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Abstract.

In this paper, the quality inspection of a Photovoltaic (PV) power
plant under a mismatch effect due to the use of 18 different classes
of PV modules from 5 different manufacturers is presented. The
quality inspection has been carried out by three different tests; a
visual inspection, an infrared (IR) thermography inspection and
electrical monitoring. More than 800 IR thermography images
have been analyzed to cover all PV modules installed. Some
inverters have been electrically monitored to measure electrical
parameters, being the focus of this paper the output energy. A PV
plant database has been studied to calculate a mismatch power
factor of the PV arrays connected in the measured inverters.
Mismatch power factor, hot spots and the output energy of the
measured inverters have been compared. Results showed that
output energy is influenced by the existence of mismatching. In
some cases, compared inverters showed a power loss of up to
10%.

Keywords. Mismatch loss, IR thermography, quality
inspection, maintenance, performance.

1. Introduction

PV solar energy installed capacity in Spain had been
growing exponentially up to the year 2008 according to the
European Photovoltaic Industry Association (EPIA) [1]. In
2007 the power PV capacity was 560 MW while in 2008 it
was increased up to 2,511 MW. It supposed an increase of
448% which ranked Spain as the first PV world installed
cumulative capacity. The recorded exponential growth was
mainly caused by the premiums provided by the Spanish
government to the exploitation of PV plants, which stopped
in 2008. From 2008 up to date there has been a soft growth
of the installed capacity, [2], due to the lack of investor and
subsidies. Such increase in 2008 was a disadvantage to the
manufactures since the demand for PV modules was
difficult to supply. To meet the demand, some PV plants
had to be supplied by different classes of PV modules. So,
despite the effort of electrical installation companies,
notable difficulties were found to cluster different PV
modules classes to connect a PV array. The connection of
such variability of PV modules produces electrical
mismatches and the consequent loss of power in the PV
power plant [3]. The PV plant under inspection has a
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nominal power of 2.85 MW and was commissioned in
2008.

As it is broadly known in PV parks, PV modules are
electrically connected in series and parallel circuits. When
PV modules connected have different electrical properties,
mismatch losses occur. There are different circumstances
in a PV park which can produce mismatch effects. The first
circumstance could be given when the irradiance reached
in a PV array is non-uniform, which can be produced by
partial shading or soiling. Partial shading caused by clouds,
nearby objects or even the partial soiling caused by the lack
of cleaning in PV arrays produces electrical mismatch
which affects the performance of photovoltaics installation
[4]1[5]. A second circumstance is given by the fact that two
identical PV modules built by the same manufacturer have
notable differences between their electrical parameters due
to fabrication spread[3]. For this reason, apart from the
datasheet, where an uncertainty associated with the
nominal power output is shown, some manufacturers
provide a flash report (FR). FR allows knowing exactly the
electrical parameters of each PV module. A third finally
circumstance could be given by the connection of different
classes of PV modules in the same PV array, which
increases the losses produced by the fact exposed in the
second reason, which is the case studied in the present
paper. However, under operation condition, a different
scenario could take place when a faulty PV module is
replaced by a new one. When a first-installed PV module
brand is out of the market, it is common to replace it by one
as similar as possible, producing electrical mismatches in
the PV generator. In this case, the replacement has to be
done having into account the degradation of the PV array
where the new one is going to be placed [3].

It is worth noticing that the produced energy along the
lifetime of a PV plant plays an important role since incomes
depend strongly on it. So, the evaluation of the quality,
reliability and electrical performance of a PV plant is
important to test and analyze its correct behavior.

Visual inspection is a well-known method used to detect
faults by visual analysis of a PV array. This method allows
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observing PV cell surface color changes and visible defects
of PV modules [6]. This is the simplest and fastest method
to detect defects and visible faults such as delamination,
discoloration, yellowing, browning, bending, burn marks,
glass breakage and broken and cracked cells, [7], [8], [9].
Visual inspection is also used to identify temporary failures
which can be solved by suitable maintenance, such as, dust,
dirt, bird droppings and shadow [10].

However, there are many other causes that can reduce the
performance of a PV array. One of the most studied causes
is hot-spots. Not all hot spots are detected through visual
inspection. For this reason, it is necessary to apply other
methods for their detection. The hot-spot causes serious
problem shorting the lifetime and decreasing the efficiency
of a PV module [11]. Considering the published
bibliographic review, recent advances, ongoing research
and future perspectives on the characteristics and
classification of common faults in PV modules, advanced
diagnosis has been used using infrared thermal imaging,
[8], [12] [13], [14]. The importance of a photovoltaic
cell/module operating temperature for its electrical
performance is well known, as well as the necessity for in
situ fast and reliable monitoring techniques for PV
installations efficiency [15].

The infrared (IR) thermography is a non-destructive
technique (NDT) which is used to carry out maintenance
quickly and easily in photovoltaic (PV) systems [16]. IR
thermography is a suitable tool to detect and locate no-
healthy PV modules by their temperature profile under real
operating conditions. The performance of defective
modules is determined significantly by the operating
conditions such as solar irradiation, working temperature,
string configuration determining the working point, etc.
[17].

Terrestrial IR thermography is a traditional method used for
the inspection of both small PV installations and industrial
PV plants. On the other hand, Unmanned Aerial Vehicle
(UAV)-based aerial thermography has become a
convenient quality assessment tool for photovoltaic power
plants [18]. For the proper IR inspection which determines
the importance of the detected anomalies, it is necessary to
consider different aspects of the configuration and the
location of the thermographic equipment which allow
reducing measuring errors [16].

Energy output or some other electrical parameters could be
measured by the connection of electric power analyzers. An
example is shown in [8] or [19], where some authors have
measured the output power of a PV plant to study the
presence of pollution and dust on the panel surface.

The main objective of this paper is to present a quality
inspection methodology and quantitative research of a PV
plant operating with up to 18 different classes of PV
modules. It is organized as follows: in the next section, as
the features of the PV plant as the methodology stablished
to make the quality inspection is described. Results
obtained are discussed in Section 3. Finally, the
conclusions are given in Section 4.
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2. Methodology

The PV plant under inspections is located in the south of
Spain and it was commissioned in 2008. The PV plant is
formed by 13485 polycrystalline PV modules connected
through 29 inverters to reach a nominal power of 2.85MW.
The quality inspection has been performed in May 2019
and a total of 18 classes of different PV modules of 5
different manufacturers have been found. Features of each
PV module class are shown in table 1.

Table 1. Features of PV modules installed

PV . Tolerance
PY module | Vmp | Imp | Voc | Isc AT of max.
module Power
Brand class V) (A) ) | (A (MP) (W) power
(Wp) rating (%)
Brand 1 270 36.40 | 7.42 | 43.63 | 8.10 270.00 +3
195 2453 | 7.96 |29.52 | 8.46 195.00 +5
200 24.96 | 8.03 | 29.76 | 8.52 | 200.00 +5
205 29.58 | 6.93 | 35.94 | 7.47 | 209.90 +5
Brand 2 210 29.64 | 7.09 [35.94 | 7.60 214.90 +5
215 29.94 | 7.18 | 36.00 | 7.83 | 219.90 +5
220 30.12 | 7.30 | 36.06 | 7.95 | 224.90 +5
225 30.36 | 7.41 | 36.42 | 8.10 229.90 +5
230 30.48 | 7.55 | 36.60 | 8.17 | 234.90 +5
210 46.60 | 451 |57.90 [ 4.94 | 210.00 +5
220 46.90 | 4.69 | 58.40 | 5.10 220.00 +5
Brand 3 230 47.50 | 4.84 |58.80 | 5.25 | 230.00 +5
235 29.80 | 7.90 | 36.90 | 8.46 | 235.00 +5
240 48.10 | 4.99 |59.30 | 5.40 | 240.00 +5
210 28.99 | 7.38 | 36.02 |8.03| 210.00 +5
Brand 4 215 - - - - - +5
220 29.47 | 7.59 | 36.14 | 8.38 | 220.00 +5
Brand 5 260 34.10 | 7.60 |44.40 | 8.17 260.00 +5

A database provided by the PV plant operation company
has been studied in this paper. According to database, PV
modules brand 1 (27.12%), 2 (64.50%) and 3 (6.67%) were
originally installed in the PV plant, while PV module brand
4 (1.42%) and 5 (0.28%) has been used to replace no-
healthy PV modules brand 2 and 1 respectively. The
database contained flash report data of PV modules brand
1 and 2, about 90% of the power plant, while the flash
report of PV modules brand 3, brand 4 and 5 were not
available.

