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Abstract 

 

Potential-induced degradation (PID) in photovoltaic (PV) solar panels occurs due to the operation in strings that are 

part of large installations, and under determinate voltage and environmental operating conditions, especially humidity 

and temperature. The PID can cause decreasing of up to 40 % in the generated power capacity of the PV panel and, in 

the most severe cases, the end of its lifetime. When this phenomenon is detected in time, the causes can be corrected 

and, the effect on the PV panels could be susceptible to a reversibility process. This article presents a comparative 

analysis of the performance of four electrical indicators to detect PID reported in recent literature. This study is carried 

out by simulation, using the single-diode model to represent the PV panel, and under different irradiance and 

temperature conditions. The results show the advantages of an indicator based on normalized parallel resistance, in 

terms of its practicality and low sensitivity to changes in irradiance and temperature conditions. 

 

Keywords: Potential Induced Degradation (PID); degradation detection; electrical indicators; single diode model;                   

I-V curve; PV panel; temperature; irradiance; fill factor; shunt resistance; current ratio; open-circuit voltage. 

 

Resumen 

 

La degradación inducida por potencial (PID) en paneles solares fotovoltaicos (FV) se produce debido a su operación 

en cadenas que hacen parte de grandes instalaciones, y bajo ciertas condiciones operativas de voltaje y ambientales, 

especialmente humedad y temperatura. El PID puede ocasionar hasta un 40 % de disminución en la capacidad de 

potencia generada del panel FV, y en los casos más severos la terminación de su vida útil. Cuando este fenómeno se 

detecta a tiempo, las causas se pueden corregir y el efecto en los paneles FV podría ser susceptible a un proceso de 

reversibilidad. Este artículo presenta un análisis comparativo del desempeño de cuatro indicadores eléctricos para 

detectar el PID reportados en la literatura reciente. Este estudio se realiza mediante simulación, utilizando el modelo 

de un solo diodo para representar el comportamiento del panel FV, y bajo diferentes condiciones de irradiancia y 

temperatura. Los resultados encontrados demuestran ventajas de un indicador basado en la resistencia paralelo 

https://creativecommons.org/licenses/by-nd/4.0/deed.es
https://doi.org/10.18273/revuin.v21n3-2022003
https://revistas.uis.edu.co/index.php/revistauisingenierias
mailto:edinson.franco@correounivalle.edu.co
mailto:martha.orozco@correounivalle.edu.co
https://orcid.org/0000-0002-0041-6909
https://orcid.org/0000-0003-4045-3808
https://orcid.org/0000-0002-5458-2427
mailto:jubastidasr@unal.edu.co
https://orcid.org/0000-0002-4634-2642


22  
 
 

 

J. S. Parra-Quiroga, É. Franco-Mejía, M. L. Orozco-Gutiérrez, J. D. Bastidas-Rodríguez 

normalizada, en cuanto a su practicidad y baja sensibilidad ante cambios en las condiciones de irradiancia y 

temperatura. 

 

Palabras clave: degradación inducida por potencial; detección de degradación; indicadores eléctricos; modelo de un 

solo diodo; curva I-V; panel FV; temperatura; irradiancia; factor de llenado; resistencia paralela; razón de cambio de 

corriente; tensión de circuito abierto. 

 

1. Introduction 

 

In the last years, photovoltaic (PV) solar energy has taken 

a relevant place in electric power generation, due to its 

compatibility with other methods of generation, 

modularity, zero emissions, and an inexhaustible energy 

source. Those advantages and the policies implemented 

by several countries around the world have helped PV 

systems reach an accumulated installed capacity of 

approximately 609 GW by the end of 2019 and, 

according to the International Energy Agency (lEA) 

forecast, the total installed PV capacity is expected to 

exceed 1 TW by 2023 [1]. 

 

Beyond the social and environmental benefits, the 

installation of a photovoltaic system is expected to 

provide financial return, whereby the operation of PV 

systems should be carried out as efficiently as possible. 

Nonetheless, the electrical performance of the PV panel, 

the main element of a PV system, can be affected by 

several failure mechanisms during operation, such as 

delamination, Light-Induced Degradation, and cracked 

PV cells, among others, which not only cause power 

losses but also degrade the PV panel characteristics and 

create safety issues [2]. Therefore, it is a critical issue to 

minimize or remove the conditions and factors that can 

make the PV panels malfunction. 

 

During the last decade [3], Potential-Induced 

Degradation (PID) has gained great interest in the PV 

industry as it could affect the PV system performance in 

the medium and long-term, with power losses up to 40 % 

[4]. PID is an undesirable phenomenon associated with 

large grid-tied PV systems (a few hundreds of volts), 

where it is configured a high voltage between cells of a 

PV panel and the grounded metallic frame when the 

panel is part of a series string [5]. The high voltage forces 

the sodium ions to diffuse from the glass through the 

encapsulant of the PV panel, and to accumulate on the 

surface of the cell, causing polarization of the surface 

(shunting). This leads to an increase in leakage current 

from the cell surface through encapsulation and the glass, 

which is discharged to the ground, and adversely changes 

the cell efficiency. PID is more frequently associated 

with the negative potential relative to the ground, due to 

the predominance of P-type crystalline silicon panels in 

current installations. However, the positive potential 

concerning ground and its relation to the PID process is 

discussed in [6], [7], [8]. 

 

The problem of PID has been tried to solve from the 

manufacturing perspective, but also at the PV installation 

level. PV panel manufacturers are taking necessary 

corrections in manufacturing processes and materials to 

reduce the susceptibility of PV panels to suffer from PID 

[9], [10]. Nowadays, IEC TS 62804-1 standard defines 

“test methods for testing and evaluating the durability of 

crystalline silicon photovoltaic modules to the effects of 

short-term high-voltage stress including PID”. 

Furthermore, PID does not occur in every PV panel of the 

PV installation, as only appears eased by a combination 

of humidity and temperature conditions under operation, 

and it is a reversible phenomenon when the negative 

voltage stress has ended. Then, whether it is detected on 

time, the causes could be corrected and the PV panels 

with surface polarization in the cells (normally associated 

with c-Si PV panels) can be regenerated by employing 

some methods in the lab [3], [8], [11], or even in the field 

[12], [13], [14], [15]. Therefore, it is essential to know 

whether or not a PV system is affected by PID. 

 

This paper presents a comparison of the methods to 

detect PID in PV panels. The following sections present 

and analyze methods reported in literature intended to 

detect PID, by highlighting their advantages and 

disadvantages. In the end, a simulation analysis is 

performed intended to determine a suitable electrical 

indicator associated with the detection of PID. 

 

2. Methods for detection of PID  

 

Several works reported in the literature are focused on the 

detection of PID in PV panels, and two types of methods 

can be distinguished: visual analysis methods [16], [17], 

[18], [19], and methods that involve electrical indicators 

analysis [20], [21], [22]. The visual analysis methods 

comprise Electroluminescence (EL) imaging [16], 

Infrared (IR) imaging [17], [18], [19], and the I-V curve 

tracing. As part of Operation and Maintenance activities 

and even as a third-party service, EL imaging, IR 

imaging, and I-V curve tracing are inspection methods 

performed on-site to confirm whether a PV panel is 

affected by PID or not [23]. 
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2.1.  Visual analysis methods 

 

2.1.1. EL imaging 

 

A PV panel free of PID has an EL image where all cells 

have almost the same brightness, while a panel affected 

by PID presents a pattern of darker cells at the edges of 

the panels, due to the shorter distance between these cells 

and the frame: that is, shunted cells due to PID [16]. At 

the string level, the panels closer to the positive pole have 

almost the same brightness, while the panels closer to the 

negative pole have dark cells: those affected by PID [2]. 

To acquire EL images, the panel must be biased with a 

current source (typically set at Isc/10), and without 

sunlight because the amount of infrared radiation emitted 

by the solar panel is low compared to the radiation 

emitted by the background lighting. 

 

In most implementations reported in the literature, EL 

imaging is a qualitative technique of PV failure detection. 

