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Experimental analysis of the effects of potential-induced degradation on photovoltaic module
performance parameters

Introduction. Photovoltaic (PV) power plants are subject to various forms of degradation that can impair their performance and lead to
significant faults within PV systems. Among these, Potential-Induced Degradation (PID) stands out as one of the most severe, impacting
the efficiency and output of PV generators while shortening their lifespan. Problem. This phenomenon is the result of a decrease in the
shunt resistance of the cells encapsulated within the PV module, directly associated with a reduction in its insulation resistance. Although
extensive research has been conducted in this area, our understanding of the factors contributing to PID, as well as its detection and
effects on PV systems, remains incomplete. The goal of this work is to investigate the variations in insulation resistance at the module’s
glass and frame, and to map the changes in shunt resistance at the module level to identify the most vulnerable areas, characterized by
lower insulation resistance values and significantly affected by PID. Methodology. This study utilizes a comparative experimental method
to investigate the behavior of two identical PV modules under similar climatic conditions, where one module is exposed to voltage stress
while the other remains unstressed. A high-voltage insulation resistance tester was employed to apply voltage stress between the terminals
of the stressed module and its metal frame, with insulation resistance systematically measured at various points to analyze changes in
electrical properties. The originality of this study lies in the estimation of the shunt resistance based on the operating voltage of the PV
string, which depends on the types of grounding, climatic conditions such as temperature and humidity, as well as the position of the cell
within the PV module. This estimation is correlated with the I-V characteristic curves of two PV modules, one of which is subjected to
operating voltages under well-controlled environmental conditions. The results reveal that an increase in the test voltage leads to a
reduction in insulation resistance, a phenomenon that becomes more pronounced in humid environments. This highlights the vulnerability
of PV modules to PID, which can significantly affect their lifespan and performance, particularly through the reduction of shunt resistance
and the distortion of the characteristic curve of the stressed module affected by this phenomenon, thereby causing increased difficulty in
extracting its maximum power. References 30, table 3, figures 17.

Key words: potential-induced degradation, insulation resistance, maximum power point tracking, solar photovoltaic system.

Bemyn. @omoenexmpuuni (PV) enexkmpocmanyii cxunvhi 00 pisnux gopm deepadayii, ki MOJNCYms ROIPUUMU IXHIO NPOOYKIMUGHICMb §
npuzsecmu 0o sHaunux Hecnpasrocmeii y PV cucmemax. Ceped nux nomenyianoHo-inoykoeana oecpadayis (PID), eudinsemucs sk oona 3
Haulcepuio3HIWUX, SNIUBAIOYU HA epeKmusHicmby ma euxioHy nomydcHicmv PV eenepamopis, 00HOUACHO CKOpOuyOuU mepmin iXHbOI
cyorcou. Ilpoonema. lle ssuwe € pe3yivmamom 3HUNCEHHS ONOPY ULYHIMYIOU020 3 €OHAHHS eneMenmis, oyoosanux y PV mooymi, wo
be3nocepeoHbo nos A3aHo 3i 3HUNCEHHAM ONopy tioeo izonayii. Xoya 6 yiii 2any3i 6Y10 NPOBEOEHO WIUPOKI OOCTIONCEHH S, HAUle PO3YMIHHA
gaxmopis, wo cnpusioms PID, a makooic iioco eusenenns ma enuusy na PV cucmemu, samuwuaemocs nenosnum. Memoro pobomu e
00CTIOIHCeHHA 3MiH ONOPY [301AYil Ha CKAI Ma KapKaci MoOYs, a MAaKoXiC KapmoepaghyeanHs 3MiH ONOpY WyHIMYI0Y020 3 €OHAHHSA HA PIGHI
MO0V 0N BUAGTEHHSA HATIOIILI 8PASIUBUX 30H, WO XAPAKMEPUIVIOMbC HUMCHUMU 3HAYEHHAMU ONOpY 301yl ma 3HAYHO 3a3HAIOMb
ennusy PID. Memooonocia. Y ybomy 0ocniodcenti 8UKOPUCIOBYEMbCS NOPIGHANbHUL eKCHEPUMEHMATbHUIL MemoO O OOCTIOJNCEHHS
noeedinku 060x idenmuunux PV modynie 3a nodibnux knimamuunux ymos, de 0OuH MOOYIb NiOOAEMbCs GNAUGY HANPYU, d THWULL
3AMUUAEMbCS. HEHANPYJHCEHUM. [JIsl 3aCMOCY8AHHA HANPY2U MIJC KIEMAMU HANPYICEHO20 MOOYISA Md 1020 Memanesum Kapkacom Oyo
BUKOPUCIAHO BUCOKOBOJILMHULL mecmep Onopy 301ayil, npu ybomy Onip 301ayil CUCMEMAMUYHO SUMIPIOBABCSL 8 PI3HUX MOYKAX OJis
amanizy 3min enekmpudHux énacmuocmei. OpuzinanbHicmb 00CTIONCEeHHA NONAAE 8 OYIHYT ONOPY WYHIMY HA OCHO8I pobouoi Hanpyau PV
Kona, 5IKa 3a1edCUMb Gi0 MUNie 3azemienHs, KIiMamudHux yMos, maKkux K memMnepantypa ma 80102icmb, a MAKodiC NONOICEHHS eleMeHma
6cepedui PV modyns. s oyinka kopentoe 3 BAX 06ox PV mooyrie, 00un 3 axux niooaemvcs poooyill Hanpysi 8 000pe KOHMPOIbOBAHUX
yMO8ax HagKomuuHbL020 cepedoguwya. Pezynemamu noxasyrome, wo 30inbuienns 6unpodysanvioi Hanpyau npu3eo0unms 00 3HUIICEHHS
onopy izonayii, asuuje, ke cmae OLIbLU UPAdICEHUM Y 801020MY cepedoguudi. Lle niokpecmoe spaznusicmv PV moodynie do PID, wjo mooice
CYMMEBO GNIUHYMU HA IXHIU MepPMIH CIyiHcOu ma NpOOYKMUSHICHb, 30Kpemd Hepe3 3MEHUICHHS. ONOpy WYHMY md CHOMEOPEHHS
Xapakmepucmuk Mooyns, wjo ni00acmvbCsi GHNAUGY Yb020 SAGUWA, WO HPU3600Umb 00 30UTbUeHH MPYOHOWI8 6 OMPUMAHHL U020
MaxcumansHoi nomyoicnocmi. bion. 30, Tadm. 3, puc. 17.

