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ABSTRACT

Daylight photoluminescence (dPL) has emerged in recent years as a useful tool for inspecting solar panels, allowing for the
identification of various types of defects with good spatial resolution and is now considered a useful technique for on-site quali-
fication of field-deployed PV modules. The advantage of dPL is that it does not require an electrical power source, although the
switching between two states is generally necessary to filter the ambient light. Several practical solutions have been implemented
to carry out this type of measurement. In this paper, we describe the method based on the fast electrical switching using an
electronic device connected to a string or substring in such a way that allows it to be switched between two states, with different
currents drawn from the panels. The inspection is carried out with the string in operation, which makes it easier to monitor the
condition of the panels throughout the life of the installation. The advantage of this method is being able to switch—in a very
fast and noninvasive manner—the state of the string, between the maximum power point state and a state at (or very close to)
open circuit conditions, once the electrical device has been installed. A demonstrative test has been carried out on a substring of
panels, testing the response of two different inverters, in addition to a demonstration (using a microinverter) related to inspecting
awhole string. Changes in the currents drawn from the panels, the response of the inverter, the background filtering procedure,
and the quality of the images obtained are discussed in detail. dPL measurements obtained using this procedure are compared
with previous dPL measurements and with daylight electroluminescence (dEL) measurements in order to verify the information
provided by this new procedure.

1 | Introduction

Photovoltaic (PV) energy has grown exponentially in re-
cent years, surpassing 1 TW of global installed capacity in
2022, and is now growing at rates of 200 GW per year [1].
Monocrystalline silicon solar cells are mainly used for ter-
restrial PV due to the abundance of silicon dioxide, coupled
with large reductions in production costs [2]. For instance, the
global weighted-average levelized cost of electricity (LCOE) of

newly commissioned utility-scale solar PV projects fell from
0.445 to 0.049 US$/kWh between 2010 and 2022—a decrease
of 89% [3]. A medium-sized PV plant of 50 MW consists of
hundreds of thousands of Si PV panels, which are the core ele-
ments that produce the electricity. Operation and maintenance
(O&M) should include carefully monitoring for the presence of
defects in the panels, which can be caused by installation and
normal operation, but also by climatological conditions (such
as hailstorms) or other types of events, and which will lead to
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adrop in the power produced by the panels and thus a reduced
productivity of the PV plant [4-7]. Common inspection tech-
niques for defect characterization of Si solar panels include vi-
sual inspection, I-V characterization, infrared thermography
(IRT), electroluminescence (EL), and UV fluorescence [8-10].
Considering the huge number of panels in a PV plant, IRT in-
spection with a drone is the most widely used technique for
large-scale inspection, as it is performed during operation and
only requires high irradiation conditions (> 600 W/m?) [9, 11].
However, the information obtained is poor due to the low spa-
tial resolution when flying a drone far away from the panels,
and because the information obtained (hot spots) is difficult
to link to a specific defect. I-V characterization of complete
strings can be performed, although the information obtained
isagain also limited and only major problems on the string can
be detected [10], without any direct correlation to specific de-
fects in the panels at the cell level. I-V characterization at the
panel level is desirable but proves time-consuming and is often
only performed on suspected degraded panels. In contrast, lu-
minescence techniques (electroluminescence [EL] and photo-
luminescence [PL]) provide high spatial resolution and allow
different types of defects to be detected [6, 9]. EL inspection
specifically allows large amounts of information about differ-
ent types of defects to be obtained (both at the material and
cell level) [12], although it suffers from two major drawbacks:
It has traditionally been performed with very high-resolution
Si cameras, for which a strict dark environment is needed due
to the very low quantum efficiency (QE) of these cameras in
the IR range, and it also requires the injection of current into
the panels/string, which necessitates a power supply, and usu-
ally the need to disconnect the panels from the inverter. EL
inspection in total darkness (nEL) using Si cameras has tra-
ditionally been carried out as a standard inspection technique
and is very well suited as an approval inspection technique
before the Si solar panels are installed in a PV plant. nEL is
also widely used to inspect the solar panels installed on a solar
PV plant, although the strict dark conditions required when
using Si cameras is a major drawback, since it requires work-
ing at night or disassembling the panels to be inspected in a
laboratory or in a dark environment in a mobile van [13, 14].
For these reasons, nEL is usually performed only on a very
reduced number of panels in the plant. On the other hand, PL
imaging using lamp/LED light sources for excitation can also
be used to obtain information about defects in solar cells [15],
mainly at the laboratory scale. However, the need for a ho-
mogeneous illumination source makes the use of PL imaging
for panel characterization not easy. Recently, on-site PL mea-
surements have been developed using a LED [16, 17] or a laser
diode [18] as the excitation source. For example, PL imaging
can be performed at night using Si cameras (hence with very
high resolution) with multiple LED excitation to ensure homo-
geneity, although this usually implies a very heavy system as
well as the need to power the LEDs [16, 17]. On the other hand,
PL imaging with laser diode excitation can be performed at
low irradiance levels using an InGaAs camera, although it is
not easy to guarantee the homogeneity of the illumination and
a scanning system of the laser diode is also required [18]. In
an effort to overcome these limitations, daylight EL (dEL) has
been developed in recent years [19-23] and offers the possi-
bility of inspecting panels on-site during the day, thereby af-
fording clear advantages in terms of the inspection procedure

and thus the possibility of inspecting a much larger number
of solar panels. This requires cameras with a high QE in the
near IR range, as well as methods for filtering ambient light.
The dEL image is usually obtained by subtracting the signal
when the panel is powered (“on” state) from when the panel
is not powered (open circuit conditions -OC, “off” state). With
regard to daylight PL (dPL), the technique was also developed
parallel to dEL and has the advantage of not needing a power
source for excitation, as it uses the sun as a light excitation
source [14, 23, 24]. In order to eliminate ambient light back-
ground, dPL still usually requires two states (“on” and “off”)
to distinguish light from the panels from ambient light. Since
the luminescence coming from a solar cell is proportional to
the exponential of the diode voltage (V,) [25, 26], the “on” and
“off” states are selected with a large difference in V;, and thus
in the current drawn from the solar cell. For this purpose, the
“on” state should be one in which a small current is drawn
from the panels—for example OC conditions—while the “off”
state should be one in which a large current is drawn from the
panels (e.g., short circuit [SC] or maximum power point [MPP]
conditions). In the “on” state, the photogenerated carriers re-
combine radiatively, producing a luminescence signal. In the
“off” state, most of the photogenerated carriers flow through
the electrical circuit and the luminescence signal is reduced.
The difference between the two states allows the PL signal to
be extracted [23, 24]. dEL and dPL have been included in a
recent technical review as highly convenient techniques for
on-site qualification of field-deployed PV modules, allowing
for the inspection of a large number of solar panels without
the need to disassemble and transport the PV modules to a
laboratory [27].

We previously developed a dEL/dPL procedure based on electri-
cal switching between two states [23]. In particular, for the dPL
method, the procedure consists of switching the panels between
the OC (“on” state) and SC (“off” state) points of the I-V curve of
the panel. To acquire the dPL image, we used an InGaAs cam-
era, specific filters to filter as much ambient light as possible,
and an electronic device that very quickly switches between the
OC and SC states, and is also synchronized with the InGaAs
camera to acquire the signal in both states (hereafter referred to
as dPLqc). For the practical realization of the dPL measure-
ments, the whole string was disconnected from the PV plant,
and the individual Si panels were disconnected from the string.
The electronic device was then connected to each of the indi-
vidual panels. The electronic device itself acts as the electrical
connection (charge) for the SC state. The method can also be
scaled up to the whole string.

Various approaches have also been used to obtain the dPL image
by switching the panels between two states in order to have a
large difference in PL emission, for which purpose electrical
or optical switching have been developed [25, 26]. In the case
of optical switching, a LED with up to one sun equivalent in-
tensity can be placed to cover a solar cell, to inspect one panel
[24], or multiple optical modulators (LEDs) to inspect a whole
string [28, 29]. When the LED is off, the solar cell is completely
shaded, which changes the bias condition of all the other cells
connected to the same bypass diode (“on” state). When the LED
is on, the solar cell and the whole panel are operating normally
(“off” state). In this case, although the system can be described
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as contactless and optical switching can be very fast, the optical
modulators have to be mounted on and removed from some of
the solar cells/panels, which is still a somewhat contact opera-
tion. Various approaches to contactless electrical switching have
also been developed in recent years, mainly by using the inverter
to produce the change between two states. Some procedures use
the I-V sweep performed by some inverters [30, 31], although
this is not a fast method, and the operator does not have full con-
trol over the process, as it depends on the IV sweep time itself;
moreover, the variations in external irradiance during the mea-
surement process would be detrimental to image quality and are
difficult to correct [31]. Other procedures force the inverter to
change between two states, which is generally not a fast method
either [32]. Very recently, new developments have involved mod-
ifying the inverter itself to produce the change between the two
states quickly [25, 33]. This development has great potential as
it can be used to inspect PV systems on a large scale [33] but
cannot be used for installed plants that lack this capability in
the inverters. It is also possible to carry out dPL measurements
without the need for two operating points, but with the use of
two different filters [34], or even directly with the use of just one
ultranarrow filter centered at ~1135nm [35]. The latter is a very
interesting approach for a fully contactless dPL measurement,
although it does evidence certain drawbacks—mainly the need
to use long exposure times to obtain enough PL signal and to
remain completely in front of the area being inspected.

In an attempt to achieve a noninvasive inspection method based
on dPL that can be performed with very short acquisition times,
with the whole string working normally and without the need
to modify the inverter, we show a modification of our previous
dPL method by electrical switching (dPL qc) [23], by using an
electronic device to force a substring of S-N panels (of a whole
string of S panels) to work at two different points on the I-V
curve—hereafter referred to as dPLg . The method can also
be applied to a whole string of S panels. In this case, one string
(of p strings connected in parallel to an inverter) is forced by
means of the electronic device to work at two different points
of the I-V curve—hereafter referred to as dPLg. The method is
completely contactless once the electronic device is installed and
is very fast. Such a device is a very cheap element that can be in-
stalled easily in every string to be inspected and can be activated
remotely.

This paper aims to show the realization and capabilities of the
dPLS(N)/dPLS methodology, focusing on changes in the current
drawn from the panels, the response of the inverter, and the
quality of the dPLS(N)/dPLS images obtained, and to compare
the results with our previous dPL ¢ methodology as well as
with dEL.

2 | Materials and Methods

We used an InGaAs camera, Hamamatsu C12741-03, with
640 % 512 pixels, 14 bits" resolution, pixel noise of 250 e-rms, and
dark current of 360,000 e-/pixel.s. Exposure times range from
1us to 1s, which enables acquisition to be adapted to the dif-
ferent lighting conditions. A Kowa short-wave infrared (SWIR)
optical system with 16-mm focal length was used for image ac-
quisition. A SWIR bandpass filter—centered around 1160nm

with a bandwidth of 150nm and a transmittance close to 90%—
is used.

The electronic device used to switch the polarization states con-
sists of a 1700-V IGBT (IXGN100N170 model), which is suffi-
cient for a complete string operating at 1500V and carrying 10 A.

We tested two different inverters. Inverter 1 (hereafter referred
to as INV1) is a SUN 3Play TL-20-kW Ingeteam inverter, with
an operating range of 560-820V. Inverter 2 (hereafter referred
to as INV2) is a Fronius Symo 4.5-3-M model with a working
range of 150-1000V. We also used a microinverter (APS DS3
880W 230V model) capable of working with two panels in par-
allel, in order to demonstrate the method for inspecting whole
strings in operation.

Probes were performed using a whole string of 20 modules
(mc-Si, ND-AR 330W model from Sharp), with V,.=45.5V,
I¢=94 A, V3 ,p =371V, I;,,=8.9 A (at STC) or just a string
of 16 modules from the whole string. Two separated panels (mc-
Si, GCL-P6/72H340 from GCL), with V,.=46.6V, I;.=9.49 A,
Vypp =382V, I, =8.9 A (at STC), were also used for testing.

Effective voltage and current signals were also recorded using
Fluke 80K-40 and Fluke 80i-110s probes, respectively. The cur-
rent probe is easy to handle as it is a Hall bridge sensor probe
that does not need to be wired into the junction, but simply
clamped to the positive or negative wires of the photovoltaic set.
A TBS1052B 2-channel oscilloscope with 50-MHz bandwidth
was used to record the signals. The probes used are compati-
ble with the oscilloscope's high input impedance of 1-MQI20 pF.
Measurements are shown as 5-s time segments. Blanks corre-
spond to the limitations of the oscilloscope, which are unavoid-
able when using this particular equipment. Effective voltage is
displayed as a very noisy signal due to the fact that the reference
terminal is placed on the earth terminal and not on the negative
terminal of the solar panels. This is because the probe works
with a high-impedance voltage divider, such that the circuit is
short-circuited if it is connected to the positive and negative ter-
minals of the panels.

The global plane-of-array irradiance (G) was measured in situ
using a power meter, in the plane of the modules, just before and
after image acquisition.

It should be noted that we take dPL (and dEL) images of PV
modules that are tilted with respect to the perpendicular of the
camera objective (a very common situation when inspecting PV
modules on-site in the PV plants) and perform a perspective
transformation to present the images in a planar form. As a re-
sult, the image of the most distant part of the module may have a
lower resolution, causing this part of the image to appear blurred
in some cases. (While image optimization is an important issue,
our current focus in this work is on validating the methodology
for daylight luminescence acqusition).

2.1 | Description of the Procedure

The contactless dPLS(N)/dPLS procedure involves detecting the
luminescence signal coming from the panels in two states (“on”
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and “off”) by means of very fast (millisecond times) electrical
switching between them, which can be carried out because the
time delay is controlled by the user. This fast switching modi-
fies the electrical current drawn from the panels, while the volt-
age remains almost unchanged. The main motivation is to be
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FIGURE 1 | Set-up for the realization of the dPLS(N)/dPLS mea-
surements. (a) For the dPLS(N) procedure, an electronic device (ED) is
connected in parallel to the number N of panels to be isolated; (b) for
the dPLg procedure, in a configuration with p strings in parallel, the
electronic device (ED) is connected in series with the string(s) to be
inspected.

able to perform the measurements while the string is operating
normally.

The main idea of this development is to make the dPL mea-
surements as noninvasive as possible. Since an electronic de-
vice is used, the principal aim is to place it on a string and to
control it remotely. Once installed, the electronic device could
remain on the string for its whole life—if desired. All that is
needed is a battery that can be connected to the electronic
device when inspection is carried out and which is then re-
moved. Remote activation of the electronic device is therefore
the only operation required to inspect the string. To illustrate
the principles of the method, a string of S panels is used, and
the electronic device is connected in parallel to N modules of
the string (Figure 1a). In this way, the substring of S-N panels
can be inspected. It is also possible to inspect whole strings.
For this purpose, in a configuration with p strings in parallel,
the electronic device should be connected in series with the
string(s) to be inspected (Figure 1b).

2.1.1 | Inspection of a Substring of S-N Panels

Let us consider a single string of S panels (each with V. and
Vpp Values), connected to the maximum power point tracking
(MPPT) of the inverter. The electronic device is connected in
parallel with N panels of the string (Figure 1a) where N depends
on the characteristics of the inverter, in particular its minimum
operating voltage (VI™V_., the total number of panels in the
string (S), and the V. values of the panels as now described.
The “oft” state selected will be the one at the maximum power
point (MPP), where the string normally operates, due to the
MPPT function of the inverters, and therefore with a high cur-
rent (I,,,p) drawn from the panels (Figure 2a). This is the state
when the electronic device is not activated. In order to obtain
an “on” state, a point on the I-V curve with a higher voltage,

IS
MPP’ MPP'

Impp

Intensity

Intensity
5

0 Voltage V' Voc (b)

Power

Vivep

Voltage

Ve

Ivpp
MPpp

Intensity
>
1

0 Vupp
Voltage

Voc 0
Time

FIGURE2 | (a)“On” and “off” states in the I-V curve used for the dPLyy, (dPL) inspection of PV substrings (whole strings) during operation by
electrical modulation. (b) Effect of the MPPT function to maximize power. The MPPT moves the point on the I-V curve a little to the left (lower volt-

age) to find new MPP’ and A’ points, where the power (P=1xV) could be increased.
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and therefore lower current drawn from the panels (ideally close
to the OC conditions) is selected. In order to reach this state,
the electronic device is now activated. Remote activation of the
electronic device thus causes the N panels to become electrically
isolated from the rest of the string, such that the inverter now
only works with S-N panels. If the transition between the situ-
ation with S panels and that with S-N panels connected to the
inverter is very fast, the inverter does not detect the very fast
change, such that the rest of the string (S-N panels) will operate
at the high voltage corresponding to the S panels—SXV,,,—
which means that the operating point of the S-N panels moves
to a higher voltage in the I-V curve, very close to V. if the
number of panels (N) is properly selected, and therefore with
a much lower current drawn from the panels than in the “off”
state (see Figure 2a). As will be shown in Section 3, the inverter
response really depends on the specific inverter model, which
should be taken into account when carrying out these dPL
measurements.

S(N)

According to the minimum voltage of the inverter (VI"V_. ), the
maximum number of panels (N) that can be electrically discon-
nected from the string of S panels, while maintaining the in-
verter operation, is given by

S=-N)xVoc > Vi €]

In this situation, if the inverter is not aware of the fast discon-
nection of N panels from the string, the S-N panels will not oper-
ate at V, =V, ., but at a higher voltage given by

S
V= S_N X Vipp @

This procedure is used in our method (dPLS(N)) to switch the
state of the S-N panels remotely (using a computer and wireless
connection), thus between two points with a large difference
in current intensities drawn from the panels (I, =1Iy;pp 1,5~0),
and thereby obtaining two states with a large difference in lu-
minescence signal intensity. This change is produced without
forcing the inverter itself to switch between two states. Using
the electronic device therefore makes it possible to achieve very
fast switching, electrically connecting and disconnecting the N
panels from the rest of the string. This allows a dPL image of
the S-N panels to be obtained by subtracting the “on” and “oft”
signals, which are obtained at nearly the same external irradi-
ation conditions (due to the very fast switching), thus favoring
the quality of the obtained dPL,, image, and repeating the pro-
cess as many times as required to filter ambient light as much
as needed. By adequately selecting the number N, the V. con-
dition can almost be reached for the S-N panels, with a large
change in current drawn from the panels between the “off” and
“on” states.

