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Abstract

Recently, detection and identification of faults in photovoltaic (PV) system applications have been attracting researchers
worldwide. Some of them have investigated the causes of potential faults, have worked ow to monitor and identify the
faults through fault diagnosis, and have elaborated on how to develop problem-solving methods for the early detection of
faults in PV system operations. This paper attempts to provide information comprehensively from the previous research. It
summarizes types of faults, methods used in early fault identification and monitoring, and PV fault prevention and
protection systems. The paper also investigates [uture trends in PV system fault diagnosis which include real-time
implementation. The paper is expected to bring new perspective about the literature associate with fault studies in PV
systems. This survey will be beneficial for the future discussion on how to provide comprehensive solutions for PV system
fault problems. It will help 3avoid research repetition on similar topics and focus on the improvement and performance

development of PV fault diagnosis methods.
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1. Introduction

The utilization of solar energy for electricity and heat energy
sources has increased significantly over the last decade. More
specifically. photovoltaic (PV) systems have established an
important role in the electricity energy sectors by contributing
more than 10% electricity energy supply nowadays. There are
many reasons that grid connected PV systems are
proliferating. such as reasonable cost of installation along
with fast energy and investment payback that includes
possible incentives to cuffiners. In this case, continuous
output energy production needs to be confirmed in order to
satisfy the cost benefit analysis of PV installations. Due to
high growth of PV system capacily on grid systems
worldwide, the PV system technology is getting mature and
competitive in the power market. Therefore, the optimization
of PV operations in terms of reliability, efficiency and
maintenance including the fault management will be the main
focus of PV system engineers.

However, like other power generation systems, fault
conditions are also inevitable in PV systems and will be one
of the main challenges to be solved. Such challenges include
how to maintain reliability and reduce power and energy
losses of the systems. Faults that might be found in off-grid.
on-grid and hybrid power systems can be defined as the
failures that occur in the solar cell panel and system
components, such as power converters and wiring
connections [1]. Faults in PV systems can potentially occur
anvtime during their operation and are sometimes late to be
detected or can remain undetected [2]. The existence of faults
like arc faults and ground and phase faults which continue in
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the system for extended time periods might influence the
power and energy output conversion. Such faults could also
affect the safety and reliability of the overall system
performance.

There are many potential faults that may appear in PV
systems. The causes of faults might be accumulated since the
PV panel systems are exposed to the harsh open-space
environments. An important factor in the life time operational
limit is where the solar cell material composing the PV panel
undergoes deformation and aging in unexpected conditions.
The cause @@he aging material problems could be from
component interactions, environmental factors and human
errors in design, manufacturing, installation and maintenance.
In general, PV manufacturers have set the life time operation
of PV panels to 25 years, but the output power performance
starts degrading before the economical operation time due to
faults that frequently oceur. It is important to implement aging
management schemes in order to reduce downtime, to
enhance safety and to increase reliability margins [3].

Careless handling and misconnection of wiring systems
during the installation could not be denied as another
prominent causes of operational PV system faults. With
regards to this point, an incorrect polarity connection of a PV
panel output could potentially lead to a short-circuit condition.
Likewise, weak wiring joint connections may lead to an open-
cirenit condition. These types of wiring faults are commonly
identified in PV panels. [4]. With the use PV technology
increasing, the tial hazards related to these faults need to
be decreased. Short-circuit and open-cirfdit faults are
identified as important causes that reduce the output power of
PV systems. The inappropriate installation, lack of
maintenance, and material aging effects may directly increase
the chances of arc fault conditions. If an arc fault
unknowingly occurs, it will be dangerous for the building as
well as the PV system facilities since it leads to a fire hazard.
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Therefore, it is important to have early warning systems for
these faults in order to have safe and reliable electricity supply
[5]

All in all, the most discussed causes of potential PV faults
are the partial shading of PV modules. Partial shading occurs
when some cells receive less intense sunlight compared to
others due to sunlight being blocked by building, other objects,
or dirty panel surfaces. I§[0lis respect, there will be
mismatched operation of solar cells where the output
performance of individual solar cells in series is not the same.
The cells made unhealthy by shading or dirt may block the
output of healthy cells leading to the reduction of total output
power. Besides the drop in power caused by decreased
sunlight, the shading problem can create hot spots that further
reduce PV performance and lifetime [6]. In this case, the
impact of shading might be reduced by using additional
converters optimized for this situation.

Damage to unshaded cells caused by hotspots associated
with shaded cells also needs to be considered. For long term
operation, the cascading effect of heat surrounding the
unhealthy cell will atfect the neighbouring cells which could
be still healthy. As a result, the solar panel may be totally
damaged due to a small hotspot problem caused by faults that
occur because of partial shading. Hotspot problems can be
identified through non-uniform temperatures appearing in a
solar array. To detect this non-uniform surface thermal
distribution, the PV module can be scanned using infrared
thermography [7]. In this rc@l, the potential of hot-spot
problems can be investigated to improve the reliability of PV
systems [8].

Recently. the rooftop installation of solar panels is widely
spreading as a part of integrated PV systems. Thermal stress
as well as mechanical stresses such as shear and normal stress
are potential causes of faults that need to be studied to provide
a theoretical basis for PV module reliability [9]. Because PV
rooftop installations have limited access for inspection and
maintenance, a fault diagnostic method for these systems is
compulsory in order to avoid potential faults in every section
of the installation [10]. Fires in rooftop building integrated PV
systems have occurred because of undetected ground faults
found in fuse-based protection systems [11]. Therefore.
special attention needs to be given to identification of such
faults for accurate and immediate responses. Such responses
provide early waming information for anticipating potential
severe faults. In addition, concems about electric shock and
fire risk related to rooftop PV system installation, operation
and end utilization has been intensively discussed for
residential safety purposes [12]. The voltage output from six
modules connected in series may cause serious health
problems and potential death. Also, potential fire risk could
occur from the short circuit conditions. Designing safety
standards and guidelines for roofiop PV installations is highly
recommended to increase their safety and security.
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Fig. 1. Previous paper of PV fault studies in scientific literature
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Early waming system for fault detection of PV systems
may improve their performance in terms of reliability.
efficiency and safety. For these reasons, it is highly important
to investigate methods available in scientific literature to
identify, locate and sort the potential fault locations and
determine l} and causes of PV faults. A comparison
between PV fault detection methods is provided to identify
the benefits and drawbacks of real systems from different
engineering feasibility points of views and the possible
implementation constraints. A large number of methods for
PV system fault monitoring, identification and diagnosis have
been published in the literature. As shown in Figure 1. there
are an exponentially increasing number of publications relate
to fault studies of PV systems between 1998 and 2018
indicating it to be one of the hot topics for discussion by PV
engineers worldwide.

Fault problems in PV systems can disrupt normal
operation and impact the power and energy losses. However,
the @BRction and identification of faults are difficult due to
the non-linear characteristic of PV systems. To expect the
smooth functioning of PV systems, the common discussion
related to the fault diagnostic and identification of PV systems
is the methods of detection, type of faults and the fault
locations [13]. By investigating previous beneficial studies,
this paper summarizes and discusses the various types of PV
system faults and their impact (Figure 2). This includes
monitoring and identification methods based on problem-
solving approaches. Implementation of real-time fault
diagnostics for PV sysiems as parts of the early warning and
identification systems is also explored.

| Fault Diagnosis of PV Systems \
. Grid- i
Computational Aﬂvan_ced Connected BV Irnage_
Methods Overview Processing
Systems

Fig. 2. Structure of fault diagnosis review of PV systems

2. Computational Methods @ Fault Diagnosis of PV
systems

The computational methods found in literature regarding the
fault identification and diagnosis of photovoltaic system can
be classified into statistical approaches, intelligent methods,
hybrid computational methods including soft computing
systems and other conventional methods (Figure 3). These
methdBl try to solve the non-linearity aspects of PV system
faults in order to identify the type of faults and fault locations.
A previous paper review has shown that there is considerable
uncertainty in the identification of PV system degradation
rates. This uncertainty depends on factors such as
measurement tools, the data classification and filtering
criteria, index measuring performance and statistical
approach [14]. Amongst the methods investigated, linear
regression method is the most popular but shows the high
variation and uncertainty. The autoregressive integrated
moving average (ARIMA) method is less popular but it yields
low variation and uncertainty. More detailed discussion can
be obtained in the following section.
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Fig. 3. Computational methods in fault diagnosis

2.1 Statistical Methods

Statistical methods have been adapted as the prominent
solution for classification and detection of PV system faults
(Table 1). The k-nearest neighbours rule has been used in the
classification and rcgrcssionr string connected fault
identification and diagnosis of PV systems [ 15§3his method
is comprehensively able to detect and classify differen{@}pes
of faults in real-time, such as open circuit, line to line faults,
partial shading with/without bypass diode faults and partial
shading with inverted bypass diode faults. In addition, a:
proposed method accurately traces the performance of PV
systems at different insolation and temperature level§Zin
comparison to this method, shading problems and fault
detection on the DEFfde of a grid connected PV system are
investigated with exponentially weighted moving average
(EWMA) control chart. The EWMA method was able to
identify the parameter changes between the fault and normal
condili [2]. The mechanism is to recognize the normal
output parameters of 'stem, such as maximum power,
current and voltage under different irradiafgs) and cell
temperature. The residual, the dilference between the
measured and predicted output from the single diod el.
is taken as the fault indicator of PV systems. Then, a EWNMA
chart is utilized to monitor the non-correlated residuals to
idcn'y the type of fault.

For monitori rformance of PV systems. the statistical
approach based univariate and multivariate exponentially
weighted moving average (EWMA) BEEBts approach is again
utilized to identify and diagnose the faults on DC side of PV
system [16]. A deviation number of electrical parameters of
PV systems under fault and normal conditions is determined
as the fault indicator. In fact, the proposed multivariate
EWMA cannot identify the fault types, unless nivariate
EWMA scheme is deployed later to identify the short-cire
open-circuit and shading faults. The monitoring capability of
faults in PV systems is improved through the enhanced
methods of statistical l‘ai]udcntiﬁcalion 17]. The target of
the proposed method is to reduce the fal§Z8larm and missed
identification rates by deploying the multiscale-weighted
generalized likelihood ratio test (MS-WGLRT) method. The
reason for this approach is the multiscale nature Bl provide
better robustness to noise and monitoring quality compared to
the m:pcndcntly generalized likelihood ratio test method.

Automatic detection and diagnosis of possible faults in
grid-connected PV systems based on statistical methods
considering climate data and electrical parameters are
presented as another alternative [1EEThe algorithm of fault
detection based statistical t-test is to compare the measured
and ideal output power, while the location of fault is
determined from the measured and ideal values of DC power
to voltage ratio. This method is effectively used to identify
different faults in PV panel, PV string and MPPT controller.
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Memﬁ]e, similar statistical methods of t-lests and [-tests
are used to investigate the effect of cracks on PV panel
electroluminescence measurements [19].  Measurement
results indicff)that not all types of cracks have significant
reduction of output power production of PV panels.

Table 1. Summary of statistical methods

Methods Purposes Tasks Refs.
Exponentially Early Shading of PV modules 2
weighted detection and faults on the direct
moving current (DC) side
average
(EWMA)
k-nearest Real-time acn circuit, line to line 15
neighbors rule classification | faults, partial shading

& detection with/without bypass
diode faults and partial
shading with inverted
bypass diode faults
Univariate and | Detection & | Monitor the  direct 16
multivariate diagnosis current (DC) side
A
Multiscale- Monitoring Reduced the false alarm 17
weighted & detection and missed
generalized identification rates
likelihood ratio
test (MS-
WGLRT)
Statistical t-test | Automatic Faults in grid connected 18
detection & | PV systems
diagnosis
Statistical t-test | Identification | Effects of crack on PV 19
& f-test cells

2.2 Intelligent Techniques
Intelligent techniques are the most popular methods for
solving any engineering problems nowadays, including the
problems of identification and fault diagnosis in PV svstems.
The noticeable advantages of these methods include symbolic
reasoning, flexibility, and the ability to exff@in results. They
are also able to analyze and identify non-linear, large,
plex and even incomplete data patterns. Compared with
standard linear models for optimization methods, intelligent
computational methods have compact solutions for multi-
variable problems without requiring f@bwledge of intemal
system parameters. For these methods, only a training process
is required to directly determine the output parameters. These
solutions are obtained without solving any non-linear
mathematical equations or making statistical asptions as
in the conventional optimization methods. A summary of
intelligent methods application is ffvided in Table 2.

Amongst the methods, the artificial n network
(ANN) is the most fundamental model used to detect and
class faults occurring in PV systems [20]. The method has
been used for detecting partial shading faults in PV systems
under different input scenarios [21]. Both studies are actually
comparing the output current, voltage and maximum power
point between the ideal model and output estimation from
neural network. The use o s is also recognized for
monitoring and diagnosing of real-time PV plant management.
An ANN knowledge-based diagnosis system has capabilities
to eslimal.e key components that can aid in damage
prevention, extend critical components life-time, improve
overall system performance and reliability, minimize off-line
analysis effort and maintenance costs, and allow remote plant
monitoring, diagnosis and evaluallij [22].

[ntelligent technique based machine learning methods
have been approached for fault dcon and diagnosis. This
could be the prominent solution for fault de in PV
systems. An example would be using a decision tree
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algorithm applied to grid connected PVfR}stems [23]. A
learning method based non-parametric model is used to
predict the performance of PV systems, while a data set under
different climate conditions is collected through acquisition
system, The target of this study is to estimate whether the state
of PV system is in either normal or faulty conditions. The
faulty conditions are classified as string, short circuit or line-
line faults. The testing results indicate the high prediction
performance and accurate diagnosis that imply the robustness.
effectiveness and efficiency of proposed method.

Identifying a fault condition in PV systems is quite tricky
because the non-linear characteristic of the system outputs is
highly susceptible to climate conditions. For PV system
diagnostics, common potential problems exist regarding the
performance, modelling and sampling of experimental data.
The performance is sometimes not satisfied due to the lack of
monitored fault information. The appropriate model is not
reached due to less efficient data collection for model training.
Also, it is quite difficult to obtain the fault data samples from
field experiments. Therefore, the new approach of fault
detection based machine learning methods is introduced using
a vector of seven dimensions based on the [-V paramet
response to environmental conditions. This vector is
proposed as the input to the fault diagnosis model, using the
emerging kernel based extreme leasdng machine (KELM).
KELM is characterized as having extremely fast ming
speed and good generalization performance. The Nelder-
Mead Simplex (NMS) optimization method is utilized to
optimize the KELM parameters which Bhfluence the
classification performance [24]. Through simulation and
experimental results, the optimized KELM approach for fault
diagnosis of PV systems is highly accurate, reliable with
improved generalization performance.

With high efficiency being the main target of PV system
development nowadays, there is a trend to increase in PV
plant capacity. The provision method for PV faunlt
identification is an important tool in the effort to increase the
PV system efficiency. l|1is case, the meta-heuristic
optimization techniques, such as Genetic Algorithm (GA).
Tabu Search (TS) algorithm and Grey Wolf Optimization
(GWO) are ed as the fault diagnostic tools to detect and
classify the open circuit and short-circuit faults under non-
uniform distribution of sunlight intensity and temperature
[25]. These methods have achieved successful identification
and localizatiof @ fault types under different testing
scenarios. The Improved Real Coded Genetic Algorithm
(IRCGA) is another meta-heuristic optimization é’oach
that can be used to det@f@localize and distinguish the open
and short-circuit faults under non-uniform sunlight intensity
and temperature distribution [26]. After extensive simulation
performance, the IRCGA method accurately estimated the
possible fault location and type of faults. Providing eflicient
and effective fault diagnosis methods is necessary to ensure
the continuous power production in PV systems.

A wavelet modification fEdhod called wavelet packet
transform (WPT) can be used to detect the different of
faults in grid connected PV systems [27]. The research results
show that the performance of the WPT method is better than
the conventional wavelet transform in detecting faults from
normal operation conditions under different testing scenarios
measured by the energy output and standard deviation
performance index. In comparison, the wavelet transform
method in [28] uses an approach to avoid several problems in
conventional fault detection svstems. This method reduces the
need for additional hardware and sensors that impacts the cost.
The method is also less dependent on changes in inverter
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specifications. The diagnostic function design of this m{Eg)
level decomposition wavelet method is based upon the
normalized standard deviation of the wavelet coefficients. It
is shown to be highly efficient and accurate in detecting the
fault location including in the inverter. In addition, the
proposed method is verified through simulation and
experimental results.

Table 2. Summary of intelligent computational methods

Methods Purposes Tasks Refs.
Artificial Faults in general 20
MNeural Detection & Partial shading patterns 21
th\_“_)rk diagnosis . .

Decision  tree Faults in grid connected 23
algorithm PV systems
Optimized Diagnosis Improvement model in 24
kemel  based fault studies
extreme
leaming
machine
(KELM)
Meta-heuristic | Diagnosis & | Location and types of | 25
optimization identification | open-circuit and short-
é.lil (SC) fanlts
Improved Real | Diagnosis Location and types of 26
Coded Genetic | strategy open-circuit and short-
Algorithm circuit (SC) faults
Detection & | Normal and fault 27
Wavelet . s .
identification | conditions
transform Detection Fault  locations  and 28
algorithm inverter components

2.3 Hybrid Computational Techniques

No single computational technique has been found to be
superior to others in all conditions. Therefore, hybrid
computational paradigms are currently trending as proposed
methods for solving real engineering problems including PV
system fault diagnostics. In this respect, the strengths of the

hybrid components are taken while eliminating the
weaknesses of individual components, The hybrid
computational techniques in this case could be the

combination of a statistical approach and intelligent
techniques or a conventional method and intelligent
techniques (Table 3
For instance, the Adaptive Neuro-fuzzy ]nferencmtem
(ANFIS) is actually the hybrid paradigm between the artificial
neural network and fuzzy logic systems. If the systems get
more complex and non-linear, the implementation of fuzzy
logic is more difficult and requires extra computational time
to determine the appropriate fuzzy rules and proper
membership functions, In addition, although the fuzzy logic
system has the reasoning capability, it has no ability to leam
and to adapt. Meanwhile, the conventional artificial neural
network needs extra computational efforts and is less
effective and more complicated when the data structure gets
more complex and the number of data patterns increases.
Nevertheless, the artificial neural network has the ability to
leam and adapt to the variations in input-output data.
Therefore, the ANFIS network provides the benefits of both
methods to end up with the one powerful method for the
rediction, estimation and control of dynamic and complex
bems in engineering problems. Related to this method, the
Multiclass Adaptive Neuro-Fuzzy Classifier (MC-NFC) is
usedZ fault detection and classification [29]. In this case,
the Adaptive Neuro-fuzzy Inference System (ANFIS) is
developed to improve the performance of automatic fault
classifier based fuzzy logic. The proposed method has better
accuracy compared to the Artificial Neural Networks (ANN)
classifier in terms of fault classification tasks.
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The hybrid leaming algorithm called extension neural
network, which combines the extension distance from
extension theory and neural network process, is applied to
detect the islanding condition in PV systefZ§30]. In this case,
the neural network process includes leaming, recalling,
generalization and parallel computing characteristics of a
neural network (NN). The proposed method is able to
correctly identify different fault signals during intentional or
inadvertent islanding conditions.

In other cases. the neuro-fuzzy approach is used to
calculate sets [BE)parameters under different measurement
scenarios [31]. In this study. the status operation of PV system
is determined by the evaluation and comparison of norms
based on sets of parameters. The metho able to use a
threshold value to distinguish between the normal and faulty
conditions in the existence of noise and dfflirbances.

