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Abstract

Fast and accurate performance analysis of fielded solar modules is essential for reliable
operation of large-scale solar farms. Daylight photoluminescence (DPL) has emerged as a promising
inspection method, providing quantitative information while circumventing many logistical constraints
associated with other techniques, such as night-time electroluminescence imaging. Imaging
modules with partial current extraction reveals series resistance defects, one of the key contributors
to cell and module degradation. The reduction in power output associated with these defects is
ultimately what is important to solar farm owners, as it is an understandable and actionable metric.
Existing methods for performance estimation are not suited for outdoor conditions or lack the
module-level granularity required for a proper understanding of the system’s performance.

A novel method is presented to estimate the reduction in power caused by series resistance
defects, based purely on DPL image data. This method is based on generating electrical models in
the circuit modelling software LTspice to match series resistance related intensity variations
observed in DