Fault Detection classification and Localization of faults occurred in a Photovoltaic System- A Review.
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Abstract:
In the recent past many people have switched their mode of power generation. Many have now used renewable energy systems and the most efficient and common among them is the photovoltaic system (solar system).
As the demand increases the need for fault tracing is required for the smooth operation of the Photovoltaic system. This review will give a complete insight into faults that can occur in the Photovoltaic system but also their detection, classification, and localization techniques. 
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I. Introduction:
In the recent past, industries across the globe are constantly expanding due to the needs of people around the world. However, with this increase in expansion, the power consumption demand is also increasing exponentially. 
In the last decade, the already existing energy sources were used to meet the power demand. There are some issues regarding these existing energy sources (EES) such as the cost of maintenance is quite high and the resources are constantly decreasing with the increase in usage. Some other anomalies are that the generation cost is quite high and the environment becomes toxic with gases like carbon dioxide (CO2) and greenhouse gasses (GHG). 
Due to these harmful impacts of the existing energy sources, the need for renewable energy sources (RES) has increased in recent times. As the (RES) is environmentally friendly the cost of generation will drop exponentially [1-2]. The increasing demand and production of (RES) is also caused by a certain commitment of countries known as the Kyoto Protocol [3]. This very protocol aimed to decrease the impact of existing energy sources on the environment.
The major aim of the latest renewable energy technology (RET) is to integrate power generation through renewable energy sources (RES) into our utility grid. This will help us remove the existing sources that are causing harm to the environment. There are many (RESs) like hydro, thermal, wind, and solar (Photovoltaic). But the most standout is the Photovoltaic (PV). The best way to convert the energy produced by the environment is the PV system and the impact of this on the environment is friendly to nature [4]. 
With the help of a survey, the generated power by the help of photovoltaic systems (PVS)  globally was around 633 GWp.  
According to a report by the International Renewable Energy Agency (IRENA), In 2020, the PV installed capacity was around 700,000 MW and this capacity has been increasing since then [5]. 
There are many advantages of PVS but the fact that these systems are installed outdoors so they are exposed to harsh environmental conditions which decreases their working efficiency by 15-20% [6]. According to the authors in [7] suggested that the PVS suffers from a 0.923 % degradation annually. Another common reason for this is the presence of faults in a PVS.
According to a study of the photovoltaic system (PVS), the total power loss of the PVS due to the faults was about 18.9% [8]. Due to this, the PV system requires constant supervisory control and a monitoring system that can detect, classify, and locate the faults in a PV system to reduce the impact of losses and make sure the PV system works properly.
The block diagram of PV system monitoring is shown in Figure 1, 
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Figure 1. Basic PV monitoring block diagram.
According to the Figure 1. A basic block diagram of a conventional PV monitoring system is depicted. The main purpose of this system is to gather data regarding the performance of the PV system. So, that this data can be used to detect the anomaly the system will face. The data for this purpose is given by the sensors they can be current, voltage, irradiation, and temperature sensors that are constantly recording the data coming from the PV array. 
The signal processing unit will process the data and transfer it to IOT-based equipment in which a decision will be made through different types of techniques and algorithms about which type of fault occurred in the PV system.  In the past decade, many researchers have focused on creating a system for Photovoltaic fault detection and classification that is cost-effective and highly reliable without hindering the peak performance of the PV system [9].
The need for this system is quite significant as the conventional resources are close to depletion and the shift towards renewable energy is imminent. So, for the smooth operation of the PV system, a fault detection, localization, and classification system is required.
In this paper, different types of PV faults and fault detection techniques will be discussed. Section 2 of this paper will discuss Photovoltaic (PV) modeling, and section 3, will discuss the PV faults. Section 4, will cover fault detection techniques, and section 5, will have a comparative analysis.  
A. PV cell modeling.
1. One diode model.
There are three types of PV cell modeling based on diodes. One diode model, two diode model, and a three diode model. Mostly one diode model is used. One diode model of a PV cell consists of a constant current source denoted by I source with two resistors one in series (Rs) and the other one in shunt (Rshunt) with the diode [10-11]. The total output current of the one-diode model can be elaborated as I load [12-13]. 
                               (1)
Overall the one-diode model in terms of performance and simplicity is quite decent [14]. Its characteristics are quite easy to comprehend as the circuit only contains a single diode so the current divisions within the circuit are quite scarce. This model is given in Figure 2. 
In equation (1) the  represents the value of current across the shunt resistor (Rshunt), and the I diode is the current across the diode. The diode current is further calculated and elaborated in [15]. 
]                   (2)
In equation (2) the most significant addition is the saturation current also known as the reverse saturation current and is denoted by .  is the diodes ideality factor, and the  is the thermal voltage of the model. This thermal voltage is calculated by [16]. 
                                                               (3)
Here some constants are used, K represents the Boltzmann constant K= 1.38 × 10− 23 J/K. T represents the model's operating temperature, and q represents the charge q=1.6 × 10− 19 C. 
[image: ]
Figure 2. One diode model.

By combining the equations 1 and 2 we will get our final expression for the output current denoted by . 
                                                                   (4)
Equation 4 sums up our one-diode model.
2. Two diode models.
The basic circuital diagram of the two-diode model is elaborated in Figure 3. 
[image: ]
Figure 3. Two diode models.
In the one-diode model due to the presence of a single diode the losses in the depletion region called the recombination losses were not taken into account. But in the two-diode model, there is another diode added [17].
Due to the fact the two-diode model shows higher levels of accuracy as compared to the older one-diode model version, the number of unknown variables has been increased which means a lot more computation will be required [18].
All the mathematical equations for this type of model are described below.
         (5)
The load equation of the two diode models shown in Figure 3 is elaborated by equation (5), there is a slight difference between equations (1), and (5). Only the diode current is now taken from two diodes instead of one in the one-diode model.
]            (6)
]            (7)
As in the one-diode model, there was only one diode equation due to the presence of a single diode in the two-diode model there will be two diode equations and two ideality factors  and . 
The  will remain the same the total output equation of the model will come after the combination of equations (5-7).

      
                                                                                 (8)         
the two diodes are better in efficiency but the number of unknown parameters has been increased.

3. Three diode model
As the name suggests there will be three diodes present in the system. The equations will be changed slightly due to the increment in number of diodes in the model. The circuit representation of the model is elaborated in Figure 4.
[image: ]
Figure 4. Three-diode model.
The Load equation is given below, 
                                                                                 (9)
The difference from the two-diode model is that a third diode is been introduced in the PV cell modeling now this equation (9) will only be valid in the case of three-diode modeling.
]            (10)
]            (11)
]            (13)
The output equation of the model will become,

 
          
                                                                               (14) 
B. Types of PV systems.
1. Standalone / Off-grid system PV system.
Overall, there are three main types of Photovoltaic systems. Off-Grid, On-Grid, and Hybrid, three types have their advantages and disadvantages. The most common and simplest one is the standalone/off-grid system, but the need for this system occurs in remote areas where the means of electricity or a utility grid is hard to find [19]. For a better understanding of the system Figure 5, is given below
[image: ]Figure 5. Standalone / Off-Grid PV system.

The system given in Figure 5, has a power conditioning unit, with an inverter, a battery bank, and a PV array. The power conditioning unit consists of (converters, regulators, protection diodes, etc). [20] What happens in this type of system is that the power generated by the PV array is DC in nature, so a power conditioning unit refines it to give the DC loads their required type and amount of power. 
The surplus power generated in the daytime is stored in the battery bank which will become the source of power at night so, the power can enter and exit from the battery bank that’s why a double arrow is shown in Figure 5. For powering the AC loads an inverter is needed which will convert the DC-AC power and will supply our household’s AC loads. In remote areas, this type of system is ideal where one can live a sustainable life.
The solar irradiation that comes from the sun and produces electric current in PV modules is of non-linear characteristics. Due to the uncertainty of the maximum irradiation at all times a maximum power point tracking (MPPT)  is employed in an inverter. This MPPT will make sure that the system works at the maximum power point (MPP) at all times. 
2. On Grid PV system.
The second type of PV system is the Grid connected or On-Grid system. In this system, there is no need for a battery bank. A detailed description of the On-grid system is mentioned in Figure 6, the on-grid system contains an energy meter, a PV array, diodes (blocking and bypass), an Inverter, and a utility grid [21].
[image: ]
Figure 6. On-grid PV system.
In this PV array generates the power and inside the inverter, there is an MPPT present which is present to deal with the irregularities of irradiations from the sun. During the day hours, the surplus power generated by the array is fed to the local utility grid, and at night-time, the local grid will feed the power required by the household loads. 
It is like a bi-directional system. The only disadvantage of this system is during the winters when there is no amount of surplus power so, the cost of electricity usage becomes higher in the winters or in the days when there is no sun.
3. Hybrid PV system.
Last but not least the latest advancement in the Photovoltaic system is the hybrid PV system. In short, the hybrid is the combination of both On-grid and Off-grid systems. The block diagram of the system is in Figure 7,  
[image: ]
Figure 7. Hybrid PV system.