However, in the work of [24], the authors present an 

approach called “EL power prediction of panels” 

(ELMO) for the quantitative prediction of the electrical 

properties (i.e., the I-V curve) of all cells in a PV panel, 

just from EL measurements. The EL images are 

converted into either a series resistance or a parallel 

resistance map. With these maps, together with data from 

the datasheet of the undamaged panel, the complete I-V 

curve of the damaged panels is predicted. The authors 

analyzed the electrical properties of a commercially 

available panel, which suffered from PID, and its 

electrical performance was predicted with an accuracy of 

better than 1% at the maximum power point. 

 

2.1.2. Infrared imaging 

 

An IR inspection of the panels, while they are in 

operation with an IR camera, can be a useful method to 

estimate if a panel is affected by PID or not [25]. In 

operation, incident uniform sun irradiance makes PV 

panel get heat, which is evidenced in an almost 

homogeneous IR image, where PV cells’ temperature can 

differ only a few degrees. But a panel with PID has a 

characteristic IR pattern, since the PID-affected cells 

have higher temperatures than the neighbor non-PID-

affected cells, while a panel free of PID has all their cells 

almost at the same temperature [17], [25], [19].  

 

The cells that are close to the framework of the PV panel, 

and are hotter than the others, are potentially affected by 

PID. In a string, PID affected PV panel is located more 

frequently at the negative string end. It is possible to 

make a quantitative analysis of PID-affected PV panels, 

as IR data can be correlated to PV power through the 

linear decrease of the PV panel power with an increasing 

number of suspicious cells (hot cells). The linear function 

presented in [18] is an acceptable approximation of the 

PV panel power, with a deviation of less than 7 %. 

 

2.1.3. I-V curve shape 

 

The I-V curve distortions are reliable proof that a PV 

panel has degradation. Assuming that curve is traced in a 

period in which the temperature and irradiance 

conditions do not change, the I-V curve can differ 

substantially from a non-degraded reference (at the same 

operating conditions), due to one or more different 

degradation factors. PID causes the horizontal part of the 

I-V curve (where the IPV is close to the ISC) to fall, as 

shown in Figure 1. In the advanced stages of the 

degradation, a decrease in open-circuit voltage can also 

be observed. However, not always it is easy to detect a 

difference in shape, as the curves must be free of steps 

from mismatch effects, then comparing curves in STC 

could be the best option. Nevertheless, in [21] authors 

report that the efficiency of panels at low irradiances is 

more affected by PID than in STC, whereby an 

alternative is to capture the I-V curve at low irradiances; 

in the field, this could be done when the sun is rising or 

at the sunset. 

 

 
 

Figure 1. Light I-V curve of a PID-free PV panel (dash-

dot blue line) and I-V curves of a PID-affected PV panel 

at different degradation levels. 

 

The pattern in the EL images of panels affected by PID 

is very clear even for early degradation stages [26], 

allowing an accurate detection, but it does not report how 

this degradation is affecting the panel efficiency.  
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Regarding I-V curve tracing, early detection of PID at 

string level is not easy, because string I-V curve could 

not exhibit significant changes as usually few PV panels 

that are at the end of the string are most affected by PID. 

Considering difficulties to get a string I-V curve because 

of a large number of PV panels, an option could be to get 

individual I-V curves and compare them with reference 

I-V curves of healthy PV panels [17]. 

 

The main disadvantage of the visual analysis methods is 

the use of specialized equipment, like CCD and IR 

cameras and I-V curve tracers, which can represent an 

extra high cost for the diagnostic. Likewise, the dark 

conditions for EL imaging or the electrical disconnection 

of the PV panel for I-V curve tracing represent an extra 

complexity to the application of this type of method. 

 

The most advantageous of the visual analysis methods 

are IR imaging, a non-destructive and contactless method 

since images can be acquired easily by adapting a 

suitable high-resolution camera to the aerial vehicle 

while the panels are in operation [27], [28]. However, IR-

imaging analysis is not always conclusive, since hot spots 

caused by PID could be not easily noticeable in an early 

stage of the degradation, and as well hot spots could be 

caused by other factors like shadowing, and cracks in PV 

cells, or short-circuited bypass diodes [2]. Moreover, in 

large-scale PV systems, image capturing should be 

performed during normal operation in the field with 

stable environmental conditions. That is on a sunny 

cloudless day, with a minimum of 700 W /m 2 [2], [17], 

to clearly detect the differences in temperature between 

the PID-affected panels and the healthy panels. 

