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ARTICLE INFO ABSTRACT

Keywords: Four regression methods are presented to estimate the number of highly degraded solar panels per string
Photovoltaic affected by severe potential-induced degradation (PID) from the open-circuit voltage measurement of the string.
Potential-induced degradation Three case-study plants, initially affected by PID and evolving into additional problems, are shown. In the
fIDf_ " tenth year of operation, the plants’ energy production dropped 67.58%, 47.22% and 32.06% below the average
n-rie

annual production in the four first years. The plants are on the roof of agro-industrial facilities, supply power
to irrigation pumping systems, and are subjected to high temperatures and humidity.

The proposed method solves a heat stress health safety problem, prevents water supply failures, and
estimates the size of repowering purchases. Days with very high temperatures are the best times to detect PID
in the field but they represent a safety problem for the maintenance workforce in very hot areas. The method
is fast and it is not necessary to reach the roof. The methods were also designed and used to estimate the
number of degraded panels to be replaced, proceeding to purchase orders based on these estimates. Significant
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Solar pumping

adjusted R? values between 0.64 and 0.82 were obtained depending on the regression method used.

1. Introduction

The operation and maintenance of photovoltaic (PV) plants require
different simulation tools and data collection systems to know the state
of the plant and predict its behavior, such as predictions of power
output [1-4] or fault diagnoses [4-7]. These methods can be online or
offline, including in the latter manual measurements at certain times
with more limited but focused capabilities.

Faults can be divided into module level faults, PV array level and
electrical faults . Electrical faults [8] refer to those in the AC side, in the
inverter, battery banks if any and MPPTs. Module level faults [9,10] are
related to physical issues like delamination, discoloration, corrosion,
busbar or ribbon disconnections, snailtracks, cell cracking, effects of ag-
ing, PID and failures related to environmental aspects, like shadowing,
snow covering or dust accumulation. Other authors categorize failure
focusing on its influence on the parameters of the electrical circuit
of the cell/module, and deal with shunts [11] if the shunt resistance
lowers and with defects that increase the serial resistance [12]. Most
faults caused by degradation affect both [9].

The majority of shunts are originated in the manufacturing process
rather than by defects in material crystallography [11]. Methods for
detection in modules are visual inspection, infrared and electrolu-
miniscence imaging, ultrasonic testing, insulation resistance, I-V curve
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analysis or parameter extraction by modeling the electrical equivalent
circuit. Statistical analysis, signal processing, machine learning and
deep learning algorithms are being apply to empower these methods for
identification, classification and prediction. The increasing complexity
of the diagnostic systems to enhance fault discrimination [5] will
require measurements at the module or at the cell level [13,14].

The PV array faults [8], are related to electrical interconnections;
connection to earth, line-to-line faults, open-circuit fault of a string,
bridging, bypass diode, junction box connections. Measurements at
the PV array level reduce the fault detection capacity [15,16]. PV
array power, currents and voltages (including I-V curves) related to
irradiation readings are common in this scale, and procedures combine
falling down to the string level when an anomaly is detected and finally
to the module level [17].

While trends are necessarily moving toward the presence of in-
creasingly complex control systems, simplicity and adequacy of data
collection in accordance with the scope must be considered, as well as
the size of the plant. The global cost of the control system is another
important variable [18,19], and many costs are not accounted for in
terms of sustainability [20]. Efforts in cost-effective detection with the
minimum sensors, have recently arisen, like [21], proposing voltage
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measurements between pairs of neighboring strings added to the PV
array general readings (power, voltages and currents and irradiation).
The method senses at PV array and string levels, allowing the location
of the failing string, and gives an approximation of the number of the
module in the string that is failing, by simple comparison between the
expected and real operating voltages of the string.

The presence and complexity of the control system is proportional
to the size of the plant and there are many medium and small plants
that rely on manual simple methods.

This paper is mainly concerned with the detection of failures that
affect the Voc at the string level, to go down to the module level, just to
predict the number of failing modules in the string. An example of such
a condition can be potential-induced degradation (PID), the evolution
of which can lead to major failures also expressed in Voc degradation.
So, the core motivation that drives this work is twofold with equivalent
importance; the first one is related to the reliability of supply in the
long-term and the decision to repower the plants, suitably sizing the
purchases of new panels, and the second one with the human factor of
maintenance operators in terms of health-security, both framed in the
commented simplicity of data.

The PV plants considered in this study are located in an area of
Spain with severe incidence of potential-induced degradation (PID) of
shunting type (PIDs), which triggers other failures expressed in Voc
degradation. The main power loss of the modules that present such
degradation occurs during the part of the year with higher tempera-
tures. Maximum ambient temperatures of 40-42 °C are common in this
area in summer. In addition, they are installed on the roof of agro-
industrial plants, where the thermal stress suffered by maintenance
operators [22,23] is multiplied by the radiation heat received from the
surrounding elements. The subjective thermal feeling can exceed 50 °C,
a situation that multiplies the risk of thermal shock. These are the hard
conditions in the best moment of the year to detect whether the module
presents degradation. On the other hand, most low- and medium-sized
plants in the area do not have more than the basic measurement and
control infrastructure, which does not allow going too deep into the
fault detection capacity.

The need arises for maintenance operators to have a quick method
to estimate the number of modules with a certain thershold of degra-
dation from a simple and quick measurement. In this case, it is the Voc
of the string, which can be performed in the protection and control
cabinet. The operation process is greatly accelerated and avoids having
to go up to the roof to perform the measurements module by module
for a long time under dangerous thermal stress conditions. Once the
measurements have been taken, the result obtained in the estimation
process can be used to order new modules and proceed with the
repowering of the plant, or for any other purpose.

The paper is organized as follows. Section 2 reviews the possible
causes of Voc drop and deepens on the aspects of PID that are relevant
to this paper. Section 3 describes the methodology, including the
description and historical performance of the three solar plants and the
laboratory tests. The models used to estimate the number of degraded
modules to be replaced are explained in Section 4. Section 5 shows
the results of the lab tests and the models. Finally, Section 6 is the
discussion and Section 7 for conclusions.

2. Causes of open-circuit voltage drop

A perspective that helps to understand a deficit in Voc is the equiv-
alent circuit of the cell (two-diode model). In open-circuit condition
there is no external current, so there is no voltage drop in the series
resistance (Rs). Then, drops in Voc must come from the processes at the
pn-junction under illumination (photocurrent generation), drops in the
shunt resistance and excesses in the recombination process (non-ohmic
shunts).