In this kind of system, when the surplus energy is generated it will be fed into the local utility grid as well, and it will charge the battery bank connected to the PV system.
Now at the time of no sun, there is a choice between whether the required load can be run by just the batteries or whether is it necessary to take the required power through the local utility grid.
As can be seen in Figure 7, there are two arrows placed between the inverter and energy meter and between the inverter and the battery bank. That is the only reason it is called a hybrid PV system. 
II. Faults in a Photovoltaic system
Just like any other electrical system, Photovoltaic systems (PV systems) do encounter many different types of faults. As the PV systems generate electrical currents only with the sun supplying irradiance, without the sun the system is not efficient and will not work. So, for the availability of the sun, the PV systems are installed outdoors for instance, on the roofs, and in the open fields. 
Now this fact raises the question of whether the PV systems are affected by environmental or physical factors, the answer to that is yes. The PV system is susceptible to faults caused by environmental factors as they are such delicate devices in the PV modules. 
The faults that can occur in a PV system due to these environmental and physical factors are corrosion, cell damage, glass breakage, delamination, etc).
The other major causes of PV faults are electrical faults, as this is an electrical device so, as discussed earlier it will have electrical system faults like short circuit faults, open faults, etc, the most dominant faults are these two.  
If these faults are left unnoticed it will cause a great amount of mismatch in the current-voltage (I-V) characteristics curve, The I-V curve for some major types of faults is given in Figure 8.
[image: ]
Figure 8. I-V curve.
A lot of power generated by the PV system will be wasted if these types of faults are left unnoticed, as a result, the power demand will not be met by the system. So, for the smooth operation of the PV system, it is necessary to develop strategies to detect and mitigate these faults in the said system.

A. Physical faults.
As discussed earlier there are some physical faults and some electrical faults, which can occur in any PV system. Most of the physical faults that occur in a PV system are due to some mechanical stress and the properties of the material used as a raw material for the manufacturing of these PV modules. The major physical faults are degradation, encapsulation corrosion, etc. These faults can be mitigated by using materials that are corrosion-resistant in nature.
1. Degradation.
The major reason behind any degradation fault is that the series resistance of the cell is increased or the parallel resistance is somehow decreased. There are some other reasons as well such as, disturbance in the anti-reflection coating of the solar cell which will affect the phenomenon of the photocurrent. What happens is that when the anti-reflection coating is disturbed it will drastically increase the brightness of the specific solar cell that will negatively impact the current generated through the photoelectric effect [22].  
As the resistance increases the current of the solar cell will decrease, this will in return drop the total power generated by the PV cell. The impact of the degradation fault on the I-V characteristics curve is shown in Figure 8. 
2. Encapsulation faults.
This type of fault in any PV system is commonly caused by discoloration and delamination of the PV module. Now both of these are due to the outer environment as the PV modules should be placed out in the open. So, since the PV modules are in the outer environment the accumulation of dust and salts is imminent and sometimes moisture from the environment enters the PV module this will cause the delamination and discoloration of the PV module [23].
i. Discoloration
Well, to detect this fault we do not require any state-of-the-art method. We can directly identify this kind of fault with the naked eye. What happens is that the white color material used in the manufacturing of the PV module will change its color from white to brown or yellow. This phenomenon is discussed in [24,25]. 
Due to the change in the color, the intensity of the light falling onto the PV cells will be reduced drastically which will increase the overall temperature of the PV cell. Due to the increase in temperature, the performance of the PV cells will be decreased that are facing this fault. The discoloration of any PV module can be commonly caused by the accumulation of acids and gases among the layers, stress (thermal stress), or corroded metallic points.
ii. Delamination
PV module is a stacking of successive layers; delamination is the detachment of these layers or maybe some occurrence of gaps. The delamination can occur due to poor adhesion used. Delamination has many negative impacts on the efficiency of a PV module. 
The PV module starts reflecting instead of absorbing which may lead to low power generation. There are some other impacts as well such as, due to the detachment of layers moisture and other gases can easily penetrate the PV module which may lead to some bad effects [24]. 
3. Corrosion
[image: ]
Figure 9. Corrosion fault in PV system.
Another common type of physical fault is corrosion, a detail of this can be seen in Figure 9. There are some gases present in the atmosphere such as carbon dioxide, Sulphur, and other gases that can cause corrosion. When the delamination in the PV module occurs there is a void that can be filled with corrosive gases and moisture which can in return cause corrosion. The corrosion can occur in the contacts metallic of nature connected to the base of the module and the silver fingers present at the upper side of the PV module [26]. The negative impacts of corrosion in a PV system are, due to the moisture entering and corrosion of metallic contacts leakage current can be flown in the system [23]. On the other hand, if corrosion occurs in the conducting wires then it will increase the system's overall resistance which can be harmful to the total yield of the PV system. 
4. Cell Cracks
There is a silicon substrate used to manufacture a PV cell, now in a PV module a silicon substrate can be cracked which can be classified as cell cracks This can be seen in Figure 10.
[image: ]
Figure 10. Cell cracks in a PV module.
These cracks can also occur in different layers of lamination of a solar cell. Their size can either be large or so small that they are not visible to the naked eye so, to detect these Electroluminescence imaging is required. The majority of the reasons for these faults are given in [23, 27] as, aging of the cells, the mechanical stress during the manufacturing process, poor handling during the packaging for transportation, shocks during the transportation, hailstorms on PV modules, and sometimes rain and high winds.
5. Snail Trails
The silver fingers as the name suggests are made of silver, now when due to delamination and cell cracks the carbon di-oxide from the atmosphere can enter the PV module and start a chemical reaction with the silver and form a certain nanoparticle known as, silver carbonate (Ag2CO3). This can cause the discoloration of the silver fingers of a PV module [27, 28]. These snail trails mostly occur near the edges of cells and cell cracks [27].
B. Environmental Faults
As the photovoltaic systems are installed outdoors. This will give rise to the fact that the PV system will have to face environmental factors such as solar radiation, storms, clouds caused by shading conditions, and high temperatures causing hot spots and delamination of solar cells. 
The most prominent faults caused by environmental factors are mismatch and partial shading and both of these two types of faults can cause significant reduction in total power production and annual yield of the PV system.
1. Mismatch Faults
The mismatch faults are the faults that arise when the I-V characteristics of some individual cells differ from the standard testing conditions I-V characteristics. There are two different kinds of mismatch faults one is temporary and the other is permanent. 
The temporary is caused by the partial shading conditions and temperature variance which will negatively impact the open circuit voltage (Voc) of the modules facing this fault. while the permanent ones are caused by hotspots, cracks, degradation, etc. The mismatch faults can cause a drastic drop in the total power production of the PV system [29-30].
[image: ] 
Figure 11. Partial shading due to trees. 