To the quality inspection of the PV plant, a procedure
focused to study the mismatch loss has been carried out.
The quality inspection has been performed through the
study of three different tests: visual inspection, IR
thermography and electrical monitoring. Tests have been
based on the proceeding published by the International
Electrotechnical Commission (IEC) in [20], [21], [22] and
[23].

PV modules were addressed in the PV plant through an
electrical codification which was difficult to take in
practice. So, a new codification focused on the physical
location of a PV module has been established. This
codification has allowed to write down those PV modules
with defects and be easily found after finishing the
inspection. The physical codification established has been:

FO0-AF00-NAQ0-“00”

Where;
— F; PV tables row
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— AF; physical aggrupation of PV modules, usually
known as “PV module tables”. From the back-side
view of PV tables, the first one is located on the right.

— NA,; height level where a PV module is located in a PV
module table.

—  “00”; Number of the PV module. From the back-side
view of PV modules, the first one is located on the right.

Figure 1 shows an example of the localization of the PV
module F02-AF02-NA2-5. Physically, The PV module
F02-AF02-NA2-5 is located in row number 2, PV module
table 2, height level 2, PV module number 5.

AF04

AF03 AFO1

| 4F02. Back-side view

Fig. 1. PV module location. Physical codification example.

IR imaging with thermographic cameras in steady-state
conditions is a common method for quality control of
photovoltaic modules and plants in operation. Initially, an
air-drone IR thermography inspection was proposed.
However, it was cancelled due to a nearby location of an
airport. So, the temperature has been measured at the rear
side of PV modules by terrestrial IR thermography. FLIR
Systems, model ThermaCAM S60 has been the IR
thermography used. According to [24] and [25], images
resolution obtained in a terrestrial thermographic
inspection were better than those obtained in aerial
thermographic, which has allowed obtaining better results.

IR thermographic must be properly applied to obtain
precise temperature values. So, to reduced measurement
errors, the IR camera configuration to carry out the
inspection has been established according to [16], where
the following aspects must be taken into account:

1.- The importance of the apparent reflected temperature
in outdoor inspections measured by an infrared reflector.
2.- To consider the emissivity of the PV modules,
according to the inspection place.

As a result, the whole PV plant has been thermally
inspected, and more than 800 IR thermography images
have been studied by the software ThermaCAM Researcher
Pro 2.7.

The PV plant under inspection had a nominal power of 2.85
MW. It was formed by 29 inverters, of which 28 had a
nominal power of 100 kW and 1 had a nominal power of
50 kW. Due to the available time, which was established in
3 days, to perform the electrical monitoring inspection, not
all inverter could be measured. So, a total of 8 inverters has
been measured and analyzed during the inspection time.
Inverters have been chosen according to the number of
different PV modules classes connected. So, to study the
influence of mismatching effect in each inverter in steady-
state condition, two Fluke 435-11 Power Quality and Energy
Analyzers have been simultaneously connected in two

https://doi.org/10.24084/repqj18.298

278

different inverters to compare measurement. So, four pairs
of measures were taken in a total of 8 inverters:

— First comparison: inverters N20 and N28.
Measure time: from 17:20h to 9:35h

— Second comparison: inverters N18 and N27.
Measure time: from 10:58h to 16:09

— Third comparison: inverters N1 and NG6.
Measure time: from 17:01h to 8:35h

— Forth comparison: inverters N8 and N10.
Measure time: from 09:00 h to 11:42h

Table 2 shows the different classes of PV modules
connected in each inverter, the numbers of PV modules of
different classes (N° of PV M) and the peak power of each
PV array (PV A PP) connected to each inverter, where
letters N, B and C mean inverter, brand and class
respectively. Five inverters were composed by different
classes of PV modules while the other tree inverters were
formed only by one class of PV module. PV arrays of N20,
N1 and N8 shared the same class of PV modules while PV
arrays of N28, N27, N18, N6 and N10 shared up to 4
different classes of PV modules.

Table 2. Classes of PV modules connected in each inverter

N B © Ne of PV M PV A PP

N20 Brand 2 225Wp 494 111.15 kWp
200Wp
205Wp

N28 Brand 2 210Wp 540 112.10 kWp
215Wp
215Wp

N27 Brand 2 220Wp 520 109.30 kWp
225Wp
210Wp

N18 Brand 3 230Wp 446 102.00 kWp

N1 Brand 1 270Wp 408 110.16 kWp
205Wp

N6 Brand 2 210Wp 540 112.50 kwWp
215Wp
215Wp

N10 Brand 2 220Wp 500 109.90 kWp

N8 Brand 2 210Wp 520 109.20 kWp

To establish a level of mismatch in each PV array, the flash
report of each PV array connected in the measured inverters
have been studied. Table 3 shows the lower (LVMP),
average (AVMP) and higher (HVMP) value of PV modules
maximum power point (MPP) connected in each inverter.
A mismatch power factor (MPF) has been calculated and
included in table 3. MPF measures the power difference
between the PV module with the higher and the lower
maximum power point in the same inverter.