Kniouosi cnosa: moteHumiajJbHO-iHAYKOBaHA Aerpajanis, omip i3ousimii, BiAcTeskeHHSl TOYKH MAaKCHMAJIBHOI NOTYKHOCTI,
coHsTYHA (OTOETEeKTPHYHA CHCTEMA.

Introduction. The contemporary energy and such as solar, photovoltaic (PV), wind, hydropower,

environmental landscape is defined by a significant
demand for primary energy sources. Despite the growth
of renewable energy, fossil fuels continue to dominate the
global energy mix [1, 2]. The International Energy
Agency estimates that global energy demand could rise by
45 % by 2030 due to population growth and
industrialization in developing nations. This increase
would lead to higher carbon dioxide (CO,) emissions, the
primary greenhouse gas produced by fossil fuel
combustion, which significantly contributes to global
warming and climate change, impacting agriculture and
water resources [3—5]. To address these challenges,
humanity must explore sustainable, renewable, and cost-
effective energy alternatives. Renewable energy systems

biomass and geothermal energy represent promising
options. Among these, PV energy stands out as a
sustainable and economically viable technology. Over the
past decade, global PV installations have surged from
229 GW in 2015 to 1,177 GW by the end of 2022. That
year alone, 239 GW of solar capacity was added, marking
a 45 % increase compared to 2021. If this trend persists,
global PV capacity could reach 800 GW by 2027 and
1 TW by 2030 [6]. The work [7] analyzes the effects of
aging on PV modules, showing an annual power loss of
1 % and a resistance increase of 12.8 % over 20 years,
impacting large-scale systems. The article [8] examined
the effect of aging PV modules on the electrical
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performance of grid-connected systems, revealing a 1 %
annual reduction in maximum power and a 12.8 % increase
in resistance over 20 years. Projections indicate a
cumulative capacity of approximately 4.7 TW, accounting
for 16 % of the global electricity mix by 2050. This rapid
expansion has enhanced attention on PV technology
reliability, considering factors such as system
configurations, module size, technology, climatic zones,
and  degradation mechanisms like  microcracks,
discoloration, hot spots, glass breakage, corrosion, and
specific forms of degradation such as ultraviolet light-
induced degradation, light-induced degradation, moisture-
induced degradation, and Potential-Induced Degradation
(PID) [9-12]. The reliability of PV modules is affected by
degradation mechanisms such as PID, which significantly
reduces power output, especially in rooftop installations
and hot climates, and although difficult to detect through
annual production data, it was clearly identified by infrared
imaging and linked to a linear decrease in the performance
of a 314 kWp plant [13]. Diagnostic advancements include
real-time thermoelectrical models linking degradation to
environmental factors [14], modified Maximum Power
Point Tracking (MPPT) techniques for defect detection
[15], and artificial intelligence tools enabling rapid and
accurate fault diagnosis in under 9 s [16]. Studies highlight
PID’s substantial impact on mono- and multi-crystalline
modules, with power losses of up to 18.7 % after 96 hours
of stress [17], and explore its mechanisms, evaluation
methods, mitigation strategies, and recovery under
environmental influences [18]. The works [19-21] examine
common defects in PV modules, including cell cracks and
hot spots. These insights aid in improving module
durability and performance monitoring. Among these, PID
has been observed in all PV technologies and in almost all
operating climates. It does not occur so frequently, but if it
does it effect can lead to a severe performance loss within a
short period PID identified as a major contributor to higher
degradation rates, particularly in younger modules. With
the accelerated deployment of large-scale PV plants,
designers aim to boost profits while keeping investment
and operational costs low. To achieve this, they increase
the voltage across PV strings by connecting more modules
in series. This approach reduces ohmic losses in wiring and
lowers installation and operational costs by decreasing the
number of cables, connectors, junction boxes, and inverters
required. Consequently, PV module voltage levels have
evolved from 600 V in 1990 to 1 kV in 2010, with the
current industry standard being 1.5 kV. Research is
ongoing to explore even higher voltage levels. Discovered
in 2010, PID has been extensively studied to understand its
underlying mechanisms and develop mitigation strategies.
Its significance has grown in recent years due to its
potential to cause severe module failures under certain
conditions [22, 23]. The paper [24] studied the
recombination behavior of solar modules affected by PID,
and based on the findings, analyzed the relative mismatch
losses of these PID-affected modules. The mismatch effect,
resulting from partial shading, is highlighted in [25]. The
phenomenon generated impacts the maximum power
extraction technique mentioned in [26]. PID results from a
high potential difference between PV cells and the module
frame, particularly at the ends of PV strings in grid-
connected systems. This potential difference can cause

leakage currents, leading to performance degradation [27].
The trend toward higher system voltages (up to 1.5 kV)
exacerbates this issue. PV systems, which consist primarily
of PV strings and inverters, are characterized by electrical
parameters such as open-circuit voltage (V,.), short-circuit
current (I,), DC voltage connecting each string to the
MPPT input of the inverter, and AC voltage output from the
inverter. The work [28] presents an innovative loT-based
system for fault detection in hybrid PV installations, aimed
at improving reliability, grid stability, and fault
management through advanced algorithms. The paper [29]
proposes an optimized sensor placement model, validated
through simulations, enabling precise fault detection and
enhancing system reliability and maintenance. Finally, the
work [30] develops a fuzzy logic-based algorithm to detect
and classify 12 types of faults in PV systems, ensuring
optimal energy production and improved reliability.

The goal of this work is to investigate the variations
in insulation resistance at the module’s glass and frame,
and to map the changes in shunt resistance at the module
level to identify the most vulnerable areas, characterized
by lower insulation resistance values and significantly
affected by PID.

This study focuses on a comparative experimental
analysis conducted on two identical PV modules exposed
to the same climatic conditions. A high-voltage insulation
resistance tester was employed to apply a voltage stress
between the terminals of one module and its metal frame
while measuring the insulation resistance at various
points. Subsequently, the /-V curves of both modules were
plotted under similar climatic conditions. The objective is
to examine the variation in insulation resistance at the
module’s glass and frame, identified as a critical factor
contributing to PID.

Methods. Modeling of PV string elements. In a grid-
connected PV system, inverters are designed to
accommodate various input voltage ranges, typically up to
600 V, 1 kV, or even 1.5 kV, depending on standards and
design specifications. This flexibility enables the
maximization of power generated by PV modules. To meet
these operational requirements, multiple modules are
connected in series to form a PV string, ensuring that the
voltage at its terminals aligns with the inverter’s input range.

PV cell is the smallest component of a PV string,
designed to capture irradiation and convert it into electricity
through the PV effect. It serves as the core element of the
PV conversion process and can be likened to a current
source. When exposed to light, a PV cell generates a high
current (typically ranging from 6 A to 8 A) compared to its
relatively low voltage (0.4 V to 0.6 V), which results in a
limited power output. Therefore, it is essential to connect
multiple cells in series or parallel configurations to produce
a usable power level.