2. Partial Shading Fault
Partial shading faults occur when a portion of the PV module is under shade or some cells of the PV module are shaded. This phenomenon may lead to increased temperature of the PV module which can cause hotspots that can be harmful to the overall PV system as the total power may be reduced. Because the shaded area of the PV module may act as resistance or power dissipaters. Which will decrease the total current hence power will be reduced by a significant margin. 
The main reasons behind partial shading are trees, high-rise buildings, clouds, snow cover, etc. In Figure 11, an example of partial shading is depicted. While the snow-related shading usually occurs in winter what happens is that due to the presence of snow covering the PV modules for long periods can cause a mismatch in the I-V characteristics. That may cause the temperature to rise, which in turn can cause power loss, and in extreme conditions, hotspots can develop due to this. 
The partial shading due to snow covering can be seen in Figure 12. Due to this snow covering the PV modules surface characteristics may be negatively affected [31-32].
[image: ]
Figure 12. Partial shading due to snow.
3. Hot Spots.
Hotspots mainly occur due to the high surface temperatures of the PV modules. Some of the regions have high heat concentrations due to some physical defects. Such as cell cracks and delamination etc, while other reasons may include partially shaded PV cells. 
What happens is the regions with higher heat concentrations will cause differences in the I-V characteristics as compared to the overall I-V characteristics of the PV module. This may cause a mismatch and will cause a localized on the PV module's surface.  This phenomenon is shown in Figure 13.
[image: ]
Figure 13. Hotspots fault in a PV module.
Heating due to hotspots occurs when the working value of the current becomes greater than the standard testing condition's short circuit current rating. The damage due to this fault can be normal to severe depending upon the magnitude of the fault and the duration of the given fault. 
The causes behind this given fault are aging of the PV cells, cracks, mishandling, accumulation of dust, and partial shading [33-36], etc.
C. Electrical Faults
The PV systems are classified as electrical systems. These are susceptible to conventional electrical systems faults such as short circuit faults, open circuit faults, earth faults, etc. The faults that occur between the conductors, frames, and a conducting device connected to the earth are classified as electrical faults.
Some other faults that are considered to be electrical faults occur in electrical devices and some measuring instruments. There are two major classifications in electrical faults, AC faults and DC faults.
1. AC Faults.
There are two sides to the Photovoltaic power system. One is the DC side where the PV array is connected, PV array produces DC power. While there is a side where the inverter and utility grid is present known as the AC side. So, the faults that can occur in the inverter and Grid are classified as AC faults.