 

2.2.  Electrical indicators from I-V curves 

 

Visual analysis methods are usually carried out to 

confirm the suspicions of degradation previously 

detected by measurements from monitoring data of the 

PV system. As presented in the previous section, the PID 

affects the I-V curve that reflects the electrical behavior 

of the PV panel, decreasing the maximum power point 

and therefore the I-V curve fill factor. However, there are 

other characteristics from the I-V curve (see Figure 2) 

also affected to a lesser or greater degree according to 

operating conditions and the level of degradation, such as 

the open-circuit voltage. Electrical indicators can be 

determined from measurements of the I-V curve to 

quantify those characteristics. Although the calculation 

of some indicators requires operating the PV panel at 

extreme points, such as open-circuit voltage or short-

circuit current, some indicators can be obtained from 

measurements close to the maximum power point (MPP). 

Following, four electrical indicators are analyzed in 

terms of their calculation and sensitivity. 

 

2.2.1. Fill Factor 

 

The fill factor (FF) is used as an indicator of the 

performance of the PV panel and, it is defined in the 

equation 1 as the ratio of the rectangle maximum power 

 
Figure 2. Graphical representations in the I-V curve associated with PID in PV panels: current ratio (CR), fill 

factor (FF), parallel resistance (Rh), and the points used to calculate them. 
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to the product of Voc and Isc (see equation 1). The higher 

the FF, the lower the slope of the I–V curve in the region 

of the short-circuit current, and the higher is the slope 

close to the open-circuit voltage [29]. 

 

PID causes an increase in the slope of the I-V curve in 

the region of the short-circuits current, therefore, 

decreasing the fill factor. However, the fill factor can be 

decreased due to different causes, such as short-circuited 

bypass diodes, moisture, or partial shading [2]. That is 

why the use of FF as an indicator of PID should be 

supported by other analyzes or diagnostic techniques, as 

done in [20], where a diagnostic method is proposed and 

experimentally tested to detect faults associated with 

partial shading, reduction of the series resistance, and, 

PID. The detection process generates a Yes/No alert for 

each of the three faults. For PID, the fuzzy classifier 

employs a group evaluation of the fill factor, the 

equivalent thermal voltage (Vte defined in (2)), and the 

equivalent series resistance (Rse defined (3)) to detect 

PID. To distinguish and identify the specific factor that 

causes the loss of power, the group evaluation is needed 

as the indicators present sensitivity to more than one of 

the failure factors and the changes in environmental 

conditions. 

 

𝐹𝐹 =
𝐼𝑚𝑝𝑝 × 𝑉𝑚𝑝𝑝

𝐼𝑆𝐶 × 𝑉𝑂𝐶
 (1) 

𝑉𝑡𝑒 =
(2𝑉𝑚𝑝𝑝 − 𝑉𝑜𝑐)(𝐼𝑠𝑐 − 𝐼𝑚𝑝𝑝)

𝐼𝑚𝑝𝑝 − (𝐼𝑠𝑐 − 𝐼𝑚𝑝𝑝) ln (
𝐼𝑠𝑐 − 𝐼𝑚𝑝𝑝

𝐼𝑠𝑐
)

 (2) 

𝑅𝑠𝑒 = −
𝑑𝑉𝑃𝑉
𝑑𝐼𝑃𝑉

|
𝐼𝑃𝑉=0.75𝐼𝑚𝑝𝑝

 (3) 

 

2.2.2. Open-circuit voltage 

 

PID can make a PV panel have a lower open-circuit 

voltage (Voc) than a reference value (non-degraded PV 

panel). But this reduction is usually noticed when the PV 

panel has a strong degradation [17]. Therefore, Voc can be 

used as an indicator to know if a PV panel is PID-

affected. This parameter can be measured in the field by 

a maintenance operator with a voltmeter, or by using a 

monitoring system. The work presented in [21] reports 

that Voc could be used to detect PID in an early stage of 

degradation. The results evidence at low irradiance 

(lower than 12,5 W /m 2) that PID can be detected before 

the power reduces by more than 1 %; nonetheless, an 

accuracy irradiance measurement is needed for low 

irradiance values. Moreover, low Voc can be also caused 

by partial shading, short-circuited bypass diodes, 

inverted bypass diodes, light-induced degradation, and 

short-circuited PV cells [2], which also makes difficult 

the use of this parameter as a unique indicator of PID. 