We adopted a five-parameter model of PV cell. It
consists of a photocurrent source (/,,) generated by
irradiation, placed in parallel with a diode D and a parallel
resistance Ry, which represents the path for leakage current
at the edge of the cell, caused by impurities, electron-hole
recombination, irregularities in the N-P junction thickness,
and the presence of cracks in the cell. Additionally, a series
resistance R; is connected in series with these components,
representing ohmic losses in the collectors, fingers, the
contact resistance between the metal and semiconductor, as
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well as the interconnections between PV cells (Fig. 1). The
photocurrent /,, generated by a single PV cell is directly
proportional to the incident irradiance (G, W/m?) and
dependent on the temperature (7, K).
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Fig. 1. PV cell

In accordance with the equivalent scheme of a PV
cell (Fig. 2), and applying Kirchhoff’s law, the current-
voltage characteristic equation of a PV cell is:

I=1,, =151, )
where [ is the output current; /,, is the photocurrent.

Equations (2), (3) also define the diode current /, and the
shunt resistor current /g,
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where R is the series resistance; 4 is the diode ideality factor
(typically ranging from 1 to 2); Ry, is the shunt resistance; V;
is the thermal voltage of the diode; k& is the Boltzmann
constant; ¢ is the electron charge; 7 is the cell temperature.
The saturation current I is influenced by
temperature, the surface area of the diode (and thus the
PV cell), and the properties of the junction. It varies
exponentially with temperature and can be represented as:
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where I, is the short-circuit current of the PV cell; T, is
the operating temperature of the PV cell; T, is the
reference temperature of the PV cell; E, is the optical
band gap of the material; k; is the temperature coefficient
at short-circuit; G, is the irradiance under standard test
conditions; G is the irradiance under the operating
conditions.
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Fig. 2. Equivalent scheme of a PV cell

PV module is a device designed to capture sunlight
and convert it into electricity through the PV effect. It is an
essential component in PV systems. The module is made up
of several identical PV cells connected in series or parallel to
achieve specific required characteristics such as voltage,
current, and fill factor. To obtain a usable voltage across the
terminals of a PV module, the cells that constitute it must be
connected in series to increase the voltage at the terminals
and reduce ohmic losses. However, with this configuration
of cells, in the case of partial or total shading of a cell, the
current generated by that cell will decrease, leading to a
reverse voltage across its terminals. This causes a local
temperature increase and generates the phenomenon of hot
spots, which can result in cell failures and module
malfunction. Therefore, adding bypass diodes is crucial to
limit this effect also to minimize the effect of shading on PV
modules and reduce ohmic losses, a half-cell technology has
been developed and commercialized. This technology is
based on the parallel connection of identical half-cell groups,
which are connected in series. PV cells are only a part of the
overall laminated structure. This structure also includes
components such as the module packaging (protective glass,
encapsulant, backsheet), internal circuitry (electrodes,
interconnections), bypass diodes, junction boxes, frame,
cables, and connectors. Each of these elements can affect the
reliability of the PV module (Table 1).

Table 1
Example of characteristics of a PV module

Characteristics Value
Maximum power P, W 165
Open-circuit voltage V,., V 23.45
Short-circuit current /., A 8.8
Voltage at maximum power Vy,,, V 19.4
Current at maximum power I, A 8.51
Maximum system voltage, V 1000
Temperature coefficient for Py, % —0.45
Number of cells connected in series N 36
Type of cell polycrystalline
Number of bypass diodes in the junction box 2
Diode quality factor 1.3
Series resistance R, 0.15
Parallel resistance Ry, Q 120
Optical band gap of the material £,, eV 1.1

PID in PV systems. Connecting multiple PV
modules in series to achieve the required voltage range for
the inverter results in high voltage within the PV string.
The selection and proper grounding of the DC side are
crucial for ensuring the stable operation of the electrical PV
system. Furthermore, to guarantee safety, the metal frames
of the PV modules must be grounded (Fig. 3).

Case 1 Case 2 Case 3

Jonction Box \

T

Fig. 3. Types of groﬁnding for PV module frames

Depending on the type of inverter (with or without a
transformer) and the selected grounding configuration, a
significant voltage may develop between the module
frames and the PV cells. This can lead to PID, which
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shortens the system’s lifespan and may cause operational
failures. The following sections outline the various
inverter configurations based on grounding topologies
that are adapted for PV Generator.