i. Inverter Faults.
As the current at the output of the PV array is of a DC nature. PV arrays are DC devices, Now the inverter is connected in parallel with the PV array to convert the DC to AC at the required frequency level. Now the faults can occur in the inverter due to three main contributing factors. 
Installation/configuration errors, overburden on the inverter, and uncontrolled voltages and currents [37]. The configuration is essential for any inverter according to the system installed and if the load exceeds the inverter rating this can be catastrophic. In the grid-tied inverters if the grid experiences any faults it will disconnect the PV system from the grid but if not done then it will be classified as an inverter fault.
ii. Grid Fault.
In a grid-connected PV system, an inverter is connected in parallel between the PV array and the grid. Now essentially during any fault occurrence in the grid, the inverter should disconnect the grid from the PV arrays so that further injection of power in the grid can be prevented. Now faults at the power distribution unit, breakage in transmission lines, blackouts, and overloading are classified as Grid faults [29].
2. DC Faults.
At the DC side of the Photovoltaic system, the PV arrays are present with blocking diodes and bypass diodes. So, the faults occurring among the mentioned parts of the PV system’s DC side are classified as DC Faults. There are many further classifications of the DC faults but some of the most common and severe will be discussed below.
i. MPPT Faults
In any PV system charge controllers/ regulators are present to extract the maximum power that is available during sun hours. The MPPT is run on an algorithm that can feed the maximum available power to the inverter for better working efficiency. 
Now if any fault occurs in the charge controller may affect the ability of MPPT to maximize the power available. This type of fault is known as MPPT fault [29]. Due to this PV system suffers from power loss.


ii. Battery Bank related Fault
In a PV system, the need for a battery bank is imminent. When there are sun hours available the PV system will store the surplus power in the battery bank available. So that when there are no sun hours the battery can successfully supply the load the required power. Now when a fault occurs in the battery bank region it may be classified as the battery bank fault and it will be DC in nature. 
The major reason behind this fault is the problems with the charging of batteries if the batteries are continuously charging even if their capacity is full it will cause harm to the battery as it will be overcharged.

3. PV Array Faults
The most important part of any PV system is the PV array. Now most of the severe faults occur in this region of the system. Some of these faults are discussed below.
i. Single Line-Ground Fault (S-L-G),
The single line-ground fault (SLG) is one of the most common and severe depending upon its position and nature. Figure 14 will elaborate it further. This type of fault occurs when a current-carrying conductor makes a connection with the ground due to some reason it will cause an increase in the short circuit current Isc value as compared to the standard testing conditions Isc. The affected module's open circuit voltages Voc will become 0V. 
Overall the voltage of the PV array will be decreased due to this kind of fault and a noticeable difference among values will be seen. The direction of the current will be changed as can be seen in Figure 14, in string one the fault appeared in the last module so, the current will travel through the ground instead of going up in the string [29].

[image: ]
Figure 14. Single Line-Ground Fault (S-L-G).

ii.  Multiple Line-Ground Fault (M-L-G)  
According to Figure 14, if the 2nd string of a PV module faces an L-G fault condition then the (S-L-G) will become a Multiple Line-Ground Fault. Because there are two modules in 2 strings are faulty. In this condition, the overall PV array voltage will decrease further than the (S-L-G) fault conditions.
[image: ]Figure 15. Multiple Line- Ground Fault (M-L-G)

iii. Line-Line Fault in a similar string.
In  Figure 16, a Line-Line Fault in a similar string is elaborated, There are two major classifications of Line-Line Fault in a PV system one is a Line-Line in a similar string and one is a Line-Line in multiple strings [33]. In the similar string L-L an accidental connection is made between modules in a similar string this causes the overall Voltage to PV array to be lower than the Standard PV array voltages and the current of the string will become 0A.
[image: ]
Figure 17. Line-Line Fault in a similar string.

iv. Line Line in multiple strings.
As discussed before a line-to-line fault is a connection of strings it can be in a similar string or with a neighboring string. Figure 18, will elaborate on the line-line fault among multiple strings.
[image: ]  
Figure 18. Line-Line in multiple strings.
In this type of fault the path of current is changed instead of following the conventional path the current will now enter in neighboring string.




v. Open Circuit Fault
In an open circuit fault any module can be disconnected from the string or any string can be disconnected from the whole system. This type of fault usually occurs due to human error like improper connections, loose connections, etc.
Due to the open circuit fault, the short circuit current of the system decreases which will in return decrease the total array current and due to a decrease in array current the total power yield will decrease [24].  In Figure 19 a description of this fault can be seen.
[image: ]
Figure 19. Open circuit fault.
It can be seen from the red encircled region in Figure 19. That the second module in string one is open circuited.
vi. Bypass Diode Faults
There are some protection devices present in a PV system one of them are blocking diodes those who prevent any reverse current in strings. While other are known as the bypass diodes. These diodes are connected in parallel with the PV module. Usually they remain inactive but whenever a shading fault occurs they gets active to prevent the PV module from getting burnt due to excessive heat produced by any PV module that experiences partial shading [38]. 
There can be two kinds of faults associated with the bypass diodes either they can be open circuited or short circuited. A figure 20 will discuss both these faults. 
When the bypass diodes are faulty due to excessive heat hotspots will be created on the PV module that is experiencing the partial shading fault [24].
[image: ]
Figure 20. Bypass diode Faults.
A summary of all the faults discussed in the literature can be seen in Figure 21.
[image: ]
Figure 21. PV Faults Summary.