All defects that avoid the arrival of light and the photocurrent
generation are able to reduce Voc [8,9]: reductions in transmittance
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of the covering glass i.e., breakage, excess of ultraviolet illumination;
encapsulant browning, delamination; corrosion or degradation of the
anti-reflection coating; defects that avoid the generation of electron—
hole pairs, like doping defects, impurities, dislocations, cracks, grain
boundaries.

Ohmic shunts [11,24] imply the creation of parallel pathways of
low resistance through the pn-junction or by the edges of the cells,
connecting both sides of the junctions. Ohmic shunts follow the linear
Ohm’s law and are represented by the shunt resistance (Rsh) of the cell
models.

Voc may also be reduced by processes that accelerate recom-
bination, most of them associated to defects in the semiconductor
structure like those of the large list just mentioned, since recombina-
tion and electron-hole pair generation are strongly linked. Non-ohmic
shunts [11,24] follow non-linear exponential-type laws, and are asso-
ciated to defects inside the depletion zone of the junction that cause
an excess of recombination. An effect that increases with temperature
and that is represented by the second diode in the two-diode model,
considering an ideality factor greater than 2.

Shunts are induced by defects in the material structure [25], by
the manufacturing process [24] and by environmental causes. Material-
induced shunts are not predominant. They are due to crystallographic
defects mainly in grain boundaries and bulk areas. Most of these defects
are non-ohmic. Process-induced shunts are mostly ohmic, like cracks,
poor isolation at the edges and corners of the cells, faults in the
metallization process with diffusion of metals in the semiconductor,
presence of contaminants like Al particles [11]. In this case, non-ohmic
shunts are also found like those induced by scratches at the surface of
the solar cells.

Concerning environmental factors [26], the ingress of moisture
reduces the resistance of materials and is able to increase leakage
currents by reducing shunt resistance. Temperature may affect the
speed of recombination processes. Shading, snow covering or soiling,
can create ohmic type shunts. When cells are forced to work at a current
higher than its short-circuit current, they enter reverse bias, consume
power, create hot spots that damage the cell and create shunts. This
mechanism is also present in cells with potential-induced degradation
(PID) [27], adding additional deterioration to the cells. Bypass diodes
mitigate damage but do not avoid it.

I-V curve analysis [28,29], electroluminiscent and infrared termo-
graphies and isolation tests, are the main tools to study shunts. Shunts
causes heating of the affected solar cells that can be detected by thermal
cameras focused on the near infrared (5000-13,000 nm) [30-33]. On
the other hand, electroluminescent techniques consist of the application
of inverse voltages in the junction box that inject currents close to the
short-circuit current, giving rise to the electroluminescence of the solar
cells in a more distant infrared (850-1700 nm). The presence of shunts
causes the failure of the electroluminescent emission of the cells, even
the blackout of the cell in the image [34,35]. Procedures to distinguish
between ohmic and non-ohmic shunts has been developed [36] with
these technique. Both thermography or electroluminescence have been
accepted as tests to confirm PIDs, and in the case of thermography,
with tests in the laboratory or in the field [37,38]. The loss of control
on the current paths when shunts develop, is a common cause of loss
of insulation appearing leakage currents to the frame, especially with
shunts created in the edges of the cells. Several simple methods to
measure insulation resistance are presented in the literature [39], most
of which are based on the standard IEC 61215:2005 10.3.

2.1. Potential-induced degradation

This section presents the effects of potential-induced degradation
(PID) that are important to this paper because they are found in the
plants. General reviews are available in the literature [40-44].

Potential-induced degradation (PID) is a widespread problem that
causes lower performance of solar modules. There are 3 types of PID;
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PIDp (polarization), PIDc (corrosion) and PIDs (shunting). In general,
high string voltages cause very high voltage gradients between the
semiconductors and the module frame, which can cause leakage cur-
rents that affect the recombination process at the pn junction [45,46]
and the consequent loss of voltage and power that has been quantified
around the range 27%-39% [47,48].

PIDp [49,50] is caused by a degradation of the pasivation layers
when the cell is subjected to high positive voltages (in n-type cells)
with respect to the frame. Positive charges from the EVA, crystal, etc.,
accumulate before the passivation layer and affect the electric field
in the opposite region of the layer in the semiconductor, increasing
recombination [42] and reducing Voc and short-circuit current (Isc).
PIDc is due to corrosion caused by the presence of oxygen in the
semiconductor and/or in the passivation layer during the fabrication
process, forming silicon oxides that induce mechanical stresses in the
semiconductor and in the passivation layer [51,52]. Voc and Isc are
reduced because of the loss of electrical properties of passivation that
promote recombination and if the corroded area grows significantly,
the effective surface of the cell is reduced.

PIDs is the most common type of PID. Especially in the case of stan-
dard crystalline Si (cSi) modules such as those discussed in this article.
This is mainly attributed to the reduction of the shunt resistance [53].
Pathways whereby small leakage currents to the ground are settled.
In cSi p-type panels, currents flow from the frame, which is generally
grounded, to the cover glass, encapsulant, antireflective coating, and
finally the semiconductor. In fact, there are multiple leakage pathways
that also involve the back-sheet and sides of the module. Leakage
currents are very small and are produced by the migration of sodium
Na®* ions [54,55]. K* ions has been also reported to be involved [56].
Nat ions are initially contained in the materials of the panel such as
soda-lime glasses or from manufacturing contaminations, and migrate
toward the semiconductor material, where they accumulate and grow
inside semiconductor defects such as dislocations or other existing
faults in the crystalline structure. These Na* decorated defects cross
the depletion area creating shunts. The potential barrier of the pn
junction is lowered, resulting in a voltage drop in the panel and its
delivered power [56]. This drop affects the open-circuit voltage (Voc)
of the module [10,38,47,571, so that it can be used as an indicator of
PIDs [58]. The migration of sodium ions through the materials does
not occur homogeneously, but in specific areas, leading to localized
shunts [41]. The absence of Na ions in the glass has been shown to
reduce PIDs but not to eliminate it [59]. This is one of the strategies to
avoid PIDs, along with creating barriers in the anti-reflective coating,
or improving the isolation of the frame, but there are negative side
effects or the cost effectiveness is compromised [60]. In the case of the
cSi n-type, the effect is similar, with leakage currents in the opposite
direction, from the semiconductor to ground, and migrating ions being
negatively charged. This kind of PIDs is of ohmic type and is the main
mechanism, but non-ohmic PIDs is also involved when defects do not
cross the depletion area, promoting high recombination rates [41].

In cSi p-type modules, due to the direction of the currents (grounded
frame to semiconductor), the effect is fostered when the panel is subject
to negative voltages relative to ground and reduced when voltages are
positive [58]. This is the reason why PIDs predominantly occurs in the
parts of the string with negative voltage. In n-type panels, the opposite
occurs.

Most modern converters are transformerless. They usually divide
the total voltage into quasi-symmetric positive and negative branches,
with approximately O V in between (floating voltage). With
transformer-type converters, any pole can be grounded. The negative
pole of the voltage can be grounded so that the entire string is subject
to a positive voltage and PIDs can be reduced in cSi p-type plants [41].

The effect of moisture and temperature on PIDs has been stud-
ied [61,62] and is referred to as the main driver of PIDs. During
the early morning hours, moisture and dew promote the effect by
increasing the conductivity of the cover and frame. At this time PIDs
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can be quite homogeneously distributed in any part of the panel. When
the sun rises and dries the panel, this effect occurs especially in the
cells closest to the frame and in those with the most negative voltage
(p-type). If moisture settles inside the panel, the effect remains in the
long-term reducing the resistance of materials included silicon and
droping Rsh. On the other hand, at a constant humidity level, PIDs
increases with temperature [63]. In addition, there is usually a higher
degradation in hot climate areas with large intraday differences in
temperature. In summary, string voltage, humidity and temperature are
main factors influencing the intensity of PIDs.

PIDs can sometimes be reversible. If reverse voltages are applied to
the panel, the migration of ions in the opposite direction is achieved
[64,65]. On restoring the standard operating conditions, the ions re-
turn to the semiconductor again through the pathways and the PIDs
reappears. In addition, it has been shown that this second restoration
of PIDs is faster as migration channels remain settled. It has also been
reported that in-field anti-PID systems stop degradation but do not
produce recovery to initial conditions [47]. On the other hand, PIDp
is reversible and PIDc is not.

Both thermography or electroluminescence have been accepted as
tests to confirm PIDs, and in the case of thermography, with tests in the
laboratory or in the field [37,38]. I-V curves of a panel with PID also
present a characteristic pattern [28], where there is a tendency to have
measurements below the nominal voltage under standard conditions
and a more progressive and less abrupt fall of the curve. Likewise, the
flat part of the I-V curve tends to be slightly lower, offering less current
than the healthy panel.

Regarding insulation tests on PID cases, the power loss of the mod-
ules has been reported to be proportional to the leakage current [66,
671, so that PIDs reduces the isolation level of the panel.

Concerning the PID condition of the case-study plants, the authors
have not found similar in-field cases of such severe level of degradation
in the literature review. Authors observe an initial problem of PID
that evolves negatively resulting in a stronger degradation that can
go beyond PID, but mainly related with shunt creation. Most previous
studies of PID in the last decade were laboratory studies reporting
short-term effects induced by rapid degradation techniques. Currently,
there is an increasing interest in-field conditions looking for the long-
term effects, where the power loss of the modules and string are
reported to be caused by voltage rather than current drops, stating that
the Voc drop is a clear effect of PID [10,47,57]. Severe PID affection
has been associated as a source of hot spots in the modules [27,48].

3. Materials and methods

A description of three case studies and the procedures that were
performed is presented: description of the plants, measurements of
monthly energy production, in-field determination of failure condi-
tion before repowering the plants, and subsequent laboratory tests to
confirm it.

3.1. Description of the solar plants

Three photovoltaic plants are presented, plant no. 1, 2, and 3, re-
spectively (Fig. 1, view of plants 1 and 2). They are grid-connected, but
their main purpose is to supply power to three respective agricultural
water pumping facilities of 75 kW each, watering very intensively
in spring and summer. The plants are in the region of Andalucia
(Spain), province of Cérdoba (northern Andalucia). It is an inland
province, with hot Continental-Mediterranean climate. In winter the
mean temperatures in the years 2017-2019 were about 8-10 °C with
mean maximum temperatures of 12-17 °C, and in summer, mean
temperatures of 26-29 °C, mean maximum temperatures of 34-38 °C,
reaching maxima of 42 °C. Springs are short, with rapid transitions
from winter to summer weather. The levels of solar irradiance are
among the highest in Spain and Europe, with a mean global and
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Fig. 1. Aerial views of plant 1 (up) and plant 2, the last one with two maintenance
operators on the roof.

Table 1

Features of the solar modules.
Max. power Voc Isc Vmp Imp NOCT
175 W 42.6 V 5.52 A 355V 4.93 A 48°C

Voc, Isc: open-circuit voltage, short-circuit current.

Vmp, Imp: voltage and current at maximum power at STC.
NOCT: Nominal Operating Cell Temperature.
Monocrystalline silicon p-type.

72 cells (12 x 6) of 125 x 125 mm each, in 3 substrings
Encapsulant: EVA 0.5 mm. Backsheet: TPT, Tedlar.

Size: 1580 x 808 x 46 mm (1556 x 784 without Al frame).
Warranty: 90% of power in 10 years, 80% in 20 years.

direct daily irradiance between 1985-2005 in July of 8.12 and 6.23
kWh m=2 day~!, in December of 2.23 and 1.48 kWh m=2 day~!,
with a mean value of 5.12 and 3.59 kWh m2 day~! over a 20-
year period [68]. The level of annual precipitation in the area is low
589 mm, as well as its average humidity, although it increases in the
areas close to the Guadalquivir River, one of the main rivers of Spain,
and the irrigation zones around it.

Plant 1 is in the town of Montoro, whereas plants 2 and 3 in
Cardena, both towns separated 35 km away. Montoro has the highest
registered temperature in Spain ever, so it is one of the hottest areas
in the Spanish summer. Plant 1 is close to the Guadalquivir River.
The three plants were designed and built simultaneously by the same
installer using the same solar panel and inverter model. All panels were
purchased at the same time in a single order to the same manufacturer
in 2008, as the inverters were to the correspondent supplier. The plants
are installed on the roofs of different new agro-industrial facilities
designed to optimize the solar installations. The commissioning of the
three plants was in summer 2009. The panels are made of p-type
monocrystalline silicon. Tables 1-3 show the features of the modules,
inverters, and plant configuration. The manufacturer’s specifications
guaranteed a maximum power loss of 10% after 10 years and 20% after
25 years.

The inverters are transformer-type, showing floating voltage. There-
fore, half of the string is subject to negative voltage up to about —300 V,
a condition that is able to promote PID.

