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Abstract

Optical switching and inverter-based switching of the electrical operating point of crystalline silicon
modules have previously been demonstrated as elegant non-contact methods for outdoor
photoluminescence image acquisition in full daylight. Both methods do not require modifications to
the system wiring. Quantitative assessment of image data acquired using these methods in full
daylight is possible since all modules in a string are series connected and thus operate at the same
current. We showcase several examples of how quantitative daylight photoluminescence imaging
can be used on utility-scale solar farms. Excellent agreement is reported for voltage variations
between modules that are inferred from daylight photoluminescence image data and measurements
conducted under controlled laboratory conditions. Furthermore, we demonstrate a method that can
be used to correct for balancing currents that are present in large PV arrays, as a result of voltage
differences between individual photovoltaic strings.

Motivation

Quiality testing in operating solar farms, including quantitative analysis of module degradation, is
highly relevant in the context of making solar energy a reliable part of the energy mix over coming
decades. We have developed several novel methods for daylight photoluminescence imaging (DPL)
on fielded solar modules, including via optical modulation (modules and strings), inverter switching
(residential and utility scale), and ultranarrow bandpass (UNBPF) filtering.

A particularly powerful application of DPL is the quantitative analysis of voltage variations, uniquely
enabled by the direct relationship between luminescence intensity and the diode voltage of cells.
Application of this analysis principle to DPL images of residential and utility-scale solar systems
allowed us to detect significant voltage variations within individual modules and between modules,
both indicators of field degradation. Comparison with DPL data on reference samples revealed larger
than expected and system-wide voltage degradation in solar systems after just two years of field
exposure.

Method

The aim of this work is the (early) identification of performance degrading defects and degradation
in field-deployed solar modules. The approach we are taking is based on DPL imaging on operating
solar power systems, a method that can readily be applied to fielded solar modules and does not
require any modifications to the solar system wiring or hardware.

Several methods for DPL imaging have been introduced by our group recently, including:
(i) Single module imaging via optical modulation [1],

(i) imaging of (strings of) modules via optical PV string modulation [2],

(iif) imaging of large numbers of modules based on inverter switching [3],

(iv) single shot DPL using ultra-narrow bandpass filtering [4].
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Figure 1. (a) Principle of DPL imaging using optical modulation [Method (i) and (ii)] or electrical
modulation [Method (iii)]; (b) the resulting image pairs taken at different operating conditions (top two
images) whereby the final PL image (bottom image) is the difference image between the two. Different
regions (denoted IpLi) can be used to quantitatively assess voltage differences within one module or
between modules.

Fig. 1a demonstrates the switching approach that is used to achieve high-fidelity DPL images where
the switching between two different operating points is achieved either optically [Methods (i) and (ii)]
— or — electrically via inverter switching [Method (iii)]. An example of three resulting images is shown
in Fig. 1b where the “high PL” image is obtained in open circuit (OC), the “low PL” image in short
circuit (SC) or at maximum power point (MPP). The resulting DPL image is calculated as the
difference image between the OC and SC (or MPP) image, respectively. The evaluation of voltage
degradation is based on the Generalised Planck equation [5], which describes an exponential

qV
relationship between the PL signal (I,.) and the implied voltage (V), Ip;, = Ce(ﬁ) (1), where kT/q
denotes the thermal voltage (Vr) of about 25.86 mV and C is a calibration constant. Quantification

of voltage differences AV from PL variations can thus be obtained via: AV =V, - In (1” “) (2), where

L1 and lp 2 are the luminescence intensities from different regions within one module or from
different modules, or from the same region at different times. It is worth noting that for a calculation
of a voltage difference AV, a calibration is not required, unless the cells or modules compared have
different optical properties.

Results

The above approach of converting PL intensity ratios into voltage differences was applied to DPL
image data, acquired in May 2023 using the optical string switching approach [Method (ii)] in an
Australian solar farm containing bifacial (glass-glass) half-cell PERC modules, rated at about 540 W.
A very significant fraction of the modules in that farm were damaged during a severe hail event and
subsequently had to be replaced with modules from the same series. At the time of imaging there
were thus two types of modules present on the farm:

(1) originally installed modules which had been fielded for approximately 18 months (termed
“old” in Fig. 2a), and
(i) replacement modules that were installed a few days/weeks prior to DPL imaging (termed

“‘new” in Fig. 2a).

More than 1,000 modules were imaged using DPL image acquisition based on optical string
switching. A segment of a PV string containing both types of modules is shown in Fig. 2a.
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Figure 2. (a) DPL image of part of a PV string, acquired using optical string switching. PL intensity
variations between modules are indicative of voltage variations between originally installed (“old”)
modules, appearing with lower PL intensity, and replacement (“new”) modules, with up to three times
higher PL intensity. (b) Close-up DPL image of an original module surrounded by two replacement
modules. The image was calibrated into a voltage difference image, using the PL intensity of the new
modules as reference. (c) Histogram of the voltage difference per cell, from > 200 individual DPL image
pairs. The dashed red vertical line indicates a small nominal cell Voc difference between original and
replacement modules as stated in the respective data sheets.

The replacement modules exhibit up to three times higher PL intensity, compared to the original
fielded modules. By comparing the mean PL intensities (lp.2) to the PL intensity (Ip. 1) of the original
and replacement modules, respectively, we can get the average voltage difference per cell from
Eq.2. Figure 2b shows a DPL image that was calibrated into a “AV image” using Eq.2. Here, the
average PL intensity of the replacement modules was used as reference. Cells in the original module
exhibit voltage differences of up to 35mV per cell, a 5% relative reduction in cell voltage, which is a
strong indication of significant field degradation.