III. Photovoltaics Fault Detection, Classification and Localization Techniques.
To this date, many researchers have developed techniques that will assist in PV fault detection and classification. Recently many have focused on not just detection and classification but also the successful localization of the faults that can occur in any kind of PV system. 
There are four major categories of these techniques Statistical techniques, Visual and Thermal techniques, Machine Learning techniques, and Electrical-based techniques.
In this portion of the review, these techniques will be discussed in the given order.
A. Statistical Techniques.
In this section, some of the most commonly used statistical techniques to detect the faults will be discussed and the PV faults that they can detect will be mentioned.
i. K-nearest neighbor technique (KKN).
The (KKN) technique is commonly used for string-related faults in any PV system. These faults include open circuit faults and partial shading faults [39]. The technique employs an algorithm that will detect and classify the PV faults successfully.

ii. Exponentially weighted moving average method (EWMA).
The working principle of this technique is quite simple first for reference some parameters of normally working PV cells are gathered such as current and voltages under various temperatures and irradiation levels then they will be compared with the PV cell that is facing some sort of fault. 
After this comparison, the (EWMA) chart will then be employed to detect and classify the PV fault [39]. 




iii. Univariate and multivariate EWMA.
Just like the (EWMA) this technique also uses the same working principle. This technique also employs a chart to identify the type of PV fault that is present. Just there is one shortcoming is that for detection through multivariate EWMA can be done one should first employ the univariate EWMA [39]. 
iv. Statistical t- Test.
Just like any other statistical technique, this one also uses the comparison of the data between the healthy PV module parameters and faulty PV module parameters. The main advantage of this technique over the others is that it can not only detect and classify the PV faults but can also find the location of the PV fault. 
Another advantage of this technique is that it can be used as an automatic fault diagnostic by considering some environmental and electrical parametric data. For any kind of fault, PV module, PV strings, and MPPT regulator this technique can detect and classify them.
The localization in this technique is done by comparing the ideal and measured values gathered from the ratio between power and voltages of the faulty PV module [39].
v. Earth Capacitance Measurement Technique.
This method is quite exclusive as it is used to detect anomalies in the PV system during some natural disasters. This method also relies on the comparison of data of a healthy PV string with a string containing faults.
This very technique does not depend upon any climatic data. It is quite suitable for the inspection of a PV system; it is suitable for diagnosing faulty connections in any string [23]. 
vi. Time Domain Reflectometry Technique.
The working principle of this technique is the comparison of the input signal from the PV system with the reflected signal. This technique is suitable for the detection, classification, and localization of the degradation faults by simply analyzing the disturbance or changes in the waveforms.
In this, the faulty connections and the changes they do to the impedance both are analyzed by the reflected signals [23].

B. Visual and Thermal Techniques.
These techniques usually depend upon the visual and thermal analysis of faults in a PV system. These require infrared cameras and many other equipment required for the complete operation of these techniques. The already existing visual and thermal techniques are mentioned in the paragraphs below.
i. Visual Inspection
One of the most commonly used and easy to understand among all the visual and thermal techniques is the visual inspection. The working principle of this method is the shade analysis. 
With the help of an additional apparatus SolmetricSuneye the shading analysis is done, now this analysis is important to detect the potential anomalies related to the partial shading. This technique can monitor the system alongside all its components. 
With the help of this technique, many potential faults like discarded ruins, leaf litter, and bird turds can be successfully diagnosed. The only drawback is the safety [40].
ii. Electroluminescence Imaging Technique.
Well, this technique is used for the characterization of the PV modules and is highly accurate. This technique provides us with a quick-resolution image that can detect PV faults like micro-cracks and delamination etc PV cells with increased series resistance in other words the degradation fault can also be detected by usage of this technique. The quality of electrical connections is also analyzed using this technique [41].  
This technique is usually practiced in the low light like when there is no sunlight available. In this the faults are detected by the glow as the light is radiated through the excitation of the electrons and holes there occurs a glow, which grows as the rate of excitation increases this in return detects the potential anomalies [42].
iii. Infrared Thermography Technique. 
Infrared thermal imaging for PV fault detection is contactless and safe. As the PV modules release electromagnetic waves the radiation process occurs. Now because of those electromagnetic waves infrared rays radiate as well.
 