3.2. Performance of the plants

O&M (operation and maintenance) was performed by the installer,
applying similar O&M plans in the three plants. Monthly measurements
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Table 2
Features of the inverters.
Power Vmax Mppts Idc Iac Vac AC Power
(kwWp) (V,do) (pes.) ) A (%] (kW)
110 900 2 230 145 3x400 100
Inverter with transformer, one per plant.
Idc: maximum DC intensity. Iac: AC current output at Idc input.
Table 3
Features of the plants.
Plant Power (kW)  Strings Panels Voc (V) Vmp (V) Strings Mppts
1 114.8 41 656 20 21
2 106.4 38 608 681.6 568 19 19
3 106.4 38 608 19 19
16 panels/string. All panels 19° tilted.
180.000
——Plant 3
160000 ———t" [em>y 1 L L L L L L. Plant 2
---Plant1
140.000
120.000
100.000
<
= 80.000
60.000
40.000
20.000

0
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

Fig. 2. Evolution of the annual production of the three plants.

of energy production have been monitored for 12 years, from 2010 to
2021. Fig. 2 shows the evolution of the total annual production of the
plants. It is observed that plant 1 starts an intense degradation four
years after commissioning that lasts for another four years, stabilizing
the production and generating in 2019 only 32.48% of the average
annual energy in the first four years of operation. The recovery of
the last years is due to the repowering project. Plant 2 begins its
degradation in the fifth year, with a minimum production of 52.78% in
2019 related to the average annual production of the first four years.
A partial repowering improved production in the last year. However,
plant 3 maintains a better production level for 7 years, although slightly
decreasing, showing an annual production of 75.88% in 2018 compared
with the first four-year mean, and reaching 67.94% in 2021. These
respective production drops of 67.58%, 47.22% and 32.06% in the
tenth year are significantly higher related to a 10% reduction in power
given by the manufacturer’s warranty.

Fig. 3 shows the monthly production of each plant. The progressive
degradation is observed. Additionally, it should be expected that May,
June and July will be the months with higher production, a pattern
that is lost while degradation progresses. The production of plant 1 (the
most degraded plant) from 2015 onwards was higher in winter than in
spring and summer, giving the lowest scores in summer 2016, 2017 and
20109.

All data are available in a spreadsheet in open access mode [69].

3.3. Methods to assess degradation and description of the repowering
project

3.3.1. In-field measurements

In 2019, a repowering project was launched that included an as-
sessment of the degradation of the three plants, and the replacement of
the most degraded panels: 246 modules out of 656 (37.57%) in plant 1
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Fig. 3. Monthly production of the three plants.
Table 4
Substitution plan of plants 1 & 2.
Year Plant 1 Plant 2
2019 Modules 224
Strings 14
2020 Modules 32 138 new+6 old
Strings 2 8+1 hybrid®
2021 Modules 48
Strings 3

2 Hybrid: string mixing new and old modules.
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D
o
o

w
w
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o
o

String's Voc [V]

IS
a
o

400

Plant 2

=== Plant 1

350 +—+—rrrrr T T T T T T T T

Voc (252C) Voc (502C)

1 3 5 7 9 1113 15 17 19 21 23 25 27 29 31 33 35 37 39 41
String order number in the plant

Fig. 4. Measured open-circuit voltages in the strings of Plants 1 & 2. Horizontal dotted
lines: thin, string Voc in standard conditions; thick, increasing to 50 °C
(Byoe = —0.34%/°C).

and 186/608 (30.59%) in plant 2. The repowering partially recovered
production in 2020 to 73.04% of the mean of the first four years in
plant 1 and 72.88% in plant 2 by 2021.

The project was divided into three successive phases, one for each
plant, starting from the most affected one (plant 1) and finishing with
the least one (plant 3). The project is expected to be completed by 2025.
The new panels were mounted to form full new strings, reorganizing the
location of the remaining old panels. At the time of writing this paper,
the repowering of plants 1 and 2 was completed under the scheme
indicated in Table 4. The main replacement of panels in plant 1 was
carried out in August 2019 and completed in August 2020 and for plant
2 in July 2020 and completed in May 2021. In this last installation in
May 2021, a purchase of 48 panels was ordered in October 2020, based
on the model shown in this paper.

In plants 1 and 2, the total Voc of the strings was measured (see Fig.
4). Variations of about 200 V can be observed among the highest and
lowest voltages of the strings in each plant. Plant 1, average 493.04
(+67.56) V, plant 2, 557.87 (+54.34) V, averages representing 72.3%
and 81.8% of the nominal Voc (681.6 V).
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Fig. 5. Frequencies of the number of affected panels by string in the available data
set, counting as affected panels, those in the families of 26 V and 12 V.

Table 5
Features of the new solar modules.
Pmax (W) Voc (V) Isc (A) Vmp (V) Imp (A) NOCT (°C)
old 175 42.6 5.52 35.50 4.93 48
Plant 1 195 45 5.45 38.30 5.09 47
Plant 2 200 45.2 5.53 38.71 5.17 47

Monocrystalline silicon p-type.

The Voc of every panel in each string of plant 1 was checked, just
before changing the panel if degraded. Two families of voltages around
26 V or less (248 out of 656 panels, 37.8%) and around 40 V (408,
62.2%) were found. The exact voltage of every panel was not recorded,
but the number of panels in every voltage family by string. After the
repowering of plant 1, a new group of voltages centered in 12 V was
noticed, but they were reported as “<26 V”.

In the second plant, and after these results, the three voltage families
were recorded, showing panels with 12 V (61 out of 528 measured,
11.5%), 26 V (95, 18%) and 40 V (372, 70.45%). The degraded
panels totaled 156 (29.5%), meaning degraded those with 26 V or less,
assuming then a very high level of degradation to be considered as
“degraded”. In fact, after the repowering of plant 1, the degradation
of the 40 V family (62.2% of the modules) remains because the annual
production loss in 2021 related to the initial four-year average was still
about 25%. This means that production loss is also present in the panels
of 40 V family. It must be noted that a panel in the 26 V family is related
to one inactive substring in the module with its bypass diode activated,
and two substrings for 12 V family.

Fig. 5 shows the frequency distribution of the number of failed
modules by string considering all strings of plants 1 and 2, with a mean
of 5.46 degraded modules by string.

All new modules for repowering are from a different manufacturer
than the initial one. Both plants install the same type of module but
with slightly different features in plant 1 and 2, as shown in Table 5.

3.3.2. Laboratory tests

Laboratory tests were performed on three substituted panels. It
consisted of a visual inspection, an outdoor infrared thermography test
with the panels connected to a load, the recording of the I-V curves and
an isolation test. Each of the three panels belonged to a different group
of Voc families found, 40 V, 26 V and 12 V. In the case of the 26 V
family, a second panel was included.

The thermography test was performed using a FLIR camera, model
E6 1.2L, with a resolution of 160 x 120 pixels and a spectral range
7.5-13 pm. The panels were located outdoors at the ground level under
full operating conditions. Thermal images were taken after more than
one hour of operation. Images were treated to ease their integra-
tion into the paper layout (moving labels, the temperature scale and
cropping). The images of the panel surfaces presented later are fully
original.
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I-V curves were measured with two standard lab multimeters using
a variable resistor as a charge.