A floating ground. Transformerless inverters do not
offer galvanic isolation between the DC and AC sides,
which may lead to specific potential differences within
the system. When these inverters are used, a floating
ground topology is often employed, as it is the most
commonly used configuration, particularly in humid
areas. This approach reduces the need for complex
isolation systems and lowers the installation cost. The
negative voltage generated across the PV string gradually
induces the PID effect through the progressive
accumulation of charges. This voltage draws electrical
charges toward the surface of the PV cells, disrupting
their operation and leading to a loss of efficiency. Over
time, the PID effect degrades the performance of PV
cells, reducing their electricity production capacity.

The maximum voltage responsible for this effect, as
shown in Fig. 4, is given as:

Wm=—%%%a (8)
where 7, is the number of modules in a PV string; V,, is the
operating voltage of a PV module; Vpyp is the PID voltage.

Vop

ng

— Vop

Fig. 4. Conversion with a transformerless inverter

Positive pole grounding. This topology is
implemented with a transformer-based inverter that
provides galvanic isolation between the DC and the AC
sides. It is rarely used because it leads to a significant PID
effect. This phenomenon results from the high negative
voltage applied to the modules at the end of the string, this
increases their susceptibility to PID, as illustrated by the
negative voltage generated along the entire string, shown in
Fig. 5,a, and represented as

Veip = _nsVop . )

Negative pole grounding. Installations located in dry
or moderately humid environments favor this configuration
(Fig. 5,b) due to the relatively low risk of corrosion
compared to coastal or highly humid regions. This
topology is implemented with a transformer-based inverter,
providing galvanic isolation between the DC and the AC
sides (Fig. 6). It ensures a positive voltage between the PV
cells and the module frame, thus reducing the risk of
degradation caused by PID. Furthermore, this configuration
is particularly suitable for large-scale installations, as it
helps extend the lifespan of the modules, although it may
increase their vulnerability to corrosion.

The main cause of PID is the high voltage between
the solar cells and the glass surface at the front of the
module, as illustrated in the following figures.

Vop

~Vop
a) grounding the negative pole

Fig. 5. Conversion with transformer-based inverter

Pv+ DC
GRID
| CONNECTED
Ij AC

Isolated Inverter Transformer

b) grounding the positive pole

PV array

Fig. 6. Grounding topc;logy for the negative pole of the PV string

PID affects the PV cell by increasing the leakage
current. Leakage current refers to the current flowing
from the base to the emitter without passing through the
load (Fig. 7). This current can be categorized into 4
distinct types. First, the current may leak through the
sodalime glass and the water molecules present on the
surface (I;). Second, current can leak due to electrons or
ions on the upper surface of the cell (I,). Third, leakage
can occur through the ethylene-vinyl acetate (EVA)
encapsulation layer (I3). Finally, current can leak through

the rear contact, thus completing the circuit (I,).
Detail 1 - Glass

- Cell

-Back support

- Encapsulant

- Gasketing

- Metal frame

- 5iNx Anti-refl ective
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Fig. 7. Leakage current caused by the PID effect

To clearly explain PID at the cell and module levels,
a voltage divider circuit is used. It is hypothesized that the
intensity of the electric field in the SiNx layer plays a key
role in the development of PID (Fig. 8,a). Three
resistances, representing each layer, are connected in
series to model the main path of the leakage current
(glass, encapsulation sheet, and SiNx anti-reflection
coating on the solar cell).

A

CelH
(B

Glass

Voo = KV

i

Detail 1
a b
Fig. 8. Cross-sectional modeling of a PV module

The voltage across the SiNx layer can be estimated
using the model shown in Fig. 8,0
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RSiNx
RSiNx + RPoly + RGlass
where Vpp is the voltage between the front glass of the module
and the surface of the encapsulated silicon cells; Vg, is the
voltage between layer SINX; Ry, Rpons Ross are respectively
the resistances of SiNx layer, EVA layer and glass.

The glass or polymer layers have high resistivity, while
the silicon nitride (SiNx) layers are highly conductive. This
combination helps resist PID by reducing the voltage across
the SiNx film. The encapsulation material surrounding the
PV cells provides thermal stability, protection against
moisture, UV degradation resistance, and electrical
insulation for the module components. A higher overall
resistivity leads to a lower leakage current for a given
potential difference, which reduces the accumulation of
voltage on the surface of the solar cells, thus mitigating the
effects of PID. The variation in resistance between the PV
cell and the module frame is a critical indicator of PID in a
PV system. This measurement helps assess the module’s
integrity and identify anomalies related to insulation.