Infrared radiation occurs due to the movement of atoms of an object whose temperature is above 0K or it contains external energy [43]. Infrared thermography (IRTG) is the most used technique for the detection, classification, and localization of the faults that can occur in the PV array side or some other components such as connector cables and junction boxes, etc.
This technique is economical and reliable it gives the complete 2D distribution of all the characteristics and parameters of the PV modules and it gives the results quite quickly. There are two further classifications of the IRTG and they are classified as active and passive infrared thermography.
a. Active Infrared Thermography (IRTG).
The working principle of this technique is simple in that internal heat is flown into the object by simply increasing the temperature with the use of an external heat source [43]. 
The most commonly used and simple to comprehend is the pulsed active (IRTG). In this as the name suggests heat pulses are used. An external heat source such as a heat gun lamp, etc [44] releases heat pulses on the object that needs to be heated.
Another type of pulsed IRTG is the long pulsed active infrared thermography in this a continuous pulse from a low-power heat source but the main focus in the long pulse is the cooling [45].
The lock-in thermography is related to the oscillating temperature domain, In this internal faults in a PV system can be detected by the change in waves [46].
Vibro-active infrared thermography is related to mechanical vibrations what happens is that vibrations are applied and are converted into thermal energy that in return will detect faults like delamination etc by forming a hot spot at the place of damage [47]. 
b. Passive Infrared Thermography
The passive thermography is known as the steady state conditions thermography this technique is cheaper and does not require any kind of external heating. Instead, it just works by collecting the infrared radiations from the PV modules. It only requires an Infrared camera [43].


The fault detection, classification, and localization can be done by simply observing the real-time imaging of the PV modules no hardware and humans are required for this technique.

C. Machine learning Techniques.
In recent decades the artificial intelligence (AI) tool is quite famous as it can be used in various fields such as medicine, robotics engineering, language processing, and in some behavioral science, etc. It is a quite powerful tool as it can also be used for forecasting and predictions [48-49].
Machine learning (ML) is a subset of the AI techniques as it is actively used to date in many different projects and deep learning is further a subset of machine learning.
In the PV system, the (ML) that can be used are neural networks [50-51], fuzzy logics [52], decision trees [53], support vector machines [54], etc.
i. Decision Tree (DT) Technique.
One of the widely used and easy to comprehend is the decision tree algorithm. This is one of the machine learning types. Recently it was discovered that this can straightaway detect the faults in a PV system with a impeccable accuracy of 99%.  
The training of the model is quite on the expensive side the (DT) model will work with 99% accuracy only with the trained data set. This model may not work at its full potential if some unknown data that is different from the trained data is fed to the model [55-56].
ii. Probabilistic Neural Network (PNN) Technique.
This is a further classification of the neural network which is used to detect the problems related to patterns. In a PV array, this is used for the detection of pattern recognition faults. This technique does this for self-learning and parallel processing. 
The PV parameters in their nominal operating conditions are fed to the PNN model to train the provided data set. Once the data set is trained the PNN can detect and classify faults. 


The PNN technique is faster than the multilayer perceptron but its speed can be decreased when new data is fed. This technique is mostly used for modeling structural failures and character recognition [55, 57, 58].
iii. Artificial Neural Network (ANN) Technique.
Artificial neural networks (ANN) are the stacking of three layers in a feed-forward way. There are three layers of neural networks. This technique is 99% efficient which is better than the other neural network's accuracy for the detection and classification of faults in a PV system. 
Only one layer is not responsible for the successful operation of this technique therefore multiple layers of ANN are intertwined together for the detection of faults in a PV system.
The detection process is self-learning and is automated no need for human is required to perform this technique. They need to be trained first for the maximum accuracy output [55, 59, 60]. 
iv. Multilayer perceptron ANN.
The faults in PV system that occurs due to environmental factors such as faults like partial shading can be detected and classified by the multilayer perceptron model with good working accuracy. 
The data set is required for the training of the multilayer perceptron model the data set will include PV module parameters all the data is used by recorded observations over the time. 
The training of the model is done by the Resilient back propagation algorithm after the training the fault is traced by the usage of computational analysis which was in return used for the approximation of the vital [55, 59].
D. Deep Learning.
Machine learning (ML) is a subset of AI just like Deep Learning (DL) is a further subset of machine learning shown in Figure 22.
 


There are many algorithms available but the best deep learning algorithms for the fault tracing of PV systems are the convolutional neural network (CNN), recurrent neural network (RNN), long short-term memory (LSTM), and autoencoder/decoder [61-62].
1. Convolutional neural network (CNN)
The CNN is different from the standard artificial neural networks (ANN) this type of data processing technique [63] uses convolution instead of the conventional matrix multiplication which possesses a grid-like structure [64]. 
The CNN is used for fault classification and detection by simply using three input parameters for the training of the data set and those three are PV normal current, PV normal voltage, and the fill factor. This technique is justified by the experimental test it successfully detects line-line and open circuit faults [65]. 
The more improved and data-efficient CNN is used by the combination of the convolution neural network (CNN) with a gated recurrent unit (GRU) which not only takes the I-V characteristics as input but also includes irradiation levels and the ambient temperature [66]. The actual working layers of this is elaborated in Figure 23. 
[image: ]   
Figure 23. The architecture of the CNN for fault detection and classification in PV systems with depth DL [66].