 

2.2.3. Current ratio 

 

PID causes the segment between Isc and IMP P (the 

horizontal zone) of the I-V curve to fall (see Figures 1 

and 2). This higher-than-expected slope in the horizontal 

zone of the I-V curve can be quantified by comparing the 

current ratio (CR) of the PID-affected PV panel I-V curve 

to a reference value [22], for a given operating condition. 

The current ratio is the relation between the PV current 

at maximum power (IMP P ) and the short-circuit current 

(ISC ), as it is expressed in (4). 

 

𝐶𝑅 =
𝐼𝑚𝑝𝑝

𝐼𝑆𝐶
 (4) 

 

2.2.4. Shunt resistance 

 

Considering the Single-Diode Model (SDM), the shunt 

resistance (Rh) represents paths for the leakage currents 

in the PV panel, which is inherent to manufacturing 

materials and processes. When the shunt resistance 

decreases, it means leakage currents are higher, and the 

performance of the PV panel also decreases [2], [8]. 

Since PID creates shunts on PV cells and therefore 

leakage currents increase, Rh can be used to detect PID. 

In the work reported in [30], Rh is analyzed as an 

indicator for PID detection, by characterizing this 

parameter at different PID progression levels and 

different temperatures through forwarding dark I-V 

curves (an indoor test). The work concludes that 

“monitoring the cell shunt resistance at low bias 

conditions can be a promising method for PID detection 

in the field before any significant power loss occurs                     

(< 1 %)”. 

 

It is possible to obtain certain parameters like shunt 

resistance from the I-V curve of a PV panel. As 

illustrated in Figure 2, Rh is the inverse of the slope of the 

I–V curve close to the short-circuit point, as given by (5), 

which is considered an accurate estimation for the shunt 

resistance for the SDM [31]. For a better estimation of 

Rh, IP V 2 should be close to IP V 1. Furthermore, it is 

possible to fit the I-V curves of a PV panel to the SDM 

by using methods like Newton-Raphson or Levenberg-

Marquardt. The accuracy of parameters’ estimation will 

depend on the quality of the dataset and the initial guess 

solution [29]. 

 

𝑅ℎ = −
Δ𝑉𝑃𝑉
Δ𝐼𝑃𝑉

= −
𝑉𝑃𝑉1 − 𝑉𝑃𝑉2
𝐼𝑃𝑉1 − 𝐼𝑃𝑉2

|
𝐼𝑃𝑉1=𝐼𝑆𝐶

 (5) 
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The work in [32] proposes N∆Rh as an indicator to detect 

reductions in the MPP current (Impp) of a PV panel, 

expressed by (7) as the relative value of a variation of 

shunt resistance ∆Rh concerning a reference value Rh, the 

last corresponding to the PV panel without degradation. 

∆Rh can be seen as an additional resistance connected in 

parallel to Rh (see Figure 3), that produces the same 

reduction in Impp. Since PID produces reductions in Rh 

(∆Rh), N∆Rh can be used to detect PID. To that end, it is 

necessary to know Impp and Vmpp of the degraded panel, 

the current of the PV panel without degradation    (IP V ), 

and the reference value of Rh, according to (6), (7), and 

the Figure 4. For equation (7), Impp and Vmpp can be 

obtained from data monitoring of the PV system. The 

photovoltaic current of the non-degraded PV panel (Ind) 

and the reference value of Rh could be estimated with the 

approach described in [33] based on the PV panel 

datasheet, or through parameterization of the single-

diode model from experimental I-V curves, for a given 

operating condition. In this work, the method described 

in [33] has been used. 

 

∆𝑅ℎ =
𝑉𝑚𝑝𝑝

(𝐼𝑛𝑑(𝑉𝑚𝑝𝑝)
− 𝐼𝑚𝑝𝑝)

 
(6) 

𝑁Δ𝑅ℎ =
Δ𝑅ℎ
𝑅ℎ

=
𝑉𝑚𝑝𝑝

𝑅ℎ × (𝐼𝑛𝑑(𝑉𝑚𝑝𝑝)
− 𝐼𝑚𝑝𝑝)

 
(7) 

 

Moreover, even though the analysis of electrical 

indicators is related to the I-V curve, it is possible to 

obtain the indicators by using the monitoring systems 

implemented in the PV systems.  