Finally, an isolation test was performed on the panels using the
method described in [39]: the panel was covered in darkness. Both
terminals are shorted and connected to the negative pole of a DC
source. Positive pole to the ground. The frame to a 200,000 Q resistor
and finally to the ground. The voltage in the resistance is measured,
and leakage currents are calculated using Ohm’s law and the full shunt
resistance. Source voltages: 1000, 500, and 250 V.

4. Models to estimate the number of degraded panels

Data collected from plants 1 and 2 consisted of pairs (Voc, Ntail),
string open-circuit voltage, and the number of degraded panels in the
string (with voltage around 26 V or less), counting 74 samples (strings)
in both plants.

Linear regression was initially selected to model this relationship so
that the number of degraded panels of a string could be estimated from
its open-circuit voltage. Two main reasons support this decision,

» The string architecture determines an additive structure of the
modules’ voltage to form the string voltage, suggesting a linear
component in the behavior.

» The ease of practical implementation.

As a drawback, the behavior at the panel level in terms of voltage
drops in steps around three voltage families, as the substrings fail. This
aspect is expected to add dispersion rather than breaking linearity,
prevailing the string additive structure.

Once a linear regression method is implemented, a quadratic re-
gression will be added without much effort. Both regressions will be
applied with and without outliers, totaling four methods. Outliers will
be considered by removing the furthest samples from the regression
lines in the models adjusted with full data, and will be limited to a
short number of samples. In any case, the aim of this work is not to
look for the most efficient model for the estimation, it is the practical
aspect of supplying simplicity and ease of implementation.

The methods are initially fitted with data from plant 1, giving
regressions P1L (linear), P1Q(quadratic) and without outliers P1LO,
P1QO. Equivalently, fitting with data from both plants, the models are
P12L, P12Q, P12LO and P12QO0.

5. Results and discussion

In this section, the results of the laboratory tests, their interpreta-
tion, and regression models are presented.

5.1. Lab testing

The three panels were selected from each family of voltages: 40 V,
26 V and 12 V. An important number of panels from 26 V and 12 V
families gave a Voc measure of about 40 V in the initial exposition to
the sun, failing in few minutes. Other panels directly failed from the
beginning. No panel presented 0 V in the Voc measurement.

Selecting three panels, one from each family, Table 6 shows mea-
surements made in July 2022 on their Voc just taken out from dark
storage, after 5 min of sun exposure and 15 min (irradiance 915
W/m?). The panels were previously tested in July 2021 after their
decommissioning and remained stored throughout the year. The panel
named 26 V-A of the 26 V family was assigned to that family in July
2021 without doubt. On the first day of testing in July 2022 (a year
later), the panel showed an initially recovered Voc. After 15 min of
sun exposure, the panel gave a measure of 26 V. After two hours under
the sun, it recovered to full voltage. Three days later, a new test was
performed (Table 7, irradiance 932 W/m?2). The panel showed a Voc
of 40.3 V in the initial moments of insolation, rapidly failing for the
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Table 6
First day of testing July 2022. Open-Circuit measurements before permanent conditions.

Before sun exposure, in the shade, Irradiation 40 W/m?

Family Voc (V) Panel
Panel Substr.1 Substr.2 Substr.3 temp.
40 V 36.6 12.1 12.2 12.1 29.2 °C
26 V-A 37.3 12.4 12.4 12.4 28.3 °C
12V 11.5 1.9 1.1 12 27.7 °C
Family After 5 min., 915 W/m? Ater 15 min., 915 W/m?
Voc (V) Temp. (°C) Voc (V) Temp (°C)
40 V 39.7 52.2 39.4 56.1
26 V-A 40.3 50.8 26.0 54.7
12V 11.3 45.3 12.6 53.7
Environmental temperature: 27 °C.
Table 7
Second day of testing July 2022. Open-circuit voltage (V).
Family Initially After 2 h sun exposure, 932 W/m?
Panel Panel Substr.1 Substr.2 Substr.3
26 V-A 40.3 25.4 0 12.7 12.7
26 V-B 26.4 25.8 12.8 0 13.0
12V 16.4 17.5 5.5 0 12.5

Environmental temperature: 29 °C.
Note: substring 1 is always the left one in the thermographic images.
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Fig. 6. Curve IV. Two panels with a voltage around 40 V. The continuous line is a
26 V family panel (26 V-A) that recovered its voltage after one-year storage.

rest of the time to a maintained level of around 26 V. Given this
varied behavior, another panel of the 26 V family (26 V-B) was also
considered. This effect is also observed in field, where these types of
modules initially show a Voc around 40 V and they start failing to 26 V
when irradiation increases. It seems that from a certain temperature,
the failure of the substrings appears. This in field behavior of the failing
modules is predominant in the hottest months of the year but not in the
coldest, when they maintain a good voltage of around 40 V, something
that seems to be confirmed by the monthly production of the plants
of the last years (Fig. 3). Although the frequency of this effect has not
been measured in field, it is so common as to make the decision to
measure the open circuit voltages in the hottest months to detect the
failing modules.

Fig. 6 shows the I-V curve of the panel in the 40 V family in dashed
style and the curve given by the manufacturer in dotted style. The
manufacturer only supplied a curve for a similar panel of 165 Wp and
this curve was recalculated for the 180 Wp panel to obtain the dotted
curve. In continuous line, panel 26 V-A tested with its recovered voltage
on the first day of testing in July 2022.

Fig. 7 depicts the I-V curves of the 26 V and 12 V families on
the second day of testing. Dotted curves are the manufacturer’s curve
with the voltage multiplied by 2/3 (gray) and 1/3 (black), representing
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Fig. 7. Curve IV of panels of 26 V and 12 V families. Dotted lines for reference.
Continuous line: panel 26 V-A, recovered after one-year storage failing again 3 days
later. Failure remained the following days. Long-dashed: panel 26 V-B.

Fig. 8. Thermography. Left: panel of the 40 V family (24/03/2021). Right: panel of
12 V family (11/07/2022).

52.8 °C

Fig. 9. Thermography (11/07/2022). Left: panel 26 V-A. Right: panel 26 V-B.

the original curves for two and one substrings, respectively, just for
comparison. In continuous line, panel 26 V-A failing again and panel
26 V-B in long-dashed style. In short-dashed line, panel of 12 V, where
it is observed an Voc of 17.5 V (one substring in short-circuit) and
11.4 V as soon as a charge is connected, failing a second substring.

