of system components, particularly inverters and connectors, increases electri-
cal impedance, reducing overall efficiency [80]. Harmonic distortions, primarily originating
from inverter malfunctions, introduce unwanted electrical frequencies into the system,
which can propagate through the grid and interfere with other electrical devices. Exces-
sive harmonics resulting from inverter failure may cause voltage and current fluctuations,
reducing energy efficiency and posing a risk to sensitive grid-connected equipment [108].
Another critical challenge is grid instability, as solar PV power plants must maintain consis-
tent voltage and frequency levels. Frequency drift and voltage swings, caused by improper
load distribution or faulty connections, can lead to inverter tripping if grid frequency devi-
ates from the nominal 50 Hz or 60 Hz range, resulting in immediate power loss [81]. These
disruptions ultimately decrease overall system effectiveness, underscoring the need for en-
hanced monitoring, grid-supportive inverters, and advanced fault detection mechanisms.

4.2.2. Concerns on Safety

Beyond performance concerns, faults in solar PV systems pose significant safety risks,
with fire hazards being among the most critical threats. Electrical faults, particularly arc
faults, can occur due to broken or loose connections within the circuit. These faults generate
excessive heat, potentially igniting surrounding combustible materials. Large-scale solar
installations are particularly vulnerable, as poor-quality electrical connections combined
with inverter overheating can escalate the risk of fire incidents [83]. Another major safety
risk is the potential for electric shock hazards, which can endanger both workers and
system users. Damaged wires and connectors increase the likelihood of accidental exposure
to high-voltage currents. In utility-scale PV systems operating at elevated voltage levels,
even minor faults can result in severe injuries or fatalities. Ensuring proper grounding,
insulation, and the use of arc-fault detection mechanisms is crucial in mitigating these
risks. Additionally, failure to address faults on time can lead to long-term equipment
damage, further compromising system integrity and safety [84]. Implementing stringent
maintenance protocols and incorporating advanced protective technologies is essential to
enhance the overall safety and reliability of solar PV systems.

4.2.3. Faults and Maintenance in Solar PV Systems

Solar photovoltaic (PV) systems are continuously exposed to environmental and
operational stressors that can degrade their performance over time. Factors such as voltage
fluctuations, excessive heat, and moisture accumulation can accelerate component wear,
leading to costly repairs or even complete system failure [109]. If these faults go undetected,
they not only increase maintenance costs but also reduce return on investment (ROI).
Grid-connected solar PV systems face specific operational challenges that impact both
energy efficiency and system security. Power losses, efficiency degradation, and electrical
disturbances can trigger system faults, while fire hazards and electric shock risks pose
serious threats to both users and infrastructure. Such incidents can cause irreversible
damage to critical components, undermining overall system reliability.

To enhance efficiency and long-term stability, continuous monitoring and proactive
maintenance of solar PV systems are essential. Advanced fault detection techniques, includ-
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ing real-time monitoring, predictive analytics, and automated diagnostics, help identify
failures before they escalate, minimizing costly downtime and operational disruptions [70].
By integrating intelligent maintenance strategies and robust protection mechanisms, solar
PV systems can significantly reduce fault occurrences, ensuring enhanced safety, reliability,
and optimal energy production. Various types of defects may affect the functionality, safety,
and energy production of photovoltaic (PV) systems on the electrical, mechanical, and
environmental levels. Faulty balance-of-system components, strings, individual modules,
inverters, and even wiring or protection devices may cause these fault mechanisms. The
implementation of pertinent diagnosis methods to advance the early identification of these
defects is important to predict maintenance and improve the overall reliability of the sys-
tems. The classification of diagnostic techniques according to their analysis domain and
input signal types consists of electrical, thermal/optical, and data-driven techniques. An
overview of the main techniques and their uses is presented in Table 13.

Table 13. Summary of Diagnostic Techniques for PV System Fault Detection.

Diagnostic

Domain Methodology Key Principle Advantages Limitations
I-V and P-V Deviation in the curve Simple, direct Requires a Sh.u tdown
. L for precise
curve tracing shape indicates faults measurement
measurement
Electrlcgl FFT and harmonic Frequency-domain Detects inverter/ Needs a high
Analysis . . .
analysis change under fault grid faults sampling rate
Impedance Frequency response Sensitive to early Complex
spectroscopy deviation degradation instrumentation
Hotspots show thermal Non-contact, Needs controlled
Infrared thermography . . - o\
Thermal/optical anomalies field-applicable lab conditions
imaging Electroluminescence Emission defects High accuracy for Needs a large
(EL) under bias micro-cracks labeled dataset
Machine learning Pattern recognition High automation Needs a large
(SVM, ANN, CNN, s s
LSTM) from historical data and scalability labeled dataset
Data-driven/Al-based S librati d
SCADA /IoT-based Continuous condition Real-time analytics ensor cabration an
T communication
monitoring data from sensors and alarms

reliability are required.

5. Fault Diagnosis and Predictive Maintenance Approaches

As the implementation of solar photovoltaics increases, solving problems surrounding
dependability and reliability in terms of performance becomes a challenge. Defects in solar
systems amplify energy losses, associated costs, safety issues, and repair costs. Predictive
maintenance and fault diagnosis techniques help tackle these problems effectively. These
techniques are based on constant surveillance of system performance to diagnose potential
failures and minimize system unavailability [77]. There are many approaches in the
literature that deal with the diagnosis of solar PV system faults, from classical inspection
approaches to modern Al-driven approaches.

5.1. Traditional Diagnostic Techniques

Conventional methods of fault detection of solar systems have been in use for a
long time. These consist of routine inspection of the operating systems in addition to
their usage, for example, infrared tests that provide remote sighted control for system
performance abnormalities.
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Detailed panel inspection techniques.
Infrared thermography for panel inspection.
I-V curve tracing for module performance analysis.

Ground fault detection methods.

5.1.1. Physical Panel Inspection

A manual inspection is one of the easiest techniques that can be employed to identify
faults in solar PV systems. It comprises a visual examination of solar panels and looks for
cracks, dust, discoloration, and loose connections along the edges of the PV Cells. Constant
monitoring also assists in identifying damage from the environment, like hailstorms, dirt,
or extreme environmental temperatures. Although this approach takes time and effort, it is
a critical part of proactive maintenance of the equipment [110].

5.1.2. Infrared Thermography

This is a contactless technique used in seeking hidden faults in solar panels. It involves
the scanning of solar modules with thermal cameras for hot spots that are indicative of
faulty cells, defective solder joints, or electrical imbalance. This method has great potential
in finding problems that are hidden and cannot be found through check-ups at the surface
level [111]. Figure 14 shows the photograph and thermal image of the photovoltaic (PV)
panel, illustrating both healthy and faulty modules, with a temperature scale bar, color
mapping, and a label indicating the typical hotspot temperature threshold (>60 °C) to
enhance interpretability and visual clarity.

Figure 14. Thermal image of PV panels showing hotspot region (>60 °C) and healthy cell areas
for comparison.

5.1.3. I-V Curve Tracing

Solar panels are tested using I-V (Current-Voltage) curve tracing, which is an electric
method that analyzes their performance and determines the amount of current and voltage
being produced. This method identifies problems like shading, cell deterioration, or
even broken bypass diodes. The well-being of solar modules and their efficiency is best
illustrated in an I-V curve [71]. The relationship between current and voltage produced
by a solar cell is based on the Shockley diode equation, reflecting the amount of sunlight
globally. The I-V curve can be analyzed to evaluate efficacy and diagnose potential concerns
in a solar module. A standard I-V curve analysis of a solar cell is illustrated in Figure 15.
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Figure 15. I-V curve analysis of a solar cell.

In the above equation, I is the output of the solar cell (A), I} Is he photocurrent (light-
generated current) (A), I, Reverse saturation current of the diode (A), g is the charge of
an electron, V is the applied voltage B is the Boltzmann constant, # is the ideality factor
(typically between 1 and 2), and T is the absolute temperature in Kelvin (K).

5.1.4. Ground Fault Detection Methods

Ground faults are defined as electrical currents that drain unintentionally to the
ground because of disordered insulation or shredded wires. The traditional obstacles for
locating ground faults are insulation resistance testers and ground fault indicators. These
approaches help curb the dangers of electric shock while improving system safety.

5.2. Al and Machine Learning-Based Fault Detection
5.2.1. Data-Driven Predictive Maintenance Approaches

In the traditional approaches for detecting ground faults using insulation resistance
testers and ground fault detectors, there has been substantial integration towards enhancing
overall system safety and guarding against electric shock. Nonetheless, these methods
have been quite rudimentary until new technologies offered better alternatives. Al and ML
have completely transformed the domains of predictive maintenance and fault diagnostics
in solar PV systems [112]. It automates fault detection, allowing for faster intervention
while reducing human resource availability for most faults. Real-time data is converted to
information through pattern recognition for discrepancy detection and failure forecasting.
This advance in Al brings more autonomy and reliability to systems, besides optimizing
maintenance activities to ensure more uptime and efficient operation of solar PV instal-
lations. This method improves system dependability and productivity while optimizing
maintenance activities to lower operational expenditures. The integration of Al and ML
makes it possible to achieve higher solar PV system performance, durability, and efficiency,
which facilitates a shift towards sustainable energy sources [85].

5.2.2. Feature Extraction and Classification Techniques for Fault Diagnosis

Of all the areas of Al development that were previously mentioned, the most popular
ones among design, forecasting, control, and maintenance are discussed in great detail
in the literature. The components of cybersecurity are emerging and are viewed as the
expected developments of Al in the future for PV power systems. The improvements in the
working data of PV power systems have created the need for the development of Al to help
the systems automate the design, control, and maintenance processes aimed at improving
efficiency and minimizing response time. Such an approach motivated the research efforts
from a data-driven point of view to the study of Al in control systems of power engineering
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Maintenance

complex systems [113]. Figure 16 shows the relationship between the function and the
application of Al technologies in power systems employing different artificial intelligence
strategies, including design, forecasting, control, and maintenance.
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Figure 16. (a) Application of artificial intelligence for power systems; (b) Generalization of different
Al applications for the design, control, forecasting, and maintenance of grid-tied PV systems.

5.2.3. An Approach Towards Predictive Maintenance Using Data

Utilizing Al for anticipating machine failures involves analyzing both real-time and
past data. This approach facilitates early fault identification, minimizes machine downtime,
improves the optimization of maintenance windows, and enhances the reliability and
efficiency of the entire system. Predictive modeling can analyze power output trends
together with the temperature and electrical parameters to prevent failures from happening
and thus enhance system reliability as well as reduce downtime [114].

5.2.4. Techniques of Feature Extraction and Classification Used in Fault Diagnosis

Machine learning enables the classification of faults using assistive feature extraction
techniques with voltage, current, and temperature parameters. Extracted features are
divided into various fault classes that allow accurate identification of the faults [115].

5.3. Monitoring the Physical Condition Using Digital Twins

Real-time information is used to adjust a digital model of a solar PV system, known as
a twin in the context of a real twin. The monitoring, anomaly detection, and performance
simulation offer digital twins to proactively maintain and optimize solar PV plants [116].

5.4. IoT and Smart Monitoring Systems

The collection of data remotely from solar PV systems through the use of the Internet,
known as the Internet of Things (IoT), drastically enhances the monitoring accuracy of the
systems. Predictive maintenance utilizing IoT technologies enhances the efficiency of fault
detection and reduces operational costs [117].

5.4.1. Role of IoT in Real-Time Fault Detection

Performance monitoring of PV modules, inverters, and weather stations is performed
using IoT-enabled sensors with the ability to collect data continuously. These data-collecting
sensors send information to cloud platforms where fault trends and forecasts are analyzed
by Al With real-time fault detection, corrective measures can be taken instantaneously;,
therefore decreasing downtime [78].
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5.4.2. Cloud-Based Predictive Analytics for Grid-Connected Solar Plants

Solar plants use a cloud-based analytical platform, which enables the storage and
analysis of large datasets for predictive analytics. These platforms apply algorithms through
machine learning to predict faults, optimize energy generation, and suggest maintenance
periods. With the use of a cloud, solar photovoltaic systems can stay functional with little
to no manual work needed to be performed [67].

5.5. Fault Detection Methods for Predictive Maintenance

Integrated solar photovoltaic (PV) systems are paramount to the evolution of solar-
based energy systems. Just like any other electrical system, grid-connected solar systems
also have a few faults and failures that may affect their performance and reliability. Now,
with the increasing deployment of these systems, ensuring their sustained performance
over a long duration becomes the main concern [74]. The term reliability in the context of a
solar PV system refers to its ability to perform within nominal conditions for a given time.
However, it is important to note that most solar PV system failures can result from severe
environmental conditions, aging parts, electrical anomalies, and natural deterioration over
time and use [68]. Rather than waiting for a failure to take place and correcting it (as in
traditional maintenance), predictive maintenance attempts to monitor the condition of the
system and identify potential failures well in advance. This is achieved through sophisti-
cated tools like data analytics, artificial intelligence (Al), and the Internet of Things (IoT) [75].
These can identify minor damage before it proliferates into more serious problems, thereby
minimizing disruption and repair costs.

In [73], the authors made an intelligent system that implements machine learning
models for the recognition of different forms of failures within PV systems. Researchers
developed an algorithm related to solar panels in [118], coming up with the real-time
visibility approach. They formed a known set of monitored failure conditions and periodi-
cally evaluated system performance for fault detection. In [76], the Researchers proposed
dependability of PV inverters is significant and analyzed the performance of the invert-
ers, which are key components in solar systems, using statistical techniques and machine
learning. In [119], the authors suggested improved methods of defect detection involving a
hybrid method that integrates electrical and thermal measurements. This technique aids
in identifying overheating (hotspots) and other failures in solar panels so that corrective
actions may be taken with minimal delay. In [72], the authors developed a deep learn-
ing model that is trained on historical data to predict failures and optimize maintenance
schedules. In [69], the author proposed an abnormality detection method, while Fourier
transform feature extraction is applied for signal analysis of PV systems. In [120], the author
proposed a framework for remote monitoring and fault detection of large PV plants through
IoT devices to diagnose abnormal conditions in PV systems. In [121], the authors developed
a model competition strategy where several machine learning models were trained to find
the most efficient one for solar system fault detection. They systematically compared and
contrasted several models to select the most accurate fault detection algorithm.

6. Strategies for Enhancing the Reliability of Grid-Connected
Solar Systems

The reliability of grid-connected solar PV systems is increasingly being enhanced
through predictive maintenance, smart monitoring, and advanced protection schemes.
According to recent industrial case studies and academic reports, predictive maintenance
has been shown to reduce maintenance costs by approximately 25-30% and enhance energy
yield or system efficiency by 15-20%. While traditional methods such as thermography,
visual inspection, and I-V curve tracing remain relevant, the application of tools like A, ML,
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IoT, and cloud-based analytics has further increased system resilience while minimizing
costs and downtime. Table 14 provides a summary of fault diagnosis and predictive
maintenance techniques.

Table 14. The summary of fault diagnosis and predictive maintenance techniques.

Approach Key Features Advantages Limitations
Visual Inspection Manl{al checks for Simple and cost-effective T1me—con‘sum1n'g and
physical damage labor-intensive

Identifies hotspots and Requires thermal imaging

Infrared Thermography defective cells Non-invasive and accurate equipment
I-V Curve Tracing Assesses module performance Prov1des. elgctrlcal Reql.ures specialized
health insights instruments
Ground Fault Detection Detects insulation failures Enhances safety May not detect minor faults
Al-Based Fault Detection Uses ML algor.lthms High accuracy and Requires largg datasets for
for analysis automation training
Digital Twins Vlrt.u al modgl fqr real- Predictive and proactive High computatlonal
time monitoring requirements
IoT-Based Monitoring Sensors for cont.muous Real-time fault detection Internet dependency
data collection
Cloud-Based Analytics Remote fault diagnosis Scalable and efficient Data privacy concerns

The incorporation of grid-connected solar PV systems has been made more reliable
and efficient due to advancements in predictive maintenance and fault detection. Previous
techniques, including thermal imaging, panel inspections, and I-V curve tracing, are still
essential in problem detection. With changes in solar PV technology, intelligent monitoring
systems will need to be incorporated to maintain the sustainability of solar energy over
time. Operators will be equipped with new tools to enhance system performance and
mitigate risks while improving profits. A fault-tolerant PV system needs to be designed
if performance losses need to be minimized and maintenance costs reduced. Modern
PV systems should also be able to withstand environmental and electrical or mechanical
stresses that cause failure and system inefficiencies. Centralized inverters are vulnerable to
single-point failures. System reliability is increased as each panel can operate independently
with micro-inverters and power optimizers, thereby decreasing energy loss from partial
shading or module failures. Exceeding operating temperatures is a typical challenge faced
with solar photovoltaic (PV) systems, especially concerning inverters and power electronics.

Anti-islanding protection (AIP) is a pertinent security feature of grid-connected so-
lar photovoltaic systems whose primary purpose is to stop the generation of electricity
whenever there is a power failure or outage. In the event of an outage, if a solar system
continues to be active, it puts utility workers trying to restore power into risky situations
since systems may still be enabled to inject power into the grid. Anti-Islanding Protection
identifies system failures and automatically disables the active solar power inverter to
stop any unintentional electricity flow. Unlike the rest of the technologies, AIP employs
advanced detection methods that include frequency and voltage monitoring, passive and
active islanding detection, and rapid disconnection techniques. By disabling the capability
of solar photovoltaic systems to continue being supplied with power in the event of grid
failures, AIP enhances the security of the system and stability in the grid. PV systems may
be subjected to external effects such as grid surges and lightning strikes. Damages because
of these phenomena may be diminished by the use of Grounding and Surge Protective
Devices (GSPDs) for such instances. Discharge caused by lightning strikes may affect
the inverter, PV modules, and other system components adversely. Surges by voltage at
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different places in the system can be blocked by the sensitive electronics placed at critical
points. Table 15 highlights the Consolidated Strategies for Enhancing the Reliability of
Grid-Connected Solar PV Systems.

Table 15. Consolidated Strategies for Enhancing the Reliability of Grid-Connected Solar PV Systems.

Strategy/Approach

Key Features/Examples

Advantages/Benefits

Limitations/Challenges

Fault Diagnosis and
Predictive Maintenance

Visual inspection, infrared
thermography, I-V curve
tracing, ground fault
detection, Al-based
detection, IoT/cloud
analytics, digital twins

Improved fault detection,
predictive capability, and
lower downtime

Manual methods are
time-consuming; AI/IoT
requires high-quality data
and infrastructure

Design Improvements

High-quality materials,
micro inverter adoption,
advanced cooling
(liquid/air), fault-tolerant
architectures

Reduces wear and tear,
prevents overheating, and
minimizes single-
point failures

Higher initial investment
and complexity

Protection Mechanisms

Anti-islanding protection,
surge protective devices,
fault current limiters,
and grounding

Prevents unsafe islanding,
reduces lightning/surge
damage, and mitigates
short-circuit risks

Requires proper calibration
and investment in
protective devices

Maintenance Strategies

Proactive
(predictive/condition-
based) vs. reactive

Proactive: failure
prevention, long-term cost
savings; Reactive: lower
initial cost

Proactive: requires
monitoring investment;
Reactive: leads to costly

failures and outages

Future Research Directions

Al-driven fault detection,
Blockchain-based energy
transactions, and
digital twins

Enhanced monitoring,
security, transparency, and
optimization of O&M

High computational
demand, early-
stage adoption

6.1. Quantitative Analysis Tables for PV Faults and Diagnostics

In this section, analytical insights are presented in the form of quantitative information
obtained from several studies focusing on average energy losses, contributions to failures,
and diagnostic accuracies concerning grid-connected PV systems. Table 16 highlights the
typical PR and energy losses for major PV degradation/fault types, and Table 17 illustrates
the average level of accuracy in fault detection associated with three widely employed
diagnostic techniques: infrared (IR) thermography, electroluminescence (EL) imaging, and
electrical-signal analysis, based on numerous studies in literature. EL imaging stands
out in this group with a mean accuracy of 96.2%, as it is highly sensitive to detecting
microcracks, potential-induced degradation, and cell-level defects. IR thermography is
somewhat comparable. Although it is marginally less accurate, with 93.4%, it has faster
field applicability, while the electrical-signal analysis, due to the environmental effects on
signals and noise in the background, is cost-effective, but somewhat less accurate, yielding
an average of 90.1%. The reported standard deviations as well as the 95% confidence
intervals attest to the diagnostic approaches’ consistency and dependability across varying
field conditions of PV systems.
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Table 16. Typical PR and energy losses for major PV degradation/fault types.
Fault/Degradation Type  Typical Energy or PR Loss (%)  95% Confidence Interval References
Soiling (dust 3-10 +2 [70,71,102,108]
accumulation)
Potential-Induced
Degradation (PID) 5-20 +4 [56,83,92,105]
Hotspot faults 2-5 +1 [61,106,107]
Bypass diode failure 1-3 +1 [52,101]
Connector/combiner faults 2-6 +2 [77,80,88]
Table 17. Comparative fault detection accuracy across diagnostic techniques.
Diagnostic Technique Mean Accuracy (%) Standard Deviation Confidence Interval (95%)
Infrared (IR) Thermography 93.4 2.5 91-96
Electroluminescence (EL) Imaging 96.2 1.8 94-98

Electrical-Signal Analysis

90.1 3.0 87-93

6.2. Review Methodology and Data Synthesis

For the sake of clarity in the quantitative synthesis in Tables 15 and 16, means and stan-
dard deviations were either taken directly from the studies included or calculated from the
available figures. Using a random-effects model, the pooled estimates and 95% confidence
intervals (Cls) were determined. Variability across the studies was taken into consideration.
Sample-size weighting was utilized so that larger studies proportionately contributed more
to the pooled estimates. The heterogeneity across the studies was evaluated by counting
the studies that contributed to each row and, where appropriate, computing the I? statistic.
This process of combining studies is clear and reproducible, providing the readers with
confidence in the reported pooled PR/energy losses and diagnostic accuracies.

7. Discussion and Future Directions
7.1. Summary of Key Findings

Like any system, grid-connected solar photovoltaic (PV) systems are critical in clean
energy development and are subject to faults and failures that affect overall performance
and safety. This review discussed the existing faults in solar PVs, the types being: solar
panel-associated faults, electrical faults, inverter faults, grid faults, and environmental
faults. These faults lead to power losses but also constitute a range of severe hazards,
including fire risks, electric shock, and equipment damage. Solving these problems for good
fault detection methods, predictive maintenance strategies, and reliability improvement
actions are required. Routine diagnosis methods, such as infrared thermography, I-V curve
tracing, or ground fault detection, still hold merit in overcoming system failure. However,
modern methods that utilize Artificial Intelligence (AI), machine learning, and IoT have
further advanced the reliability and accuracy of fault diagnosis as well as predictive
maintenance. Moreover, real-time anomaly detection and predictive analysis improve
system reliability and reduce operation costs. Furthermore, advanced protection schemes,
proactive maintenance, and fault-tolerant designs greatly improve the stability of grid-
integrated solar PV systems.
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7.2. Opportunities and Challenges for Future Research

There has been considerable progress made in autonomic fault diagnosis and predic-
tive maintenance; however, the reliability and efficiency of grid-connected solar PV systems
remain a challenge. One of the major challenges includes the high cost of monitoring
systems that employ Al analytics and IoT-based applications. Many small to medium-scale
solar installations do not have the financial capabilities to implement these technologies,
which hinders their ability to proactively monitor and manage faults. Future efforts should
seek to create more affordable diagnostic devices that can be incorporated into pre-existing
solar power infrastructure. Remotely hosted and cloud-based diagnostic tools can also
significantly overlook the challenges involved with data interpretation, as these all-in-one
solutions provide complete systems. For Al and machine learning models to deliver accu-
rate predictive maintenance algorithms, trained datasets must be large. Unfortunately, there
is substantial difficulty in attaining high-fidelity labeled data for specified fault scenarios.
The gaps in data collection techniques and the lack of standard datasets are impediments to
effective fault detection modeling. Finally, increasing the explainability and transparency
of Al-enabled diagnostics will enhance trust and reliance on automation-assisted fault
detection systems.

Adding renewable energy sources to the power grid brings more issues concerning
grid stability and coordination. With an increased share of solar power, grid operators
need to enhance control strategies for managing voltage disturbances, frequency shifts,
and power quality issues caused by faults in PV systems. Research is also needed on
intelligent grid integration techniques such as smart inverters, microgrid systems, and
diffuse adaptive control algorithms to improve the power system resiliency of solar PV
installations. Another possibility includes real-time condition monitoring using digital
twins. Digital twin technology refers to the automated production of PV system replicas
and their performance simulations under preset scenarios. Operators can constantly update
the digital twin with data to predict failures and optimize maintenance and overall system
performance. More work is needed to validate the digital twin model parameters for solar
PV systems to ensure proper diagnosis.

7.3. Recommendations for Policies and Industry to Enhance the Reliability of Grid-Integrated Solar
Power Systems

Policymakers and stakeholders in the solar energy sector should adopt multidisci-
plinary approaches aimed at solving reliability adoption issues for grid-connected solar
photovoltaics. Government policy should offer incentives aimed at encouraging the adop-
tion of modern predictive maintenance and monitoring systems. Tax credits and grants
can enable small solar power operators to employ IoT monitoring and Al fault detection
systems. Methodology standardization for fault detection and performance evaluation
across the solar value chain should be the next important step. Regulators should de-
velop data collection, fault type, and maintenance procedure standards to ensure that
the diagnosis and healing of PV system failures are well performed. From an industrial
perspective, the focus should shift towards making more reliable and rugged solar compo-
nents. New material technologies like self-cleaning solar panel coatings and better thermal
management for inverter components could increase the lifetime and performance of PV
installations. To accommodate the growing consumption of solar energy, utility companies
and grid operators need to implement sophisticated grid management techniques. The
implementation of demand-side management, energy shifting, and distributed generation
mitigates the effects of PV system faults on the grid. Advanced solar power integration
will largely depend on smart grid infrastructure with pre-/post-mortem self-healing and
fault detection disk functionality.
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8. Conclusions

The integration of solar photovoltaic (PV) systems into power networks is progressing,
and so is renewable energy generation. However, the reliability, efficiency, and safety of
grid-connected solar PV systems are constantly under scrutiny because of the different
faults and failures that may occur. This review has given a thorough assessment of the
most concerning issues of PV systems, which include panel degradation, electrical faults,
inverter failure, and grid malfunctions. These flaws result in low energy conversion and
high-power loss while also creating dangerous conditions of fires and electric shocks. Thus,
accurate fault identification and predictive maintenance strategies should be developed if
system performance and the life duration of solar PV systems are to be improved. Common
diagnostic procedures like infrared thermal imaging and IV curve analysis are proactive
and identify system abnormalities, but do not provide preventative assistance. Most of
the time, these techniques find problems only after they have already damaged system
functionality. There needs to be a shift towards advanced fault detection and predictive
maintenance solutions to keep up with the rise in demand for solar energy. Moreover, the
sustainability of solar PV systems requires continuous innovation and research in fault
detection methodologies to make them reliable. The implementation of drones for thermal
imaging, electroluminescence imaging, active I-V tracking, and others can solve the problem
of hybrid detection by automating defect detection. Also, inverter producers and suppliers
have begun implementing self-diagnostic functions that recognize abnormal behavior
and start self-defense actions. With technological progress comes the necessity for policy
frameworks and regulatory standards to be adopted in support of maintenance forecasting
and fault prediction in Solar PV systems. Capture markets with so-called smart monitoring
systems and sponsor the development of intelligent energy management systems. Along
with researchers and solar stakeholders, utility companies need to work together to develop
standard failure classification systems that complement fault identification and system
protection. In summary, grid-connected solar PV systems will need sophisticated fault
monitoring, predictive maintenance, and monitoring for everything to work together
seamlessly. Helping with predictive maintenance will improve the efficiency, reliability,
and safety of solar PV installations, keeping them sustainable long-term. With these
techniques, solar energy can keep transitioning toward a resilient, clean, and sustainable
energy future.
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