In fig. 2, it has been represented PV modules MPP of
inverters N20 and N28 according to flash report database.
PV modules installed in N20 had higher MPP values than
in N28. However, in N28 there were more PV modules
connected. In N28 can be observed the variability of the
dates due to the use of different PV modules classes, so
mismatch power rate was higher in N28 than in N20.
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Table 3. Mismatching values

N B 5 LVMP | AVMP | HVMP | MPE (W)
N20 | Brand2 | 225Wp | 21514 | 22447 | 23134 | 16.20
200Wp
205Wp
N2B | Brand2 [—ionE| 20001 | 20727 | 22654 | 2653
215Wp
215Wp
N27 | Brand2 | 220wp | 20088 | 21945 | 23249 | 3161
225Wp
210Wp NO NO NO
N18 | Brand3 .o | DATA | DATA | pata | 3740
NI | Brand1 | 270Wp | 26194 | 27057 | 28314 | 2L21
205Wp
N6 | Brand2 | 210Wp | 20006 | 207.04 | 22552 | 2546
215Wp
215Wp
NIO | Brand2 [— 0B 20545 | 21989 | 23198 | 2653
N8 | Brand2 | 210Wp | 20307 | 21027 | 219.89 | 1682
235
= 230
g 220
5
8_215
£ 210
g
£ 205
>
& 200
105
0 100 200 300 400 500

Number of PV modules
—N20 N28

Fig. 2. Comparison of data on mismatching in N20 and N28

As there was no flash report data for the PV array connected
in N18, the LVMP and HVMP values have been calculated
theoretically through the tolerance of maximum power
rating according to PV module datasheet. So, the lower, and
higher value of each PV module has been obtained as
equations 1 and 2 show:

LVMP = Pyppmini = Pupp — (Pypp - Tolerance)

M

HVMP = Pyppmaxi = Pupp + (Pupp * Tolerance) 2
Where;

Puppminz; MiNimum MPP possible for a PV module brand i
Puppmaxi; Maximum MPP possible for a PV module brand i

Pypp; MPP of a PV module (Power Class)

As N18 shared two different classes of PV modules,
230Wp and 210Wp, the MPF has been determined as
equation 3 shows:

MPF = HVMP(230Wp) — LVMP(210Wp) 3)
So, in Fig 3, HYMP and LVMP of PV modules in N18 has
been compared with PV modules MPP of inverters N27
according to the flash report database. In N27 there were
more PV modules connected than in N18. As both inverters
had the same number of different classes of PV modules
connected, the variability of dates in N27 and N18 were
similar. However, the MPF is higher in N18 than in N20.

https://doi.org/10.24084/repqj18.298

279

[NJ
=
&

N
w
a

N
N
al

Y WS

M"W ’ wm'wwwv

200 300
Number of PV modules

—N27 N18 Min peak power ——N18 max peak power
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In fig. 4, it has been represented PV modules MPP of
inverters N1 and N6 according to the flash report database.
PV modules installed in N1 had higher MPP values than in
N6. However, in N6 there were more PV modules
connected. In N6 can be observed the variability of the
dates due to the use of different PV modules classes, so
MPF was higher in N6 than in N1.
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Fig. 4. Comparison of data on mismatching in N1 and N6

In fig. 5, it has been represented PV modules MPP of
inverters N10 and N8 according to the flash report
database. PV modules installed in N10 had higher MPP
values than in N8. However, in N8 there were more PV
modules connected. In N10 can be observed the variability
of the dates due to the use of different PV modules classes,
so mismatch MPF was higher in N10 than in N8.
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Fig. 5. Comparison of data on mismatching in N10 and N8

3. Results

Once the visual inspection of the PV plant has been carried
out, several defects have been found. Defects found in the
PV plant has been: anti-reflective layer discoloration,
browning, yellowing, burned PV cells, snail tracks, milky
front-glass, broken front-glass, and the connection of
different PV modules classes coming from several
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manufacturers in the same string. Figure 6 shows some
defects found. It is worth to highlight the lack of cleaning
under the evidence of soiling and bird dropping.