2.1.2 | Inspecting Whole Strings

The method can be extended to inspect an entire string in oper-
ation. In this case, for a configuration with p strings connected
in parallel to the MPPT of the inverter, it is possible to connect
the electronic device in series with the string(s) to be inspected.
Here, the “off” state will again be the one at the MPP where the

p strings normally operate, and therefore with a high current
(Iygpp) drawn from all the strings, and which is obtained in this
case when the electronic device is activated. In order to obtain
an “on” state, the electronic device is deactivated, thus discon-
necting the string from the rest of the p strings -Figure 1b-
thereby forcing this string to work at OC conditions. Remotely
disconnecting the string does not change the voltage in the
MPPT of the inverter, while the change in the current drawn
from the remaining p-1 strings connected to the MPPT of the
inverter would be small, depending on the number (p) of strings
connected in parallel to the inverter. This procedure is thus used
to switch the state of the selected string remotely between two
points with a large difference in current intensities drawn from
the panels (I, =T;p I=0). Again, two states with a differ-
ence in the luminescence signal intensity are obtained, without
forcing the inverter itself to switch between two states, where
the “on” and “off” signals are collected at nearly the same exter-
nal irradiation conditions (due to the very fast switching). This
favors the quality of the dPLg image obtained, and the process
may be repeated as many times as required to filter the ambient
light as much as needed.

The main advantage of the explained procedures is that the elec-
trical switching described here allows the dPL image of any of
the panels of the substring (dPLS(N)) or string (dPLg) to be ob-
tained, without the need to modify the inverter itself to force the
required switching between two states. Very fast switching can
be performed by controlling the electronic device with wireless
communication, and the “on” and “off” time periods can be se-
lected by the user, according to the solar irradiance conditions
and the desired image quality. Here, we define the exposure
times for acquiring the “on” and “off” luminescence images ex-
actly the same as the “on” and “off” time periods, although expo-
sure times can be shorter if required. As already mentioned, the
electronic device is a very cheap element that can be installed
in the strings that need inspecting, thereby making it easier to
monitor the condition of the panels. The dPLS(N)/dPLS proce-
dure is thus contactless, which proves very beneficial when in-
specting a large number of Si panels on-site at PV plants.

2.1.3 | Subtraction Procedure

The subtraction procedure used to obtain the dEL, dPLOC/SC
or dPLgy,/dPLg images is the same. Only the points of the I-V
curve (“on” and “off” states) for the different measurements are
changed, as described above. This involves subtracting the ON
signal vis-a-vis the OFF signal for each pixel, and accumulating
the signal differences over a certain number of cycles (nc). Due
to the presence of ambient light (background), the intensity sig-
nal (for both “on” and “off” periods) can be very large and may
even saturate the sensor, while the ON-OFF signal difference
can be very small. To avoid saturating the sensor, it is usual to
play with the aperture of the camera objective. Exposure time
(toy,) can also be varied. For fast switching, t.  is usually cho-
sen in the range 3-12ms (the obtained images shown later were
mainly obtained with t,  =5ms), and the aperture is modified
accordingly. On the other hand, for a fixed aperture value, a lon-
ger value of t,  can be used at lower irradiances to increase the
signal value. For the InGaAs camera used —~with a resolution of
14 bits- the signal is limited to 16,384 gray levels (counts).

50f17

85U8017 SUOWILIOD BRI 3|t jdde auy Aq peusench a1e s3ole O ‘S J0 SaInJ 10} A%eiq1T 8UIUO AB|IA UO (SUORIPLOD-PUR-SLLBI WD A3 1M AReiq Ul [UO//Sdy) SUOBIPUOD pue S | 83U} 835 *[S20Z/0T/ST] Uo A%iqiauluo AB|iIm ‘Pliope|e A 8 PepsRAIN Ad 0002 did/Z00T 0T/I0p/w0o A | 1M AReiq1jeuluo//Sdiy woiy papeojumoq ‘0 ‘X6ST660T



Our software is programed to store all the images, both for
the “on” and “off” periods, for the nc cycles. 2 x nc images are
thus obtained. The software is also programed to make the dif-
ference Signal,*=ON,* ~OFF,,* for each pixel k, store it as
Signal .., 1) and then make the difference Signal ,* = ON ,*
—OFF(2)k and add it to the previous accumulated value (Sig
naly . =Signal, ., ) +Signal ), and so on. A final
image is obtained with the final Signal(accum’m)k over the
nc cycles for all the pixels, giving the resulting dEL or dPL
image. Due to the noise and the effect of the background light,
Signal(m)k might become negative for a given cycle nc,, on pixel
k, which has no physical meaning. If that is the case, the cycle
nc,, is not taken into account for that particular pixel when
obtaining the final image. It should be noted that it is not nec-
essary to store all the images if the signal-to-noise ratio (SNR)
is not calculated. In such a case, only the final Signal(ammﬂym)k
over the nc cycles for all the pixels would be collected, which is
very convenient for inspecting a large number of modules (due
to the difficulty of dealing with a large number of images).

In order to quantify the quality of the images obtained, the SNR
was calculated from the 2x nc partial images, according to the
expression given in [29]:
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FIGURE3 | (a)dEL image of a defective panel of the inspected string 1=9 A, G=1000W/m?, t_
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where n, represents the odd numbers between 1 and 2Xx nc, and
n, the even ones. SNR_, is related to the signal-to-noise ratio
SNR, defined in [36]. For high irradiance conditions, the dif-
ferences Signal  *=ON K -OFF kcan be as low as just a few
tens of counts.

k
(m) (m)

The SNRavg is expected to decrease as the irradiance increases,
because the background noise increases. In the case of the dEL
images, the SNRavg increases as a function of the current inten-
sity injected into the panels by the power supply. In the case of
the dPL images, the SNR, , is expected to increase as the current
difference drawn from the panels in the two selected states (AI)
increases. In all cases, the SNRavg should increase as the number

of cycles increases.