The measurements of Voc on this second day are in Table 7.
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Table 8
Isolation test.
Source Family Resistance Leakage Isolation
V) Panel Volt.(mV) Curr.(mA) (MQ)
40 v 3.62 18.1 55,249
1000 26 VB 7.30 36.5 27,397
26 VA 12.15 60.75 16,641
12V 15.89 79.45 12,587
40V 1.20 6.0 83,333
500 26 VB 2.32 11.6 43,103
26 VA 4.48 22.4 22,321
12V 6.12 30.6 16,340
40 V 0.56 2.8 89,286
250 26 VB 0.80 4.0 62,500
26 VA 1.75 8.75 28,571
12V 2.40 12.0 20,833

Environmental temperature: 13.1°C; Humidity: 50.4%.
Surface of the panel without frame: 1.215 m?.

Thermography images were taken with the panels under operation.
Fig. 8 presents thermographic images of the panel of the 40 V family
(left) and 12 V family (right). Fig. 9 shows 26 V-A (left) and 26 V-B
(left). A panel in good condition should show a continuous temperature
distribution. PID is usually expressed at higher temperatures of the cells
more commonly at the bottom half of the panel (not only) and many
times close to the frame (not always). The junction box of the modules
can be observed at the top center of the images as a hotter point.
Junction box apart, all the hot areas of the panels are in the bottom half
of the modules. The 40 V panel shows two areas of higher temperatures,
quite close to the frame. The 12 V panel presents a hot area in substring
3, the only one working, at cells close to the frame. The module 26
V-A (left) has the hottest area on the lower right side, again close to
the frame, as well as panel 26 V-B in the same corner. This panel also
presents high temperatures in the left and central areas of the bottom
half. With due caution, these remarked effects are compatible with PID.
The temperature of the modules has also been related to the level of PID
affection. Looking at the temperature scales of the images, panel 12V,
with higher damage, is clearly the hottest, followed by the 26 V-A. The
40 V and 26 V-B modules show similar scales and temperatures. The
temperature indicated in the image is that of the central cross-pointer,
which can be used for comparison. The central substring with the active
bypass diode in the 26 V-B panel is clearly visible. Although not so clear
at 12 V, the color structure of the central substring is compatible with
that of an active bypass diode. It is not so clear in the case of 26 V-A
(substring in the left).

The results of the isolation test (Table 8), shows a reduction of
the isolation level as the panel fault level increases. Voc and isolation
resistance show an almost linear relation in the panels 40 V, 26 V-B and
12 V in each of the three voltages applied by the source. This linearity
is not the case when exchanging 26 V-B by 26 V-A, but the reduction of
Voc with isolation resistance clearly remains in all the voltages of the
source. This result is also compatible with the degree of PID affection.

Panel 26 V-A was thoroughly studied, given its strange behavior.
The total Voc measure was 25.6 V, and the readings of substrings 1,
2 and 3 were —0.6 V, 13.0 V and 13.2 V, indicating the activation of
the first bypass diode. The voltages of the 24 cells of substring 1 were
measured, after a previous local removal of the back-sheet to access the
busbars at the interconnections of the cells. This operation is delicate;
therefore, the result could lead to certain errors in the readings. The
nominal Voc of the module, substring and cell are 42.6 V, 14.2 V and
0.59 V. The voltage readings in the cells of the substring were: 0.56 V
in 9 cells, 0.55 V in other 9 cells, 3 cells 0.54 V, 2 cells 0.53 V, totaling
12,67 V (mean 0.5508 V) and a cell bias reversed with a reading
of —12.86 V. The location of this cell is on the second bottom row,
second column from the left, a cell that does not appear hot in the

thermography. The extraction of the first bypass diode gave a reverse
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Table 9

Regression models adjusted with data from plant P1, linear (L) and quadratic (Q),
considering full data or removing four outliers (O) with initial residuals higher than
3.5 solar modules.

Parameter P1L P1Q P1LO P1QO
Pearson corr. —-0.806517 —0.885054

P-value 1.95 - 10710 3.58 - 10713

Intercept 26.8058 19.0526 27.5884 21.6832
Linear coef. —-0.0421014 -0.0117032 —0.04352 —0.020541
Quadr. coef. — -2.92116 - 107° — -2.19184 - 1073
RMSE 2.0849 2.0805 1.5525 1.5495

R? 0.6505 0.6519 0.7833 0.7842
Adjusted R* 0.6415 0.6430 0.7771 0.7780

F - statistic 72.57 73.04 126.53 127.15

P (F-statistic) 1.95 - 1071 1.79 - 10710 3.58 - 1073 3.34 . 1071

In bold letters, model used in practice (quadratic, outliers included).

16 -

—— Regression line
14 - ® === 95% Conf. Interval
95% Pred. interval

12 -
Plant 1

10 -

affected modules by string

400 425 450 475 500 525 550 575 600 625 650
string voltage [V]

Fig. 10. Regression model P1L: linear case. Data: Plant P1.

bias in the same cell of —38.9 V, reversed —26.4 V in substring 1,
annulling the total voltage of the module. The three bypass diodes were
checked in the lab, showing correct working; conduction from about
+0.5 V and no current in reverse bias tested in the range [-30,0] V,
when under normal operating conditions they withstand —10 V to —15
V.

5.2. Estimation of the number of degraded panels measuring the string
voltage

The collection of data was done in-field, being the string voltage
the independent variable and the number of failed modules per string
as the dependent variable. After the repowering of plant 1, the first set
of real data was available to adjust the first version of the model.

Table 9 shows the fit of the least squared regressions with data from
plant 1, both linear (model P1L) and quadratic (P1Q). Two additional
versions of them (models P1LO and P1QO) are presented by removing
outliers, four samples out of 41 strings with absolute values of residuals
greater than 3.5 modules. The four samples resulted in two extreme
strings on both sides of the regression lines.

The variables presented a Pearson’s correlation coefficient of
-0.807 and a p-value 1.95 - 10713, showing high dependence and
a significant statistical relation, respectively. Removing outliers, the
correlation improved significantly to —0.885 (p-value 3.58 - 10~13).

The linear and quadratic regressions (P1L and P1Q) are shown
in Table 9 and Figs. 10 and 11. A quite acceptable adjustment is
achieved since the coefficients of determination (R?) are respectively
0.6505-0.6519, showing that about 65% of the variability of the num-
ber of wrong modules per string is explained by the variability of
the open-circuit voltage of the string. These R? coefficients and their
adjusted versions (0.6415-0.6430) are quite close, indicating the high
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Fig. 11. Regression model P1Q: quadratic case. Data: Plant P1.
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Fig. 12. Regression model P12Q: quadratic case. Data: Plants P1& P2.

Table 10

Regression models adjusted with data from plants P1& P2, linear (L) and quadratic (Q),
considering all data or removing four outliers (O) with initial residuals higher than 3.5
solar modules.