'.--‘

AR
\

V.l

Fig. 6. Some defects found in the visual inspection. a)
discoloration, b) broken front-glass, ¢) burned PV cell, d)
connection of different PV modules

More than 800 IR images have been analyzed and a total of
117 IR images shown thermal anomalies in PV modules.
Fig.7 shows different thermal anomalies found through the
117 images. 103 IR images, 88% of the total, have been
caused by hot spots, which mean less than 1% (0.76%) of
the whole PV power plant. Some PV modules defects
found in the IR thermography inspections have been also
found in the visual inspection. Fig. 8 shows a PV module
with 2 burned PV cells with its thermal response detected
at the rear of the PV module in the IR thermographic
inspection. The temperature reached in the hot spot was
91.6 °C.

= PV String disconnected
® Junction box burned

Hot spots

PV module
disconnected
PV module short-
circuited
= PV module shaded

88%

B PV module substring
disconnected

Fig. 7. Defects found in the IR thermal inspection

In some cases, unlike it is shown in Fig. 8, the IR thermal
inspection detected hot spots that were not detectable in the
visual inspection. A considerable problem is caused by the
fact that PV modules affected by hot spots not only have a
reduction of its own efficiency but also it could cause a
reduction of the generation capacity of the whole string
where it is connected [5].

PV modules affected by hot spots have been classified
depending on their brand, where the 35% and 58% were
caused in PV modules brand 1 and 2 respectively. This
result did not mean that these two PV modules brand had
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less quality than other brands since it depends on the
numbers of each PV module brand installed in the plant. To
be able to compare each PV module brand, a hot spot rate
(1) has been calculated as equation 4 shows:

1 number of PV modules brand i af fected by hot spot @)
i =

total of PV modules brand i

20C

Fig 8. PV module with burned PV cell.

Table 4 shows A of each PV module brand obtained, where
the highest value has been given by PV module brand 1,
which matched with the PV module class with the highest
MPP. The hot spot rate in PV module brand 2 and 3 have
been similar while PV module brand 4 has been the lowest
value.

Table 4. Hot spot rate (1) by PV module brand

PV module brand A

Brand 1 0.984%
Brand 2 0.690%
Brand 3 0.667%
Brand 4 0.521%

The relationship between the MPF, hot spots, PV array
peak power and the output energy measured in the
compared inverters is shown in Fig.9.

3
0——
N27 N18 N1

PV ARRAY
Peak power

Fig. 9. Peak power, mismatch, hot spot and energy relationship in
the compared inverters.

2

w —-- !

N20 N28

= Output energy
kwh

Number of
PV module with hot spots

LRV

Compared inverters N20-N28, N27-N18, N1-N6 and N10-
N8 have almost produced the same energy, which indicates
its homogeneous operation. However, there were some
differences in output energy. Inverters with higher values
of mismatching rate injected less energy. N28, which had a
mismatching rate difference of 10.33 W, produced 13.17
kWh (10.67%) less than N20. N18, which had a
mismatching rate difference of 5.79 W, produced 23.07
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kWh (5.91%) less than N27. N6, which had a mismatching
rate difference of 4.26 W, produced 9.18 kWh (7.72%) less
than N1. N10, which had a mismatching rate difference of
9.71 W, produced 9.04 kWh (7.50%) less than N8.
However, there was no relationship between the values of
MPF and the number of hot spots detected. As it is shown
in N6, where has been obtained an MPF of 25.46W and any
hot spot was detected.

4. Conclusion

The main objective of the paper has been to perform a
quality inspection of a PV plant composed of different PV
modules classes. The procedure established has been based
on three inspections; visual, IR thermography and electrical
monitorization. Furthermore, a database has been analyzed
to properly address the electrical mismatch issue.

Apart from the lack of cleaning and the front-side defects
found in the visual inspection, it helped to develop a useful
new PV module codification to address it easily.

IR thermographic inspection results have shown that less
than 1% (0.76%) of the whole PV plant has been affected
by thermal anomalies, of which 88% was categorized as hot
spots.

The electrical monitoring results shown a homogeneous
injection of electrical energy between inverters compared,
but with a certain difference, since, inverters with higher
values of MPF injected less energy.
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