3 | Results and Discussion
3.1 | Reference Images

In order to have reference images with which to compare, dEL
and dPL . images were obtained for a selected panel of the
string used—which has some clear defects. Figure 3a shows the
dEL image obtained for the case of G=1000W/m? I =9
A, t,,,=5ms, nc=500. The information provided by the dEL
image is good enough to allow the defects present in the differ-
ent cells of the panel to be clearly distinguished (the upper part
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,=5ms, nc= 500); (b) on and off signals (sum of

the signal from all the pixels of the image) and (c) ON—OFF signal differences, both as a function of the number of cycles.
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of the image is blurred because the PV panel is tilted with re-
spect to the perpendicular of the camera objective). Figure 3b
shows the signals (sum of the signal from all the pixels of the
image) of both the “on” and “off” partial images, and Figure 3c
shows the ON-OFF signal differences, both as a function of the
number of cycles. Two important points should be emphasized:
(i) The background signal can vary greatly: in this case there is
a variation of 1300 counts over 8600 counts, that is, ~15% of the
signal (Figure 3b); and (ii) the very small luminescence coming
from the panel itself—only ~45 counts in this case (Figure 3c).
In spite of the very small ON-OFF signal differences, the SNR
value (indicated in the left bottom side of the images), which
is calculated from Equation (3), is 39.7 for this measurement
(nc=500). According to refs. [36, 37], a value above five can be
considered sufficient for outdoor EL. As emphasized previously
[38], the nEL image obtained also with the InGaAs camera
gives nearly the same visual information on the defective areas
as the information provided by the dEL image (see Figure S1).
The proper observation of the defects is limited by the resolution
of the InGaAs camera used, not by the ambient light filtering
procedure. The nEL image obtained with a 12 MPx Si camera
(see also Figure S1) obviously gives clearer information about
the defects, due to the much higher resolution. Since the day-
light inspection is only possible with a camera with a high QE in
the IR, such as an InGaAs camera, the resolution of the InGaAs
camera is currently a limiting factor. In any case, the dEL image
allows to observe the main defects of the solar cells, which for
this panel correspond to material imperfections (observed in all
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the cells), cracks and microcracks, and areas with different de-
grees of electrical isolation (10 solar cells are largely affected).
The low resolution of the InGaAs camera makes it difficult to
see the microcracks in great detail.

Figure 4a shows the dPL, ., image obtained for the same panel,
for G=1000W/m?2, texpz 5ms, nc=>500. Figure 4b shows the
signals of both the “on” and “off” partial images, and Figure 4c
shows the ON-OFF signal differences as a function of the num-
ber of cycles. As can be seen in Figure 4c, the signal differences
are lower (~25 counts), and the data dispersion is much larger
than those obtained in the dEL measurement acquired under
the same conditions (Figure 3c). An SNRaVg value of 7.7 is ob-
tained in this case. We attribute the large decrease in the SNRavg
to the fact that the luminescence signal is expected to be lower
in dPL than in dEL, since in the dEL case the current injection
provides the carriers needed to produce a luminescence signal
(and taking into account that Siis an indirect bandgap material).
Despite this, the dPL image still shows material imperfections
and cells with dark areas. The same 10 defective cells are de-
tected as in the dEL image, although the information provided
by the dPL image is different and details of the severity of the de-
fects are largely lost. In a recent paper we have discussed these
differences in relation to the degree of isolation of the defective
areas for cracked regions [38]. The information provided by the
dPL technique has also been discussed in some papers [26, 35]
and is recognized as still limited [26, 39]. Although the two
techniques may not provide the same information, we observe

(b) o

« ON
o OFF
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0 100 200 300 400 500
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FIGURE 4 | (a) dPL 4. image of the inspected defective panel (G= 1000 W/m?, foxp =S MS, NC= 500); (b) on and off signals (sum of the signal
from all the pixels of the image) and (c) ON—OFF signal differences, both as a function of the number of cycles.
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that the defective cells are distinguished in both cases. Due to
the advantage of not needing a power source for the dPL case, it
can be advantageous in many cases to inspect the solar panels
using the dPL technique rather than the dEL technique, as men-
tioned above.

3.2 | Inspection of a Substring of S-N Panels

For the practical implementation of the dPLS(N) procedure de-
scribed above, two different inverters and a string with 20 or 16
mc-Si panels were tested. As will be shown, the Ingeteam model
used (labelled as INV1) gives current intensity values for the
“on” and “off” states almost constant, while the Fronius model
used (labelled as INV2) shows large variations in the current
intensity values.

3.2.1 | Inverter 1and String With S=20 Panels

As previously described, the mc-Si panels tested have V. and
Vupp Values (at STC) of 45.5V and 37.1V, respectively. INV1 has
a minimum operating voltage of 560V. Using the entire string
of S=20 panels—and according to Equation (1)—the maximum
number of panels that can be electrically disconnected while the
inverter is still working (i.e., operating at voltages over 560V) is
seven, although this calculation has been made using the values
given for STC, that s, for an irradiance G of 1000 W/m? and 25°C.
According to Equation (2), each of the S-N panels (for S=20)
will operate at a voltage of 57.1, 53, 49.5, 46.4, or 43.6V, when
N=17,6, 5, 4, or 3, respectively, where the values have again been
calculated for STC. These figures may vary slightly depending
on the external irradiance and temperature conditions.

Figure 5 shows the dPLy, images obtained with our procedure
(S=20) with the electronic device in parallel with 6 (a), 5 (b),
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FIGURE 5 | (a) dPLyy,

4 (c), and 3 (d) panels, for G=1020W/m? and an external tem-
perature of 10°C. A t,,,=5ms and nc=300 on/off cycles were
used in all cases. Figure 5e-h shows the corresponding ON-
OFF signal differences as a function of the number of cycles.
Intensity and voltage variations—measured at the output of the
inverter—are also shown in Figure 6a-d. As can be seen, a good
square wave modulation is obtained for the current intensity
in all cases, while the voltage (that of the inverter)—which is
modulated according to the electrical grid value—does not show
very significant changes. The maximum values of the current
intensity (“off” periods) are constant (~8 A) in all cases, corre-
sponding to the high irradiation conditions of the measurement
(Iypp=8.9 A at STC).

For N=6, the minimum current intensity value (“on” periods) is
close to zero and is maintained over time for the whole measure-
ment period (Figure 6a). The average effective voltage measured,
which should correspond to the operating voltage of the inverter,
is nearly maintained at around 620V. As indicated—and ac-
cording to Equation (2)—in this situation, each of the 14 panels
would operate at ~53V (at STC), which is much higher than the
Vo value (45.5V). This in fact means that the panels are forced
to operate in OC conditions, and therefore with almost zero cur-
rent intensity. The dPLS(N) image obtained (Figure 5a) is of good
enough quality (SNRavg =7.7) to clearly distinguish the defective
cells (see Figure 3a and Figure 4a). As shown by the current and
voltage measurements obtained with the probes used, this is due
to the large difference in current intensity values between the
“on” and “off” periods (AI~8 A), the fast switching between the
two periods, and the perfect square modulation. In fact, it can be
clearly seen that the mean ON-OFF signal differences are fully
constant for this case (Figure 5e).