 
Figure 3. Single-diode model with degradation represented by additional series and parallel resistances, ∆Rs and 

∆Rh, respectively [32]. 

 

 
 

 
Figure 4. Explanation of N∆Rh concerning the I-V curve. The blue-continuous line is the non-degraded I-V curve, 

and the magenta-dashed line is the PIDdegraded I-V curve. The cyan-diamond point is the maximum power point 

in the non-degraded curve [32]. 
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These monitoring systems may be those offered by most 

major inverter manufacturers, which provide general 

information on PV performance, or third-party systems 

when measurements with panel and string granularity 

levels are required. That means the analysis of electrical 

indicators has a significant advantage over visual 

analysis methods since the implementation as part of 

fault detection and diagnosis system could use existing 

infrastructure, which would decrease costs; besides, the 

data acquisition could be carried out during the day in 

many cases, with none or minimal mechanical or 

electrical intervention of the PV system. In the next 

section, it is presented a simulation-level evaluation of 

the use of electrical indicators derived from the I-V curve 

for PID detection. 

 

3. Comparison of electrical indicators 

 

Single-diode model-based simulations were performed to 

evaluate the behavior of Fill Factor (FF), the value of Rh, 

the Normalized Change of Rh (N∆Rh), and the Current 

Ratio (CR), as electrical indicators to detect Potential-

Induced Degradation in c-Si PV panels [2], [22], [32]. 

Firstly, the procedure described in [33] is applied to 

simulate non-degraded I-V curves for an IPS-100 PV 

panel, employing equations 8 and 9. The electrical 

characteristics extracted from the datasheet, as well as the 

STC single-diode model parameters for the IPS-100 PV 

panel, are presented in Table 1 and Table 2, respectively. 

The single diode model is widely used and referenced in 

literature to represent crystalline-silicon-based PV 

panels, with a good compromise between precision and 

complexity [29], [33], [34]. 

 

𝐼𝑝𝑣 = 𝐼𝑝ℎ − 𝐼𝑠𝑎𝑡 ⋅ (𝑒
𝑉𝑝𝑣+𝑅𝑠⋅𝐼𝑝𝑣

𝐵 − 1)

−
𝑉𝑝𝑣 + 𝐼𝑝𝑣 ⋅ 𝑅𝑠

𝑅ℎ
 

(8) 

𝐵 =
𝑁𝑠 ⋅ η ⋅ 𝑘 ⋅ 𝑇

𝑞
 (9) 

To simulate the effect of PID on the I-V curve and 

calculate the degraded I-V curves, reductions of Rh are 

introduced into the calculation of degraded I-V curves. 

These reductions are between 0 % and 75 % with steps 

of 5 %, considering the STC value of Rh (see Table 2) as 

the one with 0 % of degradation. Parameters Iph, αIsc, η, 

Isat, and Rs are not modified, considering that the PV 

panel is not affected by other degradation mechanisms. 

The flowchart in Figure 5 summarizes the simulation 

process, which is repeated for different irradiance (S) and 

temperature (T) conditions and different levels of 

degradation. 

The values of FF, Rh, N∆Rh, and CR are plotted in Figures 

6, 7, 9, and 8, respectively. In those figures, the values on 

the x-axis represent the level of degradation, calculated 

by using the equation 10, where Rh,d is the degraded 

parallel resistance, and Rh,h is the parallel resistance in 

STC of the PV panel without any degradation (see the 

Table 2). 

 

Table 1. Parameters of an IPS-100 PV panel in STC, 

extracted from datasheet [35] 

 

Open-circuit voltage (Voc) 22,69 V 

Maximum-power voltage (Vmpp) 19,12 V 

Short-circuit current (Isc) 5,6 A 

Maximum-power current (Impp) 5,24 A 

Maximum power (Pmax) 100 W 

Number of cells (Ns) 36 

Temperature coefficient of VOC (β)  -0,38 % /ºC 

Temperature coefficient of ISC (α)  0,04 % /ºC 

 

Source: Authors. 

 

Table 2. STC single-diode model parameters for a 

IPS-100 PV panel,calculated based on the method 

stated in [33] 

 

Iph [A] 5,600 

αIsc [A/K] 0,0022 

η 1,123 

Egap [J]  1,80×10-19 

Isat [A]  1,813×10-9 

Rs [Ω] 0,088 

Rh [Ω] 244,309 

 

Source: Authors. 

 

𝐿𝑒𝑣𝑒𝑙 𝑜𝑓 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛

= (1 −
𝑅ℎ,𝑑
𝑅ℎ,ℎ

) × 100  [%] 
(10) 

 

Under different irradiance and temperature conditions, 

the simulation results show that all indicators decrease as 

the level of degradation increases. The PID affects the 

slope of the horizontal zone of the curve, the slope 

increases, and then, the maximum power current and the 

fill factor also decrease. Due to the dependence of the fill 

factor on the short-circuit current and the open-circuit 

voltage, the fill factor value shows a different evolution 

for each operating condition when Rh decreases. This 

could be overcome by normalizing the fill factor for its 

maximum value or its STC value. However, FF does not 

provide useful evidence of PID in the early stages. As it 

can be seen in Figure 6 for irradiance greater than                   

400 W /m2, the simulation shows that the variation of the 



28  
 
 

 

J. S. Parra-Quiroga, É. Franco-Mejía, M. L. Orozco-Gutiérrez, J. D. Bastidas-Rodríguez 

indicator is not significant (about 1 %) until the 

degradation is greater than 40 %, which could be 

misunderstood if there is not a data acquisition system 

with a high resolution, other degradation factors also 

affect the panel, or if it is not possible to ensure the 

repeatability of measurements in the field. 

 

 
 

Figure 5. Flowchart of the PID simulation on a PV 

panel for given irradiance (S) and temperature (T) 

conditions. 

 

The shunt resistance is affected by changes in 

temperature [36]. The PID is caused by the combination 

of a certain humidity, temperature, and high voltage 

conditions in the photovoltaic panel operation. Figure 7 

presents the estimate of Rh, calculated using equation (5), 

with the combined effect of irradiance and temperature, 

which has linear behavior. The estimation of Rh (Figure 

7), which is calculated using equation (5), has a 

decreasing linear behavior. As mentioned before, this 

parameter is directly affected by PID, then it provides 

reliable information about degradation. The pairs used to 

determine ∆Ipv and ∆Vpv were the point of ISC and the 

subsequent point, looking for a good approximation for 

the slope of the horizontal zone of the I-V curve. As the 

short-circuit current is used for the estimation of Rh, there 

is no variability of the indicator when the irradiance and 

temperature conditions change. This represents an 

advantage since this indicator can be calculated with the 

capture of information at any time while the PV panel is 

operating. However, the necessity of the short-circuit 

current measurement is a significant disadvantage since 

it could mean the electrical disconnection of the PV panel 

by technical personnel. In addition, the experimental 

calculation could not be an easy task, because 

measurement noise can make the Rh estimation not 

accurate, then several points close to Isc could be needed 

to estimate Rh with low error. 

 

N∆Rh indicator is low affected by changes in the 

irradiance and temperature conditions, which facilitates 

its determination at any time of the operating period of 

the PV system. It has a decreasing behavior, with a 

prominent variation in the first degradation stages. Figure 

9 shows that for the step from 5 % to 10 % of degradation, 

the indicator has a variation of approximately 52 %. The 

indicator tends to infinity for degradation of 0 %; the 

greater the degradation, the lower the value of the 

indicator. N∆Rh has the advantage that does not require 

the measurement of short-circuit current or the open-

circuit voltage. Variations in the zone of the horizontal 

segment of the I-V curve are made concerning the point 

of maximum power (see equation 7), so it could be 

feasible to synchronize the detection algorithm with the 

inverter of the PV system or using the monitoring 

information that inverter provides. 

 

All indicators, Fill Factor (FF), the value of Rh, the 

Normalized Change of Rh (N∆Rh), and the Current Ratio 

(CR), show variability in the face of reductions of Rh. On 

the one hand, the variability of FF and CR depends on 

the operating conditions, since they do not vary for 

reductions of Rh less than 10 %, except at low irradiations 

(300 W/m2 in simulations). On the other hand, Rh and 

N∆Rh indicators have very low variability in the presence 

of changes in environmental conditions, which allows 

them to be determined at any time during the operation 

of the PV system. 
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Although [22] states that CR is a good indicator to 

identify changes in the horizontal zone of the I-V curve, 

Figure 8 shows that like the FF, the CR does not show 

significant variations for slight reductions (less than 

10%) of Rh. Besides, FF and CR are electrical indicators 

that can be influenced by other degradation factors in the 

life cycle of the PV panel, whereby their use as PID 

detection indicators should be complemented with other 

indicators or detection techniques. Moreover, 

considering that PID mainly affects the Rh parameter of 

the single-diode model, the estimation of Rh and N∆Rh 

have the advantage over the other electrical indicators 

shown in this section, as they represent direct information 

about changes in Rh. Nevertheless, N∆Rh is considered 

more appropriate because it does not require the 

measurement of ISC and/or VOC to be calculated, and these 

measurements are not feasible to carry out in the field 

without disconnecting the PID-suspicious PV panel. 

 

 

4. Conclusions 

 

This paper has presented a comparison of methods to 

detect potential-induced degradation in PV panels. 

Firstly, methods reported in the recent literature are 

exposed, highlighting the main features, advantages, and 

disadvantages. Then, a simulation was performed to 

compare and analyze electrical indicators associated with 

the detection of PID, under different irradiance and 

temperature conditions and for different levels of 

degradation. 

 

In the recent literature, there are several reported methods 

to detect Potential-Induced Degradation in PV panels, 

both under indoor and field conditions. However, there is 

not a standardized procedure to detect PID. Two types of 

methods can mainly be distinguished from the works 

reported in the literature: visual methods and methods 

that involve electrical indicators analysis. The visual 

methods comprise Electroluminescence, Infrared 

  
Figure 6. Fill Factor (FF) for reductions in Rh from 5% 

to 75 % at different irradiances and temperatures. 

Figure 7. Estimation of Rh for reductions in Rh from 5% 

to 75 % at different irradiances and temperatures. 

 

  
Figure 8. Current ratio (CR) for reductions in Rh from 

5% to 75 % at different irradiances and temperatures. 

Figure 9. Normalized change of Rh (N∆Rh) for eductions 

in Rh from 5 % to 75 % at different irradiances and 

temperatures. 
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imaging, and the I-V curve shape, which are technical 

inspections usually carried out on-site, as part of 

predictive or corrective maintenance. Their main 

disadvantage is that they use specialized equipment, 

which represents an extra cost in the detection process; in 

addition, special conditions are required to capture data. 

 

The methods that involve electrical indicators analysis 

usually consider the SDM, and although the analysis is 

related to the I-V curve, it is possible to obtain the 

indicators by using the monitoring systems implemented 

in the PV systems. This is a significant advantage over 

visual methods since their implementation as part of fault 

detection and diagnosis system could use existing 

infrastructure, decreasing costs; moreover, the data 

acquisition can be carried out during the day in many 

cases, with no or minimal mechanical or electrical 

intervention of the PV system. 

 

Considering that the PID especially affects the horizontal 

zone of the curve I-V, increasing the slope between the 

Impp and the short-circuit current, the Rh parameter of 

the single diode model could be used directly as an 

indicator for PID detection, but it presents the 

disadvantage that its calculation may require the 

electrical disconnection of the panel for the measurement 

of currents as close as possible to the short circuit point. 

The N∆Rh indicator is a more convenient option in 

practice, as it also provides direct information about 

changes in Rh, it does not require Isc to be calculated and 

it has low sensitivity to changes in irradiance and 

temperature conditions, whereby, it can be determined at 

any moment of the operation of the PV panel. 

 

For future work, it should be evaluated the calculation of 

the indicators by considering data from a PV string or 

array. As well as implement algorithms of data analysis, 

detection, and diagnosis of PV panels’ failures based on 

machine learning, artificial intelligence, and so on, and 

involving more than one indicator and considering 

several degradation mechanisms. 
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