2. Long short-term memory networks (LSTM).
LSTM is on the types of the (RNN) the LSTM shines when there is an increased gap among the input and output sequences this is done by a gate known as the forget gate which is the part of a typical LSTM structure. The forget gate is a deficiency in the RNNs [67]. 
According to an experiment, an accuracy of 91.21% in PV fault detection was achieved by a system connected to the IEEE bus system with the help of the LSTM RNN [68].  


3. Generative adversarial neural networks (GAN) Technique.
The GAN consists of two different networks one is used for new data production known as the generative layer of the GAN architecture and the other layer is used for the evaluation of data for authentication this one is known as the discriminative network [69]. 
A static adversary is used for the training of the networks and for the reconstruction of the input layer GAN uses a special type of supervisory called supervised learning [70]. 
In [71] the GAN technique is used for the detection and classification of DC series arc faults of the PV system.












E. Electrical based techniques.
One of the most commonly used techniques that are used for fault tracing in PV systems is the Electrical-based technique. 
Conventionally these technique uses the I-V characteristics of the PV system for the tracing of the faults that can occur in a PV system or sometimes times usage of sensors is required.
1. I-V characteristics curve analysis (IVCA).
Among all the Electrical-based techniques (EBT) the most common and easy to understand is the (IVCA) technique. In this technique, the I-V characteristic curve provides us with parameters like short circuit current (Isc) and open circuit voltage (Voc) of the PV module used and some other factors as well [72-73].  
These parameters are then analyzed to detect and classify the type of fault the system is dealing with. The I-V curve is different for each fault case multiple faults can be traced using this technique the I-V curve for every kind of fault is given in Figure 8. 
2. Power Loss Analysis (PLA).
For the usage of this (PLA) technique the system under study needs to be monitored for extracting the parameters like current and voltages to find out the power losses of the system under study.
This is a comparative technique in which the power value simulated is compared with the measured or calculated power of the PV system. 
Several simulations need to be done and then compared with the actual measured values. The detection and classification is done concerning the difference between simulated and measured values in other words by comparing the error in power of the system [24, 74]. 

3. Sensors Based Techniques (SBT).
According to this recent years many researchers have set their sights on the fault detection, classification and localization of faults in a PV system. 


The constant need for a low-cost fault tracing technique is required by optimizing the number of sensors used for the fault tracing process. After employing the sensors a microcontroller is required for the successful detection, classification, and localization of the PV faults. There are many techniques available and some of the most efficient ones are cited in this review.
a. Diodes-based Technique.
The authors in [75] developed a new approach called diodes-based fault detection, classification, and localization of PV systems. In this technique, the diodes a connected to each string in two positions one is placed at the top of each string and one is placed above the last PV module in a PV string. The upper ones are connected to two voltage sensors and diodes above the last PV module are connected to one voltage sensor.
The placement of the sensors is of quite significance in the sensor-based techniques for fault diagnosis. In this technique from the upper two voltage sensors, one is for the fault detection and one for the location of the fault and the lower voltage sensor is for the fault classification. 
Three parameters are evaluated for the successful working of this technique. One is the critical voltage (VC), array voltage (VA), and the (Voc). By the evaluation of these parameters, line-line and line-ground faults are diagnosed. A circuit diagram for this approach can be seen in [75].
b. Two Current Sensors per string Technique.
The authors in [76] have developed a technique in which two current sensors were placed in every string, one is placed on top of the string and the other at the bottom of the same string. The technique incorporated a microcontroller, which will simply compare the information coming from the current sensors and will diagnose faults in a PV system.
Three important parameters were used for the fault diagnostic. Critical voltage, maximum voltages of the PV module, and the path of the current. The path of the current was identified with the help of the current sensors and the critical voltage was calculated with the help of a number of series PV modules (Ns) connected in a string multiplied by the open circuit voltages (Voc).

By carefully evaluation of the parameters detection and classification of line-line and line-ground faults of the PV system is done.
c. Opto-coupler Based Technique.
The authors in [77] created a new approach for the detection, classification, and localization of partial shading faults in a PV system. 
An optocoupler is an optical device that is electrically isolated. As we know there is a bypass diode present in parallel with the PV module. Now when there are normal conditions the current follows the conventional path since when there is partial shading the current will now flow through the bypass diode and the optocoupler will be in a high state while in normal conditions the optocoupler will be in a low state.
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