Parameter P12L P12Q P12LO P12Q0O
Pearson corr. —0.835124 —0.904957

P-value 2.27 - 1072 1.46 - 10726

Intercept 25.893070 12.917076 28.06458 20.369255
Linear coef. —0.0392037  0.0108792 —0.042911 —0.0134874
Quadr. coef. — —4.74498 - 107> — -2.76571 - 10~
RMSE 1.8270 1.8132 1.3847 1.3791

RrR? 0.6974 0.7020 0.8189 0.8204
Adjusted R? 0.6932 0.6978 0.8162 0.8177

F - statistic 166 169.6 303.05 306.10

P (F-statistic)  2.28 - 10720 1.32 - 1072 1.46 - 1072 1.11 - 1072

importance of the regression parameters in the dependent variable.
There is a slight difference between the linear and quadratic models.
Important improvements are again obtained by removing the outliers
(R? 78.3%, Adj. R> 77.7%), indicating a higher impact between
variables. There persists a weak difference between the linear and
quadratic versions.

Fig. 12 and Table 10 show the regressions fitted with all data from
plants 1 and 2 (models P12-). The distribution of the samples of the
two plants shows the lower deterioration of plant 2, contributing the
new data to improve the model fit in the right part of the graphic
with higher Voc. The higher dispersion of the data from the most
deteriorated strings of plant 1 seems to suggest that the higher the
deterioration of the string voltage, the higher the dispersion of the data.
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Fig. 13. Regression model P12QO: quadratic. Data: Plants P1& P2 removing four
outliers.

These models improve the metrics, first with the data, being Pearson’s
correlations of 0.835-0.905, considerably higher, and second with
the models, being R? 0.6974-0.7020 (linear—quadratic) and without 4
outliers R? 0.8189-0.8204. In this case, there are also 4 outliers, all
from plant 1, but now 3 of them are under the regression line, one
above. Fig. 13 shows the quadratic model removing outliers.

Models adjusted with data from plant 1 (models P1-) can be applied
to estimate the number of failing modules in plant 2, entering the string
voltages. The results are root mean square errors (RMSE) of 1.726
modules (P1L) and 1.706 (P1Q), both lower than the RMSE of the
training data (around 2.08 in both), demonstrating the lower scattering
of the data from plant 2 given its lower level of deterioration. For
models without outliers, the RMSEs of predictions are 1.719 (P1LO) and
1.704 (P1QO), which are higher than those of the training data (around
1.55 in both models). All these RMSEs do not consider the estimation
to be an integer number, although the results do not differ significantly
(1.723 for P1L and 1.732 for P1Q).

In real practice, the model P1Q was used to place a purchase order
of modules in winter 2020-21 for the second repowering intervention
on plant 2 in July 2021, marked in bold letters in Table 4. The plant
was subject to a previous partial repowering replacing 138 modules in
summer 2020. These panels were arranged to form new full strings.
After this intervention, 18 strings were left untouched, and their Voc
were collected (see Table 11) to initiate the second repowering action
of this plant. Therefore, data collection was done in summer 2020 to
ensure that PID is expressed intensively. The order was placed without
going up to the roof to check the number of wrong modules. This check
was subsequently carried out in July 2021, when they were installed.
The results are shown in Table 11. In this specific case, the total error
in the estimation of failed modules results null, because under- and
over-estimations are compensated, being the absolute error 10 out of
52 failed modules and a total of 288 modules in these strings. Ten
strings out of 18 showed no discrepancy between reality and the model.
Differences of two panels were found in two strings, where the model
overestimated the failed panels, and variations of one panel in six
strings, with five strings underestimated and one overestimated.

The presented model has also been used to initiate the repowering
of plant 3. A purchase order of 96 panels has been placed based on
the model results, just measuring the string Voc voltages in the control
cabinet.

6. Discussion
6.1. Assessment of module degradation

The review of evidences to remark are the following,
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Table 11
Repowering of plant 2: second action (July 2021). Blind purchase based on the results
of the model P1Q.

String Measured Damaged panels Model
Voc (V) Model Real error (e)

1 629 0 0 0

2 612 1 1 0

3 547 4 3 1

7 571 3 1 2

8 622 0 0 0

10 598 2 2 0

17 543 4 4 0

18 553 4 5 -1

19 516 5 6 -1

20 556 4 4 0

21 549 4 5 -1

22 587 2 2 0

24 505 6 4 2

27 566 3 3 0

29 545 4 5 -1

32 569 3 4 -1

37 600 2 2 0

38 615 1 1 0

Total 52 52 0 (X le;|=10)

Measurements in-field and IV curves in the laboratory show loss
of voltage rather than current losses [47].

Decreasing insulation resistance as the level of failure in the
modules grows [67] in laboratory observations.

Thermography: higher the temperature of the modules, the higher
PID evidences are [37]. Presence of hot areas in the bottom half
and tendency to be close to the frame.

The presence of high negative voltage bias in one half of each
string (up to —300 V) with p-type modules.

Visual inspection revealed no obvious defects in most modules. A
positive visual test would assign degradation to other cause.
Gradual loss of annual energy production.

Local conditions and weather prone to develop PID: very high
temperatures in summer and late spring. Morning moisture, by
proximity to the Guadalquivir River and its irrigation zones.
Higher degradation in plant 1 that is considerably subject to
higher temperatures and moisture levels. Similar behavior to
other photovoltaic plants in this warm area that were affected by
PID, being the most common problem.

Seasonality of the produced energy, progressively decaying year
on year, especially in the warmest months. Production in spring—
summer ends falling below production in winter in the case of
plant 1.

The remaining 25% of energy loss after repowering panels of the
26 V and 12 V families.

Given these points, the possibility that plant degradation is primar-
ily PID is remarkable. The proportional drop in insulation resistance
with the intensity of the damage, together with the negative visual
inspection, suggest a shunt type PID, which tends to be the most
common. The panels of the 40 V family show a progressive drop in Voc,
in which other causes, such as light-induced degradation, will initially
appear, but continue to worsen. According to maintenance reports,
when it reaches around 36 V, a bypass diode is triggered and the open-
circuit voltage goes to around 26 V. The continuation of the process can
cause the cancellation of another substring, forming the 12 V module
family.

This process is highly dependent on the panel temperature, since in
winter many panels recover the 40 V level when in summer they are at
26 V, an aspect that has also been described in laboratory tests. It has
been shown that PID is highly dependent on panel temperature [41,63].