For N=5 (Figure 5b,f) and (Figure 6b), the quality of the
dPLg, image obtained is also good enough (SNRan:6.8),
again due to the large difference in the current intensities, fast
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(b) dPLzo(s), (© dPL20(4), and (d) dPL20(3) images of the inspected defective panel (G=1020 W/m?, teyp=5mS, NC= 300);

(e-h) ON—OFF signal differences, as a function of the number of cycles: (e) 20/6, (f) 20/5, (g) 20/4, and (h) 20/3.
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FIGURE 6 | Voltage and current intensity values, measured at the inverter, for situations displayed in Figure 5: (a) 20/6, (b) 20/5, (c) 20/4, and (d)
20/3; for each case, the two graphs represent the measured values for the first and last 5-s time segments, respectively.

switching and the almost perfect square shape. However, the
minimum current is not constantly fixed at zero, as can be
clearly seen at the end of the measurement period (Figure 6b).
The minimum current value starts at zero and remains there
for a few seconds, but then starts to increase. Furthermore,
the average voltage has an initial value of ~660V, while the
final voltage measured is ~600 V. As expected—and according
to Equation (2)—each of the 15 panels in this situation would
operate at ~49.5V, which is still higher than the V. value
(45.5V), such that the panels are expected to operate in OC
conditions, and therefore with almost zero current intensity.
However, the fact that the minimum current intensity is seen
to increase from zero over time, together with the decrease
in the mean inverter effective voltage from ~660 to ~600V
along the switching measurement process, is interpreted as
the self-readjustment of the MPPT of the inverter to increase
the maximum power. In fact, the inverter's MPPT is working
constantly to find the maximum power. To do this, the invert-
ers are usually programed to move the operating point to ei-
ther side of the I-V curve. If the MPPT moves the point a little
to the left (lower voltage) during the dPLg, measurement, it
could find new MPP’ and A’ points where the power would be
increased, see Figure 2b. (It is important to note that during
the switching process, the power would be that of the “on” pe-
riods plus that of the “off” periods.) As a result, the minimum
current intensity would increase from zero (a small increase
in the maximum current intensity would also be expected). In
such case, the difference in current intensities drawn from the
panels would not be constant during the measurement period,
and the perfect square shape would not be maintained. This
seems to be the case here, when five panels are electrically
isolated from the string, resulting in a slightly lower qual-
ity (SNRavg) dPL,,, image compared to the dPL,,., image.
In fact, as can be seen in Figure 5f, there is a period of time
(during measurement) when the mean ON-OFF signal differ-
ences have a relatively large value and are constant. However,
after a while, the mean ON-OFF signal differences start to
decrease and finally reach a new small value.

As the number N decreases further—N=4—the quality
of the dPL image obtained decreases further (Figure 5c,g)

(SNRan:4.4). This is due to the large minimum current inten-
sity value of the On periods, which moves further away from
zero as the number N decreases. It is again interesting to note
that the initial value of the minimum current intensity is still
zero for some seconds and then starts to increase (Figure 6¢). In
this case—and according to Equation (2)—each of the 16 pan-
els would be working at ~46.4V in this situation, which is now
very close to the V., value (45.5V). This explains why the initial
minimum current intensity is still zero. However, it increases
to a final value of ~5.0 A, together with the fact that the average
voltage of the inverter changes from an initial value of ~675V
to a final value of ~620V. Again, these changes are interpreted
as the self-readjustment of the MPPT of the inverter to increase
maximum power (Figure 2b). The smaller difference in current
intensities between the “on” and “off” states is detrimental to
obtaining a good dPLg\, image. As can be seen in Figure 5g, the
mean ON-OFF signal differences have a relatively large initial
value that immediately starts to decrease and finally reaches a
low value.

For N=3, the quality of the dPLS(N) image is greatly reduced
compared to the previous cases (SNRanz 2.5). As can be seen in
Figure 6d, the minimum current intensity in this case does not
start at zero, but at ~3.5A and increases until reaching a value
of ~7.5A (the maximum current intensity also increases slightly
which, as indicated, should be attributed to the slight increase
in the maximum current intensity due to the self-readjustment
of the inverter, Figure 2b). Figure S2 shows detailed changes in
current and voltage (the mean calculated power is also shown)
throughout the measurement period. In fact, according to
Equation (2), in this situation, each of the 17 panels would oper-
ate at ~43.6'V, which is now lower than the V. value (45.5V). In
this case, we therefore have a small or very small current differ-
ence Al between the two states, with a square shape that is not
perfect due to changes over time. Since the final dPLg ., image is
obtained by accumulating the image differences over the entire
period of 300 cycles, the quality of the final image is much worse
compared to the previous cases. Figure 5h shows the ON-OFF
signal differences, where a relatively low initial value can be
seen that immediately starts also to decrease, reaching a very
small final value.
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The experimental results obtained—as shown in Figures 5and 6 defined, with the minimum current value equal to 0 and con-
(and Figure S2)—are in good agreement with the above descrip- stant throughout the measurement period. This is due to the
tion of the dPLS(N) procedure. For this string of S=20 panels, large difference in the operating voltage compared to the V.
the optimum number of panels to be electrically disconnected  value (self-readjusting of the MPPT of the inverter to increase the
is 6, since—as seen—the current square wave shape is perfectly =~ maximum power therefore has no effect). As the number N of
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electrically disconnected panels decreases, the “on” state is still
close to the OC state, but with a smaller difference in the operat-
ing voltage compared to the V. value. Self-readjustment of the
MPPT of the inverter to increase maximum power produces an

increase in the minimum current intensity over time through-
out the measurement period (Figure 2b). Although the quality
(SNRan) of the dPLS(N) image deteriorates as the number N of
disconnected panels decreases from the optimum situation, the
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FIGURE9 | Voltage and current intensity values, measured at the inverter, for situations displayed in Figure 8: (a) 16/3, (b) 16/2, and (c) 16/1; for

each case, the two graphs represent the measured values for the first and last 5-s time segments, respectively.
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image of the inspected defective panel (G=1100W/m?, teyp = 5ms, nc=300) with the whole string connected to INV2;

(b) ON—OFF signal differences as a function of the number of cycles and (c) voltage and current intensity values, measured at the inverter (the two

graphs represent the measured values for the first and last 5-s time segments, respectively).
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decrease is not so harmful and, for example, the 20/4 situation
still gives a dPL image that allows the 10 defective cells with
dark areas to be identified.