Another hybrid combination between neural network and
fuzzy logic system is proposed for fault identification based
upon radial basis function neural networks and fuzzy logic
systems lhal both Mamdani-Sugeno fuzzy types [32]. The
simulation results indicate that the proposed method
accurately to dclccaand locates different types of faults. for
instance faults in PV module, two faulty PV modules and
partial shading faults. Different artificial neural networks are
tested in order to obtain the high accuracy performance, while
the performance both type of fuzzy systems is similar. The
only difference in different fuzzy system implementations is
the representation of rules and output membership function
for fault detection. In another study diagnostic parameters and
fuzzy logic rules are developed based on system current-
voltage characteristics. These were used to detect different
fault types, such as shading problems. losses in series
resistance and degradation potentials [33]. The advantages of
fuzzy logic are no required accurate description of the system
to be controlled and no need to compensate for wide
parameter variations which is unlike the standard regulators.
In this respect, an algorithm that combines a third-order
polynomial function and classifier fuzzy logic system may
increase the PV system fault detection accuracy. It has been
shown that such a system could be developed using
parameters of voltage and power ratios during faults. The
detection limits for these parameters are classified with the
fuzzy logic method [34], [35].

Nowadays. smart monitoring and modem data acquisition
can be readily implemenf] due to the availability of
advanced devices, such as such as sensor networks, smart
combiner bo and smart inverters. Thus a monitoring
system based pre-filter Elman Neural Network and decision-
making rmles are introduced as the identification and
classification methods for open-circuit and partial shading
faults [36]. Both the pre-filtering technique on linnscrics
input and the modification decision making increase the fault
detec apability of PV systems. In addition, the utilization
of the improved radial basis function (RBF) kernel extreme
learning machine (ELM) optimized by simulated annealing
algorithm is proposed for faul {fflection [37]. In this case, the
simulated annealing method is carried out to optimize the
RBF-ELM model. The simulation results show that the
[posed method can be fast and accurate in detecting
different types of faults, such as short circuit, aging material
and partial shading.

Accurate monitoring of parameters in grid-c{ficted PV
systems, such as grid voltage and frequency, voltage and
current of the AC and DC converters. as well as climate data
such as temperature and irradiance, influences the reliability
of energy supply. A monitoring method that combines
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statistffl}) optimization and identification techniques based
upon Exponentially Weighted Moving Average (EWMA),
multi-objective  optimization (MOO) and wavelet
representation, respectively is developed using Wavelet
Optimized EWMA (WEBEWMA) [38]. The target of this
method is to minimize the missed detection and false alarm
rates which are determined by the MOO method. A]lhon1
the developed monitoring technique is {llite complex, the
proposed method is able to identify both single and multiple
faults including bypass diode, mismatching losses and

shadin lts.
aults occurring in the grid connected PV systems, a

new parallel algorithm is introduced to detect the faults on the
DC and AC sides utilizing data measurements evaluated with
t-statistical analysis methods [39]. Different scenarios are
deployed and simulated using virtual instruments-based
LabVIEW software. These scenarios include variation in
operational status, sunlight intensity and cell temperature as
well as a variety of voltage and power ratios for a PV string
connection. More complete types of [aults can be detected
using this method, for instance faults on PV panel. string
connection, bypass diode. MPPT controller and power
DC/AC converter.

Table 3. Summary of hybrid computational methods

Methods Purposes Tasks Refs.
Adaptive Detection & Faults in general 29
Neuro-fuzzy classification
Inference
System
Extension Islanding problems 30
neural network
Neuro-fuzzy rmal and fault 31
approach ditions
RBF-fuzzy faulty PV module, two | 32
logie faulty PV modules and

. artial shadin
Third order Detection r:ar:lmclcr Ifchil\'i()urs 34,
polynomial during faults 35
function &

classifier fuzzy
svslems

log

t-test & parallel faults on the DC and | 39

algorithm AC-sides of gnd

nected PV systems

Elman network | Monitoring partial shading due to 36

& Decision | & data tree leaves or dirt

making rules acquisition dropping, and open
circuit faults

RBF-ELM Diagnosis short  circuit.  aging 37
material  and  partial
shading

Wavelet Monitoring missed detection  and 38

Optimized (false alarm rates

EWMA

2.4 Other Simulation Methods

The mismatch of different 1-V characteristics lead to
significant power loss of PV systems. These losses are shown
to depend on the maximum power point voltage, current and
cell fill factor in critical level [40]. The early detection of PV
system degradation and failure modes is highly important to
increase the system reliability. The degradation of long term
electrical performance and failure modes such as cracked and
deformed cells are investigated through the [-V curve
estimation. This investigation was done under unpredictable
weather conditions in @en area [41]. In other cases, the
electric and thermal characteristics of PV module are
investigated during partial shading condition and bypass
diode damages [42]. The behaviour % systems under fault
conditions is evaluated through the I-V curve methods from
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the i) model and empirical data. The obtained results show
that the open circuit voltage of damaged bypass diode is a
litt|@E B eher than the when partial shading occurs. Meanwhile,
the temperature of the junction box due to shading problems
is higher than when bypass diode damage occurs. However,
when the PV module is not operational because of bypass
diode damages, extremely high temperatures might be
observedfilthe PV module junction box.

The local outlier factor (LOF) method is utilized to
identify fault conditions by comparing the parameters
between fault and normal conditions. A conventional LOF
method can properly identify underperforming strings using
PV string current since that curren{Ziicharacterized as non-
stationary stochastic. However, the LOF value changes with
the value of PV string current. ftefore, the method is not
suitable to determine the degree of fault which consequently
influences the accuracy of the fanlt evaluation. In this case, a
modified LOF algorithm is introduced and claimed to have
better performance than the conventional one. The improved
performance was verified based upon several simulations and
testing on a real PV system [43]. A time series sliding window
of photovoltaic string current can also be utilized to identify
fault types and locations [44]. In this case the LOF of the
localized strings is continuously calculated. A fault is
determined when the LOF of a string exceeds at threshold
value. This method is claimed to accurately detect open
circuit, short circuit and shading fault conditions.

The study to increase PV system efficiency under non-
unifoffll insolation and partial shading fault is proliferating
[45]. In this case, the behaviour of PV system dunng normal
and faulty conditions is analysed and optimization ods
emploved to approach the real performance of PV systems.
The performance of PV systems under different partial
shading scenarios and faulty condition is investigated with

different array connections and measurement parameters [46].

The effects of shading problems of string PV systems have
been simulated, validated and analysed with Ltspice IV
software [47].