The failure mostly affects the panel voltage, a common issue in
PID cases [56], although Isc is also affected. The non-uniformity in the
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thermographic imaging pattern supports the evidence of PID, with hot
areas in the lower half and some tendency to be close to the frame.
Addinionally, most degraded modules show higher temperature. The
drop in insulation resistance largely reinforces this evidence of PID.
The presence of high negative voltages in part of the string with p-type
panels is a necessary requirement that is met. The progressive drop
in production over time, and the fact that after repowering (without
panels of the 26 V and 12 V families), considerable degradation persists
in the 40 V panels of about 25% in production drop, compatible with
the power losses reported in PID cases. Finally, the environmental
conditions of thermal variation, high temperatures and the depen-
dence of the damage level on the humidity of the area are typical of
the conditions that encourage the development of PID, with higher
degradation in the plant that withstands worst conditions (plant 1).
Electroluminiscence tests would have help to better determine the PID
condition.

In short, PID is considered to initiate degradation and is reinforced
by new failures or the deepening of failures already initiated by PID.
It has been reported how PID can lead to other types of faults, such
as the generation of hot spots, blackouts or microcracks [27,48]. With
the help of voltage mismatching due to the parallel structure of strings
that share voltage having non-uniform module behavior and the current
mismatching among unbalanced serial cells in the string, damaged
cells are forced to work under current levels that are higher than
Isc, entering reverse bias, consuming energy and producing hot spots
that generate new damage or enlarge the current one. Mosts times,
this new damage causes a drop in shunt resistance and an increase
in series resistance, as most types of degradation do. In fact, the drop
in insulation resistance with degradation, is an indication that shunts
grow.

When a cell enters reverse bias, bypass diodes trigger and avoid the
evolution of damage to destruction, but the fact is that when the bypass
diode acts damage is already done. Therefore, there is room for the
failure to evolve before the bypass diode acts. A substring with an active
bypass diode contributes neither to the addition of voltage to the string
nor to the power delivery. Modules lose one third of the power and the
voltage. New mismatches are promoted, new cells that are developing
PID are under stress and new substrings become canceled.

6.2. Assessment of degradation at plant level

An aspect to remark in this work is that the threshold to define a
failing module in the regression models refers to a very strong level of
malfunction. The failure is not just the presence of PID, it is a second
level of degradation where a substring is annulled by the activation of
its bypass diode, so that the voltage of the module reduces by about
one third, or two in cases of two substrings annulled. Therefore, this
study is not proposing a method to detect the number of modules in
the string with PID from the string’s open circuit measurement, but the
number of modules with a failing substring or more.

After repowering the improvement in production is known. Con-
sidering that in that moment all panels of families 12 V and 26 V
has been removed, the percentage of production loss given by initial
PID (family 40 V) and by higher damage can be roughly estimated. A
standard annual loss of 0.8% in production will be assumed to account
for the expected production drop without extra degradation, so that
the expected production in the tenth year will be 148,011 kWh and
143,077 kWh for plants 1 and 2. Additionally, a correction for the
higher power of the new panels will be applied, so that corrected
increases are 62,878 and 52,392 kWh. This increase is given by 37.80%
and 29.55% of the modules changed in both plants. This implies that
the total production loss is given about 16% by the remaining panels of
the family 40 V and 41% for failing modules in plant 1, and 21%-19%
in plant 2. If all panels would be degraded in the level of family 40 V
level, the loss of power would be about 23%-25% in each plant related
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to the average production of the four first years. This numbers are very
compatible with reported cases of PID in literature [47].

With this complex pattern of failure, it has been observed that the
production in plant 1 has become lower in the months of late spring—
summer than in winter. This effect is not so extreme in plant 2, but
is observed by the flattening of the interannual monthly production
curves. The drop of the maximum monthly production has been clearly
faster than the minimum monthly production during the years. This
was the reason to test the failing modules is summer. This effect is due
to the temperature dependence of the reverse bias entry of the cells and
consequently the activation of the bypass diodes.

Since the definition of failure is bypass diode activation, the pro-
posed estimation method would be useful in any type of failure leading
to bypass activation, most of which end up in hotspot creation.

The sensitivity of the method with another less extreme definition of
failure is a pending subject of study. It would be interesting to deep into
an earlier detection capacity in the range of modules with Voc between
26 V and 42.6 V (family of 40 V).

The extension of the method to be applied in full production by mea-
suring Vmp instead of Voc requires further development. The method
has been designed to evaluate the string alone, in open-circuit, when it
is normal to have several strings in parallel in the PV array. In such a
case, one could think of a procedure with successive individual evalua-
tions of each string while leaving the others in open-circuit, where the
number of failing modules in the string under test could be estimated.
Adding string power and current measurements could provide more
monitoring capability. Such an implementation would imply the ability
to put the strings in open-circuit by software individually, although it
would not be necessary to put a voltmeter, wattmeter and ammeter
on each string, it would be sufficient to use the general equipment
of the PV array for each string when it is tested alone. It would be
a complementary method to the current techniques for detecting PV
array faults, like line-to-ground, line-to-line, bridging faults or module
faults, etc., adding an estimation of the number of modules affected by
the fault. The division of the expected string’s Vmp by its current value,
has already been used in estimations, but when it comes to situations
in the field, the complexity increases and statistical estimations like the
proposed method are valuable.

7. Conclusions

The main contribution of this work is twofold: (a) the development
of a quick method to evaluate the number of affected panels, with
practical application, and (b) the presentation of a highly degraded case
describing the very long-term consequences of PID, given the limited
literature found about these cases. Data are presented for three plants
with very severe degradation. Apart from the typical variability of
problems in a plant, the evidence and evolution of the behavior make
PID and its long-term consequences to be the main driver of failure.
PID may be induced in solar power plants in southern territories, near
irrigable areas of flowing rivers, because of high summer temperatures
and humidity. The severe degradation reaches the point where the sub-
strings of the modules begin to fail and are annulled by the activation
of the bypass diode, extending this problem to 37.8% of the modules in
plant 1 and 29.5% in plant 2. This does not imply that the rest of the
modules are in optimal conditions, when in fact recurrent reductions of
around 5-3 V of the Voc with respect to the nominal value are observed.
Likewise, the model can be used to rule out other types of failures in
solar pumping systems, which in principle could be related to variable
speed drive or line breaks, since the proposed model is easy to verify.
But the main contribution is that it is born out of a real practical need;
a quick estimation of the panels that are in a condition of failure, with
no need to go up to the roof of the plant, avoiding long measurements
of voltages module by module at times of danger of thermal shock for
maintenance workers. In this way, the readings of the Voc of the strings
in the protection cabinet facilitate the estimation of the number of
panels in the described failure conditions. The method does not locate
the failing modules in the string and it is starting to be used by the
authors for the repowering actions of the plants.
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