PID modeling. Researchers have studied how PID
affects PV modules at different voltages (750 V, 500 V,
250 V) under constant conditions of 70 °C temperature and
100 g/m* humidity. They found that the degradation over
time follows an exponential pattern. At first, the
degradation happens quickly, but the rate slows down over
time. Eventually, the PID degradation rate becomes very
small or almost zero. This behavior can be described as:

PID(t) = PID,,[1-¢""/7], (1)
where PID, = lim PID is the maximum degradation
t—0
level of a PV module caused by PID at infinite time; ¢ is
the PID stress duration; 7 is the time constant.

PID,, increases as the applied voltage rises, for
instance, at 250 V, 500 V and 750 V. The value of 7
indicates the rate at which PID reaches its limit. It
depends on the PID resistance properties of the PV
module materials and the environmental conditions. PV
module with high PID resistance will have a higher z,
requiring more time to reach PID,. Conversely, a PV
module with low PID resistance will have a lower 7,
reaching PID,, in a shorter time. Therefore, we can define:

Ry deg(t)= Rshoe(_t/ o, (12)

where Ry q4e0(f) is the degraded shunt resistance value
corresponding to PID,,

Through extensive experiments and testing, a model
was developed to understand the impact of various
parameters on PID. It was observed that the leakage
current increases proportionally to the square of the
operating voltage (panel-to-ground voltage). Similarly,
the leakage current is also proportional to the square of
the panel’s lifespan and the square of the relative
humidity. Additionally, the leakage current follows an
Arrhenius relationship, with activation energy of 0.94 eV.
The shunt resistance in the equivalent circuit of the PV
cell models the leakage current. Its variation is fitted to
the following [14]:

Ry deg (1) =

(10)

Vsine = Veip»

1

(13)

_ 90700 ) 5
7-107°V,2 RE; exp(— }2

avg

where V,, is the operating voltage of the panel (panel-to-
ground voltage); Ry is the relative humidity; R is the gas
constant; T, is the average temperature; ¢ is the time.

The degraded shunt resistance also depends on the
position of the PV cell relative to the metal frame of the PV
module. When the cell is closer to the frame, the degradation
rate caused by PID becomes more severe. Similarly, cells
located in the corners experience an even higher intensity of
degradation. To do this, a factor that characterizes this
condition is added to (7), as shown in Fig. 9.

Fig. 9.The distribution of the parallel resistance of a PV cell
based on its position within the PV module

At the corner of the PV module, degradation by the
PID process is maximal, while at the center of the PV
module, degradation is minimal. We can define a function
whose lowest value is at the center of the panel and the
highest value is near the edges. Therefore, the following
equation determines a normalization coefficient which
represents the position of PV cell encapsulated in the PV
module relative to its center

(L/2P +(2P

Rsh,deg(n,m) = Rsh,deg Tn,m)» (15)

where R degnm 15 the degraded shunt resistance in
relation to their position within the encapsulation; 7, is
the normalization coefficient; X, Y are the horizontal and
vertical positions of the center of the PV module,
respectively; L, [ are the length and width of the PV
module, respectively.

Experiments. All measurements are carried out under
stable weather conditions, with uniform illumination,
consistent temperature, and identical tilt angles for both
modules. This method ensures measurement reliability by
reducing the impact of environmental variables. The
experimental parameters, such as irradiation, humidity
(both high and low), air temperature and panel temperature
were carefully controlled throughout the tests. The average
irradiance was estimated at 800 W/m?>, and the ambient
temperature was approximately 32 °C during the tests, which
were conducted around noon from September 25" to 30", a
period characterized by hot and sunny days. Regarding

Hnm) = (14)
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humidity, module 1 was exposed to both dry and humid
environments, with a relative humidity exceeding 85 %. This
exposure was essential to analyze and compare the
behavior of the two PV modules subjected to outdoor
rooftop conditions for 5 years without being operational.
Both modules experienced similar climatic and
environmental conditions during this period. These field
testing conditions differ significantly from laboratory tests
conducted in accordance with the IEC 62804 standard.

We examined two identical PV modules (Module 1
and Module 2) from the same brand, exposed to the same
climatic conditions (Fig. 10). For this reason, under both
dry and humid conditions, we used an insulation tester
Megger 5 kV to practically demonstrate how the voltage of
a PV string (V,,) affects the insulation resistance and
triggers the PID degradation process in a PV module.
Initially, both modules exhibited similar /- behavior under
both dry and humid conditions. We applied a DC voltage
of up to 1 kV between the positive terminal and carefully
selected points on the metal frame and glass surface of the
front of the PV module to measure the corresponding
insulation resistance. This test helps determine whether the
PV module maintains adequate insulation or shows signs of
degradation that could impact its long-term performance.
Moreover, while ensuring similar climatic conditions, we
conducted voltage and current measurements at several
operating points of both Module 1 and Module 2. This
allowed us to plot their /-V characteristic curves, providing
an overview of their performance. It also illustrated how
the voltage in a PV string affects insulation resistance and
triggers the PID process.