Table 4. Other simulation methods in fault diagnosis

Methods Purposes Tasks Refs.
Early Cracked cells and 41
identification hysical material

e
I=Viciiive Simulation ial shading or witha | 42
damaged bypass diode
Detection Partial shading and hot 6
spot problems
Detection & | Degrees of fault and 43
evaluation location
LOF Detection Open  circuit,  short 44
circuit and shading fault
conditions
Lispice Simulation of | Effects of  Partial 47
Software I-V curve ing
Sensors Fault Circuit and short-circuit | 50,
reduction identification | faults, including the 51
partial shading condition
Extension Modelling & | Fault types and analysis 52
diagnosis simulation

The performance between no-fault and fault conditions of
PV system is defined based on the estimated energy losses
. The type of faults in this case are long and short term
zero efficiency faults, shading problems and non-zero
efficiency with non-shading faults. The ouiput power
performance of PV system is investigated during the shading
problems and inverter faults [49]. In this case, when operating
in MPP mode the maximum power under shading and non-
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uniform insolation conditions is lower than the normal
condition. This power difference can be U.SCG{S a fault
indicator. However, when the load is reduced the voltage ratio
can be used instead. Meanwhile the inverter ts can be
monitored using an output power profile flor a switch stuck
open the output power will be zero. For a switch stuck on the
output power will have a sinusoidal wave appearance.
Shading problemsm’v systems produce high impact on the
power production but also create hot-spots that may lead to
reduced PV performance and lifetime. One method of
mviding credible shading identification is by the comparison
of 1-V curves during the normal and shading conditions
measured. The derivative of this error over voltage can
determine if 0 more cells are dissipating power [6].
Moreover, studies to improve the efficiency of PV system
during non-uniform irradiance and [}t conditions are
gaining much attention. One method to dimuish open-
circuit and short-circuit faults. including the partial shading
conditions, is introduced based on the operating strf&livoltage
and temperature [50]. This approach is taken to reduce the
number of sensors and thereby reduce the cost of the
monitoring  system. An open-circuit and  short-circuit
identification method using reduced sensors can be simply
presented for the cases of string connected PV systems [51].
Only three sensors are needed., ie. the pyranometer,
temperature and DC power meter, in the proposed fault

diagnostic systems.

dlr‘lablc 4 summarizes the other modelling simulation
methods in f iagnosis of PV systems. Modelling and
simulation of PV systems is important factor to understand
the behaviour of system under normal and fault conditions.
Variations in electrical parameters associates with changes in
climate conditions can be observed from the simulation
results. These data then processed with standard
algorithms such as the extended correlation function and the
matter-element model [52]. This method is called the
extension diagnosis method and can identify a PV system
fault accurately. Also, a PV system fault detection method is
implemented using parameter modelling of electrical
characteristics and the energy balance cqua@ [53]. To
obtain these parameters, some factors such as total effective
solar energy, total heat exchange coeflicient and ambient
temperature are calculated based on the temperature
monitored in a thermal camera. Variations in data monitoring
results might indicate if the PV system is either experiencing
a fault or operating under normal conditions.

3. Advanced Overview of Fault Diagnosis in PV Systems

The research of PV systems is promaling in conjunction
with their increase in complexity. The reliability of gnd-
connected PV systems with regards to their normal and safe
operation is one of the main considerations for their
development. Reliability, maintenance and operational costs
are always major concerns to increasing the percentage of PV
systems connected to the grid. Provisions for early and highly
accurate identilication and diagnostic methods of faults in PV
systems, such as shading problems, cells material degradation
and supporting components faults, may prevent extensive
maintenance and power losses thus izing the costs.
Early and accurately waming systems for fault detection and
diagnosis are very important in this respect to avoid the
potential dac of PV plants due to the risk of fire and to
increase the system efficiency and reliability [1]. Again, the
fault detection is essential to maintain the reliability,
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productivity, safety and efficiency [2]. Therefore, it is
important o have fault detection techniques with fast
response and high accuracy to avoid the risky problems
related to overall PV system installations. In this case, the
advanced overview of fault diagnosis of PV systems
including the real-time monitoring, fault tolerant control and
low voltage ride through (LVRT) and protection system
performance is shown in Figure 4.

Fault Tolerant Control and LVRT

Protection Systems

Fig, 4. Advanced overview of fault diagnosis

3.1 Real-Time monitoring and fault diagnosis of PV
systems
PV  systems are characterized with non-linear and
unpredictable energy output performance according to
environmental factors. In addition. because the installation
PV system 1is located in open-space and exposed
environments, it is necessary to accurately monitor the system
in order to ensure reliable system performance. Reliability
enhancement and maintenance reduction are key points
needed to gain the benefits of competitive grid connected PV
system because the feeding energy means income of the PV
owners. For these reasons, the existence of a fault is
intolerable; therefore, providing online monitoring systems
would be beneficial for developing high efficiency and
maximizing available output energy. In this case, the non-
uniformity index based DC and AC output power is proposed

onitor performance for both normal and faulty conditions
of PV systems [54]. This method allows in reducing the
number of sensors and applies to any dimension of PV plants.
Also, the method effectively estimates the PV system
efficiency validated by performance ratio and corrected
performance ratio indicat

A monitoring system is an important tool in maintaining
the optimal operation of PV systems. In this respect.
automatic fault detection is supposed to be available in real-
time to avoid a pffiier and energy disconnection due to
proceeding faults. In this case, a fault location detection
method is introduced utilizing the difference between the
terminal voltage of a faulty string and a non-faulty string in
PV modules [55]. The approach is claimed to able to reduce
the number of string current and non-optimal voltage sensors
in a PV system. One advantage of this research is th@&fe of
power line communications for transmitting the data used to
monitor the PV panel performance. A user friendly web
application for monitoring the performance was also designed
to allow internet access. In addition, an economic analysis is
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provided to measure the cost-effective of fault diagnosis tools
in PV systems.

Early monitoring and detection methods for remote
failures of PV systems are presented to reduce potential of
energy losses that might go undetected for a long time. In this
case, the automatic detection continues to process a routine
check in order to inform the operators about the most probable
fault types and locffh. PV system monitoring is also
prominently designed to improve the sy{[gh performance and
provide potential failure information in order to improve
system reliability. A wide range of monitoring sirategies can
be implemented based on output power profiles. Such profiles
can be used to the control location based power converters
and communication devices [57]. In this case, the highly
sophisticated PV systems should be considered in order to
have better monitoring for different types of PV system
failures. In other perspectives, online monitoring of P@
system degradation is presented by progressive alteration of a
single diode model equivalent circuit including the series and
shunt resistances [58]. The diflerence between the modified
and original model components are measured and recorded.
This approach is identified as being very accurate procedures
without ing extra sensors or changing the operating point.