Figure 7 shows the dPL,, results for the case of G=1020 W/
m?, teyp =SS, varying the number of cycles (nc): 100 (a), 300 (b),
and 500 (c). As expected, the image quality increases with the
number of cycles, with SNRan values of 5.7, 7.4, and 12.3, respec-
tively. Figure 7d-f shows the ON-OFF signal differences as a
function of the number of cycles. The mean differences are con-
stant and have approximately the same value regardless of the
number of cycles. The improvement in the quality of the dPLS(N)
image with nc is the result of accumulating a higher number of
“on”/“off” differences and is how ambient noise is best elimi-
nated, although it does imply longer inspection times. Figure 7g
shows the variation of SNR_ , as a function of nc. (To obtain
this figure we calculated the SNR,, for the case of the original
stack of 500cycles and gradually eliminated a higher number of
stacks and recalculated the SNR, , value.) The aforementioned
increase with nc can be observed, with a tendency to stabilize
at large nc values. The total accumulation time of these mea-
surements is ~90, ~130 and ~220s, for 100, 300, and 500cycles,
respectively. It is important to note that this is our synchronous
solution for obtaining daylight luminescence images [23] which,
as explained, involves accumulating all the differences to obtain
the final image synchronously; that is, acquiring the partial im-
ages synchronously with the “on” and “off” states. Total acquisi-
tion times are large due mainly to the limited maximum frame
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FIGURE11 | (a)dPL,,

rate of the camera (60fps). We have started to work with an
asynchronous solution using a faster speed camera (maximum
frame rate of 600fps), which has initially provided quite good
results in much shorter times [40]. Further work is in progress
and will be published soon.

It is also interesting to note that the dPL, image shown in
Figure 7c resembles more the dEL image (Figure 3a) than the
dPL g one (Figure 4a). We will comment on this point later
on when discussing the dPLg procedure.

3.2.2 | Inverter1and String With S=16 Panels

In order to evaluate the influence of the number of panels in the
string on the dPLg ., measurements, a string with S=16 panels
was selected from the full string of 20 panels. In this case—and
according to Equation (1)—the maximum number of panels
that can be disconnected is N=3, although it can also be N=4,
depending on ambient temperature. In this case—according to
Equation (2)—each of the S-N panels (for S =16) will operate at a
voltage of 49.5, 45.6,42.4, or 39.6V, when N=4, 3, 2, or 1, respec-
tively, where again these values have been calculated for STC.

Figure 8 shows the dPLS(N images obtained for this string
of S=16 panels, for N=3 (a), 2 (b), and 1 (c) panels electri-
cally isolated from the string, for nc=300 and t,  =5ms in
all cases. Figure 8d-f shows the ON-OFF signal differences
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tex, = 5ms, nc=300) with the whole string connected to INV2;

(b) ON—OFF signal differences as a function of the number of cycles and (c) voltage and current intensity values, measured at the inverter (the two

graphs represent the measured values for the first and last 5-s time segments, respectively).
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as a function of the number of cycles. Irradiance conditions
were not constant for this series, with G values around 700 W/
m?2, or higher in some cases. This can be deduced from the
maximum current intensities measured (Figure 9a-c). As ob-
served, almost perfect square wave shapes of current intensity
are observed for N=3 and 2, with a minimum current inten-
sity equal to 0 in both cases. The minimum current intensity
value is much higher for the case N=1. As can be seen in
Figures 8d-f, the mean ON-OFF signal differences are now
approximately constant over the measurement period (they
are lower than for the dPLZO(N) case, with similar data disper-
sion). The value of these differences decreases from N=3 to
N=1, as expected, due to the reduced AI currents between
the “on” and “off” states as the number of isolated panels de-
creases. The SNR,,, values are 3.3, 4.4, and 2.1 for N=3, 2,
and 1, respectively. It is observed that the SNR,, increases
for the dPLm(z) case with respect to the dPL16(3) case, which
can be attributed to the large AI current between the “on” and
“off” states for the dPL16(2) case (see Figures 9a,b), which is
due to the large fluctuation of the irradiance for this set of
measurements.

ON-OFF Signal (counts)

0 100 200 300
Number of cycles

FIGURE 12 | (a) dPLg image of the inspected defective panel (G=800W/m?, t
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Current (A)

Voltage (V)

Current (A)
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Current (A)

It is noticeable that the SNR,, values of the different dEL/dPL
images agree well with the mean value of the ON—OFF signal
differences (which mainly correspond to the numerator of the ex-
pression in Equation (3)), the dispersion in the data (which mainly
correspond to the denominator of the expression in Equation (3)),
and the way the data are grouped around the mean value.

In this case (16/N), for all the measurements, we did not observe
the changes over time in the minimum current intensity that
were observed in the 20/5, 20/4, and 20/3 cases. This is likely due
to the fact that the optimum operating voltage of the inverter for
S=16 (16X V,;,,=16X37.1=594.6V) is very close to its mini-
mum operating voltage (560V), and the efforts of the MPPT to
maximize power during the switching measurement process
produced almost no change.