To get a better statistical representation of the degradation that has occurred on this solar farm, we
acquired more than 1,000 DPL images using the string switching method. Of these images we chose
>200, each containing at least one module of each type, as shown in Fig. 2b. Plotting the resulting
average AV values per cell in a histogram (see Fig. 2c), results in a narrow distribution of voltage
differences that peaks at about 23.5 mV.

We conclude that a voltage degradation of about 21 mV has occurred in the fielded modules,
corresponding to an average relative voltage reduction of about 3.3%. This relative degradation
metric only represents the voltage degradation, i.e. the actual power degradation could be
significantly higher.

The accuracy of implied voltage differences obtained from DPL data was confirmed with data acquired
on another Australian solar farm in February 2024. The ~150 MW utility-scale plant features mono-
facial PERC modules with a nominal cell Vo of 692 mV. A DPL image of one of these modules is
displayed in Fig. 3. The image features a module with substantial variations in cell implied voltages
and generally lower voltage compared to its neighbour modules. Several modules from this farm
(including the module shown in Fig. 3) were removed from the single-axis tracking system and
underwent further detailed testing in UNSW’s characterisation laboratories in Sydney. Figure 3b
shows the processed version of the DPL raw image, following perspective- and lens distortion
correction and conversion from pixel counts to implied voltage differences, where the brightest cells
within the module were used as the reference and the conversion was carried out according to Eq. 2.
In this case, again, local implied voltage variations of up to 35 mV are observed in some cells. For
comparison, Fig. 3c shows an EL image measured on the same module with 10A forward current
injection on a commercial laboratory EL testing system (BTi-M1) where the raw image was scaled
into voltage differences. The scalebar on the right-hand side of Fig. 3 applies to both the processed
DPL image and the processed lab EL image.
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The DPL image and the EL image are virtually indistinguishable, both qualitatively as well as
guantitatively. This, in our opinion, is a strong indication for the validity of using DPL data for
quantitative image analysis.
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Figure 3. Comparison of field and lab luminescence images. (a) Raw DPL image of fielded module
taken with optical string switching; (b) The same image after applying distortion correction (lens and
perspective distortion) and scaling it to relative implied voltages; (c) EL image of the same module
measured under controlled lab conditions using a commercial EL/PL tool after conversion into relative
implied voltages. The scalebar in (a) relates to image pixel counts, whereas the scalebar on the right-
hand side represents relative implied voltage in mV in (b) and (c). The blue dashed ovals highlight
damage features that were introduced during transport from the solar farm to the lab.

The DPL image shown in Fig. 4a was taken using drone-based aerial DPL imaging wtih inverter
switching [Method (iii))]. The image contains about 250 PV modules within normal, underperforming
and mixed strings. An unusual DPL intensity variations observed in mixed strings near the string
boundary (dashed green line). Due to voltage variations between different PV strings with varying
open-circuit voltages balancing currents occur around OC condition and this makes it not straight
forward to analyse DPL images of this kind. To be able to do so, we had to develop an analytical
model that allows for correcting the PL intensities of different PV strings. The as-measured and
corrected DPL images are shown in Fig. 4, using the same color scale for the measured (Fig. 4a)
and corrected (Fig. 4b) DPL count rates, respectively. The unusual patterns resulting from the
balancing currents, such as the bright appearance of normal modules embedded in underperforming
strings, have disappeared in the corrected image, showing that the analytical correction works well.
As expected, the DPL intensity contrast between normal and underperforming modules is enhanced
after correcting for balancing currents, i.e. underperforming modules appearing darker and normal
modules brighter in the corrected image.

The DPL intensity ratio between normal and underperforming modules, calculated by averaging over
20 images in each group, is 1.47 in the as measured image and 1.98 in the balancing current-
corrected DPL image, corresponding to voltage differences per cell of 10.0 mV and 17.6 mV,
respectively. The correction thus, works well, and has a significant impact on the diode voltage
analysis and a quantitiative voltage analysis like describe above is now feasible.

We note that currently only a limited number of PV systems have been tested. All systems tested
were based on PERC — mono-facial or bifacial — solar modules. No notable difference was observed
when applying the above DPL imaging techniques to either of these module types. In one instance,
illuminated IV testing was carried out on several modules after DPL imaging. The results of lab and
field testing were in close agreement with respect to measured votlage differences. Luminescence
imaging techniques are generally not able to quantify current degradation, and therefore need to be
complemented with other measurement techniques, such as lab-based illuminated IV testing, for
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comprehensive analysis. Daylight PL imaging, as presented here is, however, an excellent means
to preselect fielded modules for such more detailed testing.
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Figure 4. Drone-based DPL image of a solar farm section containing many normal, two
underperforming, and four mixed strings; (a) As measured and (b) after correction for balancing
currents. Both images are shown on the same colour scale, representing the measured / corrected
DPL count rate. The dashed green lines represent the PV string boundary, and the coloured ovals
highlight regions where the correction was essential to enable quantitative DPL image analysis.

Summary

We have demonstrated that quantitative assessment of daylight PL images is possible and leads to
an accurate assessment of voltage degradation of field-deployed solar modules. The method thereby
enables accurate detection of early degradation in a fast and economical fashion, since no
modifications to the system wiring are required. Furthermore, it is possible to take DPL images at
any granularity required, i.e. single module imaging, PV string imaging, PV array imaging. When
imaging PV arrays it may be necessary to consider crosscurrents that flow from high-voltage strings
to low-voltage strings under low or zero current extraction conditions. A method is presented to
correct for the impact of such crosscurrents on DPL images.
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