The real-time monitoring and fault diagnosis of PV
systems is presented that compares the performance of faulty
PV panel m ideal model [59]. A fault signature is
determined from the shape changes offf}f curve under normal
and [ault conditions. Then. the fault threshold is determined
by the Euclidean norm between these two conditions. From
the measurement, the value of the min-max deviation range is
correlated with the fault types. such as wiring faults and
shading problems. Nevertheless, it seems that the term of real-
time monitoring fault diagnosis systems is not clearly
presented in this research since there is no description of how
to deploy the fault threshold into the connection tools for real-
time s. Itis totally different with the following research
where a real-time fault diagnostic meter for PV systems is
developed based on extension theory [60]. In this method,
parameters of PV systems during normal and fault condition
are oblai by Solar Pro software package. These collected
data are used to design a matter-element model for the PV
system. This model combined with a PV system program are
deployed in a PIC microcontroller. This method is claimed to
be simple due to the small amount of required data for model
construction and lack of any leaming procedure. Results
indicate a high accuracy in fault diagnosis. Since a PV system
installation is outdoors in a remote location, a wireless sensor
technology is utilized to connect the PV system to the
microcontroller for the real-ime monitoring and fault
diagnostic systems.

The communication system is one of the vital components
in the real-time monitoring of PV system performance. The
real-time monitoring and smart metering systems are
designed to measure the performance of string PV inverters.
They are implemented using a microcontroller unit which
uses signal processing techniques on the data before
transmitting the serial communications [61]. In other cases.
online monitoring of a PV system is effectively and
economically proposed based on an open-source platform
[62]. This system includes a data acquisition system,
transmission hardware, a data gateway, and an on-line
monitoring center. For faultidentification, the Support Vector
Machine Firefly Algorithm (SVM-FFA) is installed in the
gateway. Through this approach. a large amount of data can
be visualized and P‘mu]t detection can be performed with
great accuracy. The automatic supervision and remote fault
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detection based open platform communication (OPC) for
monitoring system is another method for communicating
system data [63]. The approach takes the advantages of
standard OPC schemes. For example, data acquisition from
devices that have different communication protocols are able
to be connected together universally in PV system
cm‘ironmcnls. this respect, the OPC standard supports
collaborative software objects in distributed non-uniform
environments. Thus supebon and diagnosis of isolated
systems can be combined for the evaluation performance of
grid connected PV installatiofig

An additional method of fault detection in PV systems is
designed with the use of distributed MPPT controllers and
power optimizing converters and crtcrs [64]. The
diagnostic tools are reported to identify fixed object shading,
dirt problems, hot-spots potentials, reduced module
performance and excessive losses in cable connections. Also,
the users may receive early wamning about potential faults
through the power losses alert. The benefit of this proposed
method is the need for less sensors thus reducing the
installation cost. Similarly, an altemative method for PV
system automatic fault monitoring and detection is proposed
based upon power loss analysis and current/voltage ratios [65].
In this case, the real-time data measurements are used to
calculate capture losses indexes. These indexes would act as
fault signal indicators for the developed fault monitoring
systems.

The misdetection of PV system performance may occur
due to the under-performing monitoring systems. Therelore,
anomaly detection is important to allow the correct predictive
maintenance procedures. An an@' detection algorithm is
introduced taking advan@@f} of an artificial neural network
method to estimate the AC power production using solar
irradiation and PV panel temperature measurement [66]. The
model estimation results are compared with the online data
from PV systems to obtain the residual parameters which can
act as an alert to undesirable PV system performance. In
addition, the residual parameter can be used to develop an
anomaly index that would indicate to operators when
predictive maintenance should be done to avoid potential
faults.

3.2 Fault-Tolerant Control and Low Voltage Ride-
Through

Methods of fault detection and isolation are proposed based
on the optimum maximum power point tracking (MPPT)
controller performance under abnormal operating condition to
improve upon typical MPPT algorithms that ignore the fault
condf@ns during the tracking process. This method is called
the fault-tolerant control (FTC) strategy which tries to
localize and monitor suddenly changes in the syslcm
performance and re-adjust the MPPT controller to find the
new best operating maximum power p# [67]. In this case,
the reconfiguration of MPPT algorithm is based on the hybrid
@ hbination of incremental conductance and modified
current based particle swarm optimization techniques. The
simulationfZysults show this method was successful in
detecting different types of faults. In addition, the fault
tolerance of different PV array configurations is investigated
regarding the solar cell characteristic and shading problems
[68]. In this study, it was observed that the bridge link PV
array connection is better than two other connection types,
total cross tied and series parallel. The bridge link was found
to be more fault tolerant under non-uniform irradiance
conditions.
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The low voltage ride-through (LVRT) grid connection
standard for PV systems is a necessary consideration when
maintaining a PV connection during s. For this reason. a
LVRT control strategy is designed for grid connected PV
system when balanced and unbalanced grid faults occur [69].
In this casc__ confrol strategy to maintain the reliable
performance of PV systems under grid faults covers several
aspects. These include calculation of the power references
following grid codes, a method of reducing active power that
is suitable for maintaining de-link voltage, limiting peak
current to prevent inverter overcurrent and reference
calculation for three current reference generators. The issues
of fault ride through of PV systems under gnd faults are
commonly discussed since the PV system capacity is
increasing in low voltage[{fBJribution networks [70]. The
successful control strategy for fault ride through of PV units
can be achieved through appropriate design and control of the
inverters connected to the distribution network. To design
such improved fault-ride through control, an energy storage
system is required and the optimum value of interface
reactance should be determined. Different PV capacity and
system load scenarios need to be considered when
determining the interface reactance.

With a conventional rotating machine in a fault condition,
the overcurrent relay (OCR) may operate perfectly due to the
high magnitude fault current from the machine. This
condition will not be found in the PV systems due to the
current constraints in the inverter components. However, an
accurate overcurrent relay setting is also necessary in PV
system. Therefore, much discussion is focused on
understanding the current characteristics of invcunils due
to fault conditions [71]. It is expected that proper performance
of overcurrent relays can be obtained from mverter fault
currents by usin@f@bntrol strategies related to the grid
requirements for low voltage ride through (LVRT) with
reactive current injection (RCI).

3.3 Performance of Protection Systems

The degradation of PV system performance clearly reduces
power production. Along with that, consideration of how the
PV systenffflbradation alfects the protection system is highly
important to ensure the safety and reliability of a PV plant.
The relationship between PV performance degradation and
PV fault conditions is investigated through different short
circuit fault conditions [72]. Several methodologies have been
investigated to measure the degradation rate. and it was
shown that the calculated degradation rate is highly dependent
on the method used as well as the as the technology and site
[14]. The results indicate an increase in degradation leads to
a reduction in string fault current. Such a reduced current
might be undetected with conventional protective devices.