3.2.3 | Inverter 2

As mentioned above, the response of the inverter to our dPLS(N)
method for PV substrings during operation with electrical
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exp=8MS, NC= 300). Two strings of one panel each are connected

to a microinverter; (b) ON—OFF signal differences, as a function of the number of cycles; (c-e) voltage and current intensity values, measured at

the microinverter (c), at the terminals of the inspected panel (string#1) (d), and at the terminals of the parallel panel (string#2) (e) (only the first few

seconds of the measurement are displayed).
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modulation is dependent on the specific inverter model. To
highlight this fact, another inverter INV2 was also tested to
obtain the dPLg, measurements, both for the entire string of
S =20 panels as well as for a string of S =16 panels. Figures 10
and 11 show the dPLS(N) images obtained (G=1100W/m?,
nc =300, texp =5ms) as well as the ON-OFF signal differences
as a function of the number of cycles and the measured cur-
rent and voltage values at the output of the inverter, for the
cases S=20, N=6 (Figure 10), and S=16, N=3 (Figure 11). It
can be seen that the response of the inverter to the switching
process is quite different in this case compared to INV1. This
should be ascribed to the presence of capacitors and the cor-
responding discharge processes. In any case—and despite the
rather irregular shape of the current intensity waveform—the
dPLS(N) images obtained are still good enough to clearly ob-
serve almost the same defective cells as with INV1, especially
in the 20/6 case. In fact, the SNR,,, values are 8.1 and 5.2 for
the 20/6 and 16/3 cases, respectively.
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FIGURE13 | (a)dPL. Jsc and (b) dPLy images of another inspected panel (GCL model) (G= 900 W/m?, tox

3.2.4 | Inspection of Whole Strings

The proposed procedure for inspecting substrings during opera-
tion can also be used for inspecting whole strings, as explained
above (dPLy). In order to test this methodology, and as a first
attempt to validate it, we tested the case of two strings of just
one panel (S=1) connected to a microinverter, with one of the
panels being the defective panel shown in the previous figures.
In this case, the electronic device was connected in series with
the 1-panel string (see Figure 1b). Figure 12a,b shows the dPLg
image for the case G =800 W/m?, nc=300, t_ =8ms, as well as
the ON-OFF signal differences as a function of the number of
cycles. Figure 12c-e shows the measured current and voltage
values at the output of the inverter (c), in the inspected panel
(string#1) (d) and in the parallel panel (string#2) (e). As can be
seen, an almost perfect square wave modulation is again ob-
tained for the current intensity drawn from the inspected panel
(string#1) (Figure 12d). The maximum values of the current
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differences, as a function of the number of cycles, corresponding to the dPL . . and dPLg images, respectively.
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intensity (“off” periods) are constant (~4.5A) (corresponding to
the irradiance value of the measurement) and the minimum val-
ues of the current intensity (“on” periods) are constant and equal
to 0. The SN Ravg in this case is 3.8 (in good agreement with the
large dispersion of the ON-OFF signal differences). Despite the
low image quality, we can still distinguish the defective cells. It
is also interesting to note that this dPLg image provides slightly
different information about the defects in the cells. The dPLg
information is more similar to the dEL image (Figure 3a) with
regard to the dPL, . image (Figure 4a). This result is currently
unclear. It could be aligned with the previous comment on the
information provided by dPL, depending on the current drawn
from the PV panels in the “on” and “off” states, where the possi-
bility of distinguishing a region's degree of isolation on a single
dPL image was seen to depend on the level of current extraction
and on the region's degree of isolation [26, 35]. This fact is now
being studied in more detail.

Finally, Figure 13a,b shows the dPL - and dPLg images ob-
tained on a different panel (GCL model). Again, two strings of
only one panel each (S=1) were connected to a microinverter.
As can be seen, the dPLg image is totally similar to the dPL ¢
image, thus allowing the defects present in the different cells
of the panels to be clearly distinguished. Material inhomogene-
ities, a large crack on a cell and cell inhomogeneities are well ob-
served. (In this case, the information provided by dPL is almost
the same as that obtained by dEL, see Figure S3.) Figure 13c,d
shows the ON-OFF signal differences as a function of the num-
ber of cycles corresponding to the dPL . and dPLg images,
respectively. SNR , values of 20.4 and 14.7 are obtained, respec-
tively, indicating a high quality of both images.

It should be noted that the SNR,, values are not fully compa-
rable between different sets of measurements. Some anomalies
with the SNRan values have also been observed by other au-
thors [31]. In our case, it is likely that the SNRan value is influ-
enced by several measurement parameters, including how well
the PV panel is centered and positioned relative to the optical
image captured (and how well the full resolution of the InGaAs
camera is used). We are currently investigating this point in
more detail.

The demonstration carried out with the microinverter merely
seeks to validate the capability of the dPLg procedure to inspect
whole strings in operation. Current work on this topic with
larger strings and PV plants is now in progress and will be pub-
lished soon, together with the resemblance of the dPL¢ measure-
ments to the dEL images.

4 | Conclusions

The daylight photoluminescence (dPL) technique, which has
recently emerged as a useful tool for inspecting solar panels
on-site, has the advantage of not requiring an electrical power
source, although a switching between two states is still gener-
ally necessary to filter the ambient light. Here, we describe a
dPL procedure using an electronic device connected to a string
(dPLg) or substring (dPLS(N>) to switch between two states
with different currents drawn from the panels. The main idea
is to carry out the inspection with the string in operation,

which makes it easier to monitor the condition of the panels
throughout the life of the installation. The method allows the
state of the string to be switched in a very fast and noninvasive
manner, between the maximum power point state and a state
at (or very close to) open circuit conditions. dPLS(N) measure-
ments were performed on a substring of 20-N or 16-N panels,
testing the influence of the number of disconnected panels (N)
from the string, and the response of two different inverters.
The changes in the current intensity and voltage values at the
output of the inverter and the quality of the dPLS(N) images ob-
tained were correlated. Six panels or three panels were the op-
timum number of panels to be disconnected for the cases of 20
or 16 panels in the string, respectively. These are figures that
depend on the characteristics of the panels (V,., Vy;pp) and on
those of the inverter. In those cases, a perfect square modula-
tion of the current drawn from the panels was observed, be-
tween I, and 0, with no effects by the self-readjustement of
the MPPT of the inverter to increase the maximum power. The
effect of capacitors was clearly observed for one of the tested
inverters, modifying the square shape of the current drawn
from the panels, although the dPLg, image obtained was
still of sufficient quality. The procedure can be implemented
to inspect whole strings, for which a demonstration using a
microinverter capable of working with two panels in paral-
lel was carried out. The dPLy\,/dPLg measurements obtained
using this procedure were compared with conventional dPL
measurements and dEL measurements. In particular, for the
case of the microinverter, a dPL¢ image resembling the dEL
image was observed, which could be ascribed to the two op-
erating points selected for the “on” and “off” states, although
this needs to be studied in more detail.
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