1 — insulation tester; 2 — two variable resistors, each rated at 10 A;
3 —ammeters and voltmeters

Measurements and results. The insulation resistance
of a PV module is significantly influenced by the applied
test voltage. For this reason, under dry or humid conditions,
we applied different levels of DC voltage between the
positive terminal of the PV module and its metal frame,
while accurately measuring the corresponding insulation
resistance for each voltage level, as shown in Fig. 11, 12.
The purpose of this test is to simulate the module’s real
operating conditions by subjecting it to voltages generated
by the Megger, similar to those it encounters during its
actual operation in a PV string.

The insulation resistance of the module (Table 2)
indicates that an increase in the test voltage leads to a
decrease in the insulation resistance. Furthermore, a
humid environment also causes a significant reduction in
this insulation resistance compared to the value measured
in a dry environment.
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Fig. 11. Insulation resistance of the module under of 1 kV DC
in a damp environment
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Fig. 12. Insulation resistance of the module under of 1 kV DC
in a dry environment
Table 2
Isolation resistance values for dry and damp conditions

Insulation resistance, GQ

Applied voltage, V | Dry environment | Damp environment
500 4.24 247
700 4.17 2.19
900 4.13 1.98
1000 3.96 1.76

The degradation rate D is:

D=[I—MJ~IOO%,
M 2 max

where Pjjimax, Pipmax are the maximum power generated
by Module 1 and Module 2, respectively.

The theoretical maximum power of the module
shows degradation, dropping from 142 W before testing
to 123 W after dry condition tests, representing a decrease
of 11 W or a degradation rate of 7.7 %. Conversely, after
wet condition tests, the power reaches 123 W, reflecting a
drop of 19 W, equivalent to a degradation rate of 13 %.
This reduction in theoretical maximum power is attributed
to the decrease in short-circuit current (/,.), as shown in
Table 3.

(14)

Table 3
Values of V. and /. before and after dry and wet testing
Dry env. Humid env.
Not stressed module stressed module |stressed module
Voer V 20.1 19.93 2091
L., A 7.07 6.58 5.91
Pooe W 142.107 131.139 123.578

The increase in open-circuit voltage (V,.) under wet
conditions is due to the reduction in module temperature
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caused by these testing conditions. It can be concluded in
this section that the reduction in insulation resistance may
increase the electric field within the SiNx layer,
potentially causing polarization of this layer. Such
polarization can interfere with current generation, leading
to a loss of efficiency in the PV module due to PID.

The procedure for the insulation resistance test
involves selecting specific measurement points on the
module. Three points (no. 2, no. 3, no. 4) are chosen
diagonally on the front glass surface, with a lengthwise
spacing of 25.4 cm and a widthwise spacing of 11 cm
(Fig. 13). Additionally, two points are identified on the
aluminum frame: point no. 1 is located at the top-right
corner of the frame, while point no. 5 is positioned at the
center of the right vertical rail. Once these points are
established, the resistance between the module’s positive
terminal and each of these points is measured. The
measurements are conducted under a dry environment and
a wet environment.

r—:f 4 :?1#4’#7,‘5 4 :,-u——l-—:s 4 :m—i\

—_—

Fig. 13. Measurement points for insulation resistance test

The insulation resistance of the module, measured at
different points on the glass and the frame, reveals that
the resistance at the selected points on the frame is lower
compared to that measured on the glass. The insulation
resistance at the corner of the frame (point 1) is lower
than at point 2, located in the middle of the frame’s
vertical rail. This indicates increased susceptibility to PID
at this location. As one moves toward the center of the
module, away from the frame, the insulation resistance
increases, providing better protection against PID. It can
be concluded that PV cells located at the corners of the
module’s frame are the most stressed and the first to
experience the effects of PID.

Characteristics of the two modules and
comparison of results. At this stage, Module 2 was
chosen as the reference module, as it had not been
exposed to the high voltages previously applied to
Module 1. To determine the operating points of the PV
module, a variable resistor was utilized. Under the same
weather conditions, similar measurements were conducted
simultaneously on Module 1.