In terms of salety consideration, a PV system in a grid
connection is quite unique due to the existence of DC power.
Therefore, the potential fire risks in the PV plant connection
are high if a fault is undetected [73). It is very important that
the selection of protective devices and grounding systems be
properly assessed in order to avoid fire nisk. Also, it is
recommended to cross-check all potential failure during
system design and to do an early assessment of polenlialae
hazards in the system. In addition, protection challenges due
to the increased penetration BV systems in distribution
systems are investigated [74]. A PV system is connected to

grid network through an inverter. With an inverter the
active and reactive power as well as the limit and sequences
of fault current contributions can be controlled. In this case,
relay coordination and protection reliability improvement can
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be achieved by using zero and negative sequence currents
with conventional overcurrent relay protection systems.

Protection systems are always challenging with the
increase power capacity of PV plants. Although protection
standards have been implemented in many cases PV system
faults can remain undetected. In fact, a reliable method of
l identification is highly required to ensure the reliability
performance of PV systems. In this respect, the review and
analysis of PV system protection and fault diagnosis is very
important to address undetected fault conditions including
along with the impact of such faults [75]. The challenges in
developinglecli(m systems include sensor requirements,
capability to diagnose and localize faults, integration
complexity, accuracy and incremental costs. Improvement of
protection system performance in the case where a large
capacity of PV plants is connected to the grid with an inverter
interface can be considered under several different scenarios.
These scenarios include PV output fluctuation, different
location of faults in the network and §&lem load [76]. In this
case, the investigated parameters are current variation within
a short time window and the positive sequence fanlt
component. Using these parameters an improved reverse
power protection can be developed that includes protection
logic.

The detection and isolation of a DC arc fault in PV
systems is quite challenging because there are no zero current
crossing points. This type of fault may influence to the
stability of PV systems if there are no suitable protection
systems. The reference [5] has provided comprehensive
studies of nfdfhods, characteristics and fault diagnosis
regarding the DC arc fault detection in PV systems. The DC
arc fault in PV system can be detected by the parallel
capacitor current utifflhg time and frequency characteristics
[77]. In this method, a capacitor is connected parallel with the
load. Then series arc faults are generated in different location
of series and parallel PV panel systems. When a series arc
exists, the DC bus capacitor will pfEZthe high frequency
current components. In this case, the polarity and amplitude
of the capacitor currents integrated with the frequency
spectrum of the current are analyzed to distinguish the
different types of DC arc faults from other abnormal
conditions. This method requires the collection of [large
amount of off-line data for the online monitoring of a DC arc
fault in PV systems.

The contnbution of fault current from PV systems in a
distribution network has been extensively discussed [78]. In
spite of the non-linear and uncertain characteristic PV
systems, the proposed method 1s expected to accurately locate
faults without the need for dynamic PV system models. In a
similar study [79], the coordination of protective relays is the
main concem when the PYER}stem fault current contribution
increases in a building distribution network. Simulation
ll.s show that the magnitude of fault current is not only
depending on the size of PV plants but some other factors.
Therefore, the review of protection settings and relay
coordination are required before connecting PV system to a
distribution network.

Having a significant PV system capacity on the grid may
change the fault current profile and of course give threaten the
protection syslcm:rformanccs. To overcome such condition,
the three-phase fault current contribution from a PV system
connected to a voltage source inverter is modelled. The
proposemodel that covers the environmental input of PV
system, current limit of inverter and effects of reactive power
from the inverter control system can be integrated into a
conventional balanced short circuit study [80]. The main
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target of this study is to investigate the impact of a PV system
output on the breaking capacilE®t the interrupting protective
devices during grid faults. A significant capacity of PV
systems influences the performance of the grid protective
systems [81]. Also, their output characteristics requires
different considerations when compared to short circuit
current behaviour of conventional generation systems.
Considerations need to be made terms of symmetrical
unsymmetrical short circuits components. The contribution to
the grid fault current depends on the control strategy and
algorithm applied in the grid interfaced inverter. Therefore,
this problem has to be taken into account by the planning
operator during grid expansion. Special consideration is
needed for designing the proper setting of protective devices
and network security functions.

The installation PV system is usually in an open space
roof top location. Therefore, a lightning strike is the most
threatening factor for the owners because it is correlated with
(B3 facility safety and output power reliability. In this case, a
lightning protection system is very important for a PV sysiem
installation for the sake of fault clearance, equipment fire
hazards and other dangerous effects [82]. For these
requirements, it is essential to have practical guidelines and
standards for PV system protection to lightning strike threats.
A fire hazard in rooftop building integrated PV systems has
occurred because of undetected ground faults four{@h fuse-
based protection systems [11]. For this reason, a numerical
simulation and analytical appr are carried out (o
investigate the limited utilization of fuse-based ground fault
protection. The results of this investigation can be used to
identify the proper setting of protective devices in PV systems.
To ensure the simulations are correct. the results were
validated through ef¢fimental measurements. Such results
could be used to set thresholding of residual current detector,
current sense monitor. and isolation monitor devices. In this
case, the proper setting of protective devices can be achieved
using the historical data in order to prevent unwanted device
tripping and to improve fault detection capabilities.

The performance of an overcurrent relay (OCR) is
investigated there are large current variation resulting from
fluctuations and short-time dynamic changes of sunlight
intensity as well as sudden connection and disconnection of
PV system feeders [83]. The control strategy is simulated
throngh PSCAD software considering PV systems with
inverter/converter units and a filter, These simulations
include systems with and without battery storage. Power
congestion is a main consideration of this mclh@Thc
optimum OCR performance is investigated with a particle
swarm optimization (PSO) algorithm fto determine the
prominent setting of relay protection under PV power
fluctuations.

Considerianulher computational method, a fault
analysis for multiple PV grid connected flirters in a
distribution network is performed with the Inverter Matrix
Impedance Current Vector (IMICV) method. This met{EliZ)
uses symmetrical components in combination with the
Inverter Matrix Impedance and[fR} Impedance-Current
Vector [84]. The method is utilized to solve a linear sysiem of
equationsfler a fault to find the current in the substation,
voltages at the fault point and voltages at the PV gnd-
connected nodes. Computational and simulation results
indicate the proposed method is efficient and accurate without
requiring complex programming.

4. Fault Diagnosis on Grid-Connected PV Systems
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automatic supervision, identification and diagnosis of
A system is defined as complex combination of components  potential failure points i a grid connected PV system are
and sub-components, where technical amnon-lcchnica] presented. This method is based on comparison of simulation

disciplines mutually interact. In this case, an inductiffhnd  and measured results as well §ff@viations in DC current and
conservative system reliability analysis method called failure  voltage [86]. In this case, the monitoring system at the same
mode effect analysis is introduced for PV systems [85]. Each  time performs modelling and simulation of the complete
component/sub-component is independently analysed to  system anmcludcs the measured parameters in real-time. An
identify the potential failures which may affect other  example automatic fault detection in grid-connected PV
components or the overall system. In a related study, the  systems is shown in Figure 5.