By identification, Ry, represents the slope of the
characteristic /-V curve of the module to the left of the
maximum power point

Iz[sc_(V/Rsh)' (15)

In our case, Ry, refers to the specific value (R, = 120 Q)
that reflects the rate of change in current with respect to voltage
before reaching the maximum power point (Fig. 14, 15).
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Fig. 14. I-V characteristics for a reference PV module
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As shown in Fig. 16, 17, it is observed that the shunt
resistance Ry, of the stressed Module 1 has been evaluated
Ry ~ 90 Q is lower than that of the reference Module 2.
Since Ry, represents the resistance of the parallel paths
through which current can leak when a voltage is applied, we
can conclude that the Ry, parameter of Module 1 has been
degraded due to the voltage levels applied during the tests.
Additionally, our module, equipped with two bypass diodes
(a 32-cell module), shows bends in the I-V curve, even under
uniform lighting conditions. These irregularities point to the
effect of PID on the module’s behavior. The bypass diodes
are designed to protect the cells from overloads and shading;
however, the presence of these bends suggests that, despite
uniform lighting, certain cells experience performance
losses. This could be due to increased resistance at
connection points or variations in conductivity caused by
PID. This phenomenon highlights the importance of
monitoring and assessing the integrity of PV modules, even
when lighting conditions appear to be ideal.
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Fig. 16. I-V characteristics of PV stressed module
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Fig. 17. Ry, represented by the inverse of the slope of the dashed
line (stressed module)

Electrical Engineering & Electromechanics, 2025, no. 4

41



Discussion. The test results conducted on the PV
modules reveal several key aspects related to their
performance and lifespan. The anomalies observed in the
I-V characteristic curves, even under uniform illumination,
suggest that PID negatively impacts the functioning of the
cells. This implies that certain cells may be less efficient,
leading to a reduction in the current generated. By
comparing the values of R, between the reference module
(Module 2) and the stressed module (Module 1), it is
evident that Ry, in Module 1 is lower. This indicates that
the parallel paths through which current can flow are
compromised, which can impair the efficiency and
reliability of the module. This degradation appears to be
correlated with the voltages applied during the tests,
emphasizing the importance of careful voltage management
to maintain the performance of PV modules. The bypass
diodes integrated into the module are designed to protect
the cells from overheating and shading. However, the
anomalies in the /-V curve could suggest that these diodes
activate at certain times to compensate for current losses
caused by PID. This raises questions about the potential for
optimizing module design to better address these
challenges. The results indicate that PID can have long-
lasting effects on the reliability and efficiency of PV
modules. Therefore, it is essential to regularly monitor their
performance, with a particular focus on shunt resistance
and I-V characteristics, in order to anticipate and address
degradation issues. To reduce the impact of PID, it is
recommended to choose high-quality materials, design
optimized circuits, and install monitoring systems for early
detection of anomalies. Additionally, a thorough evaluation
of operating conditions, including voltage levels, is crucial
to ensure optimal performance of PV modules.

Conclusions. This study offers a comprehensive
evaluation of the performance of two identical PV
modules under strictly controlled conditions, including
irradiation, humidity (both high and low), air temperature,
and panel temperature. The tests were conducted with an
average irradiance of 800 W/m’ and an ambient
temperature of approximately 32 °C, around noon
between September 25" and 30", during hot and sunny
days. By maintaining uniform illumination and stable
temperature, we were able to isolate the effects of the
applied voltage on the insulation resistance and electrical
performance of the modules. The results indicate that an
increase in test voltage leads to a decrease in insulation
resistance, with a more pronounced reduction in a humid
environment. Also significant decrease in the shunt
resistance of the stressed module, from 120 Q to 90 Q,
compared to the identical non-stressed module. This
highlights the modules’ susceptibility to potential-induced
degradation, which could have significant implications for
their longevity and efficiency. The analysis of the various
measurement points on the modules revealed that the
areas located at the corners of the frame are the most
vulnerable, exhibiting lower insulation resistance values.
This suggests that special attention should be given to
these areas during the design and installation of PV
modules. Regarding the [-V characteristics, the
comparison between the reference module and the module
subjected to high voltages showed clear signs of
degradation, particularly in terms of shunt resistance. The

irregularities in the /-7 curve of the stressed module
emphasize potential performance losses, even under
uniform illumination. In conclusion, this study highlights
the importance of regular monitoring of PV installations
and continuous performance evaluation. To ensure long-
term efficiency of PV systems, it is essential to explore
solutions to mitigate the effects of potential-induced
degradation and establish preventive maintenance
protocols. Future research could focus on innovations in
design and materials to minimize the vulnerability of
modules to voltage-related degradation.
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