3.2kWp PV subgenerator

Inverter IG30
Fronius

: National
Agilent 34970A GPIB distribution
bus Grid
—

Fig. 5. Schematic diagram of automatic fault detection [86]
Automatic fault identification and diagnosis of gnd is a of microcontroller that functions for both data

connected PV systems have gained attention as prominent  communication and fault detection without any additional
issues since the capacity of PV implementations have become  hardware and simulation software.
significant [87]. In this case, supervision and diagnosis of PV The automatic fault identification for fault location of grid

system performance are reviewed, and control strategies for  connected PV systems is proposed monitoring the ratio of DC
automatic detection are discussed according to the availability  over AC power [90]. Diagnostic signals. displayed 10 minutes
of different algorithms and monitoring data. The reliability ~ on a monitoring device, are correlated to different fault
performance is important (@fk3 addressed when the PV system  locations. Monitored conditions include PV module faults,
is continuously supplying power to the grid. In this respect. PV string faults, inverter, faults to partial shading, PV
the potential degradation of grid-connected PV systems has  ageing and MPPT malfunction. The proposed method has
been investigated to uses an index to assess system  been tested on a real PV system id?ation accurately
installations [88]. A method of fault detection and diagnosis  diagnosing faults in different lomn for both DC and AC
for both off-grid and on-grid connections of PV systems is  sides of PV plants. Similarly, the automatic fault detection of
presented with claims it is capability of detecting the type and ~ grid connection PV systems is proposed by the evaluating a
location of faults [89]. In this case. the proposed model  current and voltage index [91]. A threshold for this index is
depends on the PV site measurement and a prediction output  determined to investigate the fault and normal conditions in
model for fault identification, For this reason, several typesof  different array PV configurations. The method highly reduces
sensors are employed to monitor the input parameters and PV the cost of sensors and can be adapted for use with inverters
system performance. This system also uses power line  without additional external hardware and software.

communications for the monitoring systems. A simple Large capacity PV systems consist of very complex
computational algorithm is developed to display each 10  wiring connection making it will very difficult to identify the
minutes of important information regarding PV module  fault location within this complex structure. Most previous
performance and to send this information to website for the  fault identification techniques have failed to address the
internet access monitoring. The basis of this proposed method ~ variable voltage control of actual inverters during faults. The
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correct identification of a fault can only be achieved after
extensive fault transient analysis. In addition, identification
techniques may fail due to the difficulty in obtaining
synchronized measurement of all connection points in a PV
array. Therefore, a fault location method using negative-
sequence voltage amplitude sparse measurements is
considered for an lmba]anccﬂl [92]. In this case, the faulty
nodes are determined by an improved Bayesian compressive
sensing algorithm used to recover the sparse fault current

or. This method is successfully tested on different
unbalanced fault types. fault resistances, inverter controls and
signal noise. The fault location is accurdfigand effectively
determined without having synchron measurements from
all the nodes. A similar method for reliability evaluation of
grid-connected PV systems with intermittent faults is
designed based on dynamic Emsian networks [93]. A
Markov model with three states, no faults, intermittent faults
and lm:anent faults, is compounded with Bayesian network.
Bhe cffects of cach fault including the fault coefficients,
reliability and availability are investigated. The simulation
results indicate that the reliability and availability of a central
configuration with single inverter is less strong than a string
or multi string configuration {h multiple inverters. Also,
much attention should be paid to improve the reliability and
to prevent the possible failure of inverter components.

5. Image Processing in PV Fault Diagnostics

Applying satellite information and unmanned extra-terrestrial
drone system based thermal image processing will potentially
be the future for monitoring and diagnosis of PV systems
faults. Fault detection performance is improved using satellite
imaging by estimating the irradiance and DC power output
[94]. In this case, the satellite data measurement for sunlight
intensity is processed using fuzzy logic then compared with
the ground measurement. From this information, the DC
power is calculated to determine typical faults of PV systems.
A similar satellite method has also been used to detect the
fault condition of batteries that connected to the PV systems
[95].

Aerial thermography with Unmanned Aerial Vehicles
(UAV) is considered as a low-cost effective method for on-
line surveillance of PV system performance [96]. The method
can be considered as a useful and less time-consuming
diagnostic method for PV plant performance compared with
conventional fault diagnostic methods. In this research.
detailed information about the technology of aenal
thermographic measurements is exp]ainemlerms of general

rinciples. important operational tools, new developments,

future trends. Sensors and instrumentation for on-line
aerial nspection of PV plants are also included in the
discussion.

A fault diagnosis method using infrared thermal imaging
based on the crystalline silicon technology thermal response
of PV modules subjected to common faults is reviewed [97].
The thermal image processing method is a new approach in
PV system [ault diagnosis (Figure 6). It will be a major topic
for future discussion because of its cost-effectiveness and
feasible technology. In implementing this method, a PV
module is scanned using infrared thermography to create a
surface thermal distribution [7]. Hotspot problems can be
identified from a non-uniform temperature appearance. Such
hotspots can potentially to cause damage to solar cell
structures.
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Courtesv: Avie Serviceizentrum Verkauf & Schulung (NEC Group
“omparty)

Another application of image processing to PV systems is
the monitoring of PV panel performance after heavy rain and
storm strikes. Heavy rain and storms may damage or
completely break the glass cover or the solar cell itself. Such
damage would lead to the loss of output power, system
security, and safety of PV panels. After heavy hail attacks.
potential hidden damage may be found through very careful
PV inspection [98]. Of course, the damaged panel would need
to be replaced. In this study, a PV monitoring system collects
common data with thermographic sensors for éﬁ!]’ analysis.
Further investigation is performed using non-destructive
methods with the aid of innovative characterization tools,
such as outdoor electroluminescence and UV-fluorescence
imaging. With this approach, the potential solar cell ¢iflage
caused by the mechanical stress of a hail storm can be
detected even though the solar glass panel looks unbroken
from visible eves or the damage is not recognizable by
thermal sensors. The proposed UV-fluorescence imaging
method is easy to handle and can perform a fast
characterization to detect partial cell breakage and/or
microcracks in a solar cell.

6. Summary

In this paper, many aspects of photovoltaic (PV) fault
diagnosis, detection and identification have been explored
through an extensive study of recent literature. Various
computational methods used in PV system analysis were
investigated including the statistical and intelligent methods.
Also, various fault diagnostic methods in PV systems were
further investigated to show the willingness of researchers
worldwide to solve the problems. Real-time monitoring
systems were discussed as well as fault tolerance and
performance in PV systems. As connecting PV systems to the
grid is an important topic, a survey of diagnostic methods
used in grid connected systems is also given. In other
overview, the proposed systems based on various image
processing techniques were summarized. In this respect,
overall a comprehensive study of PV fault diagnostics
systems was given. This summary should help spur further
discussion and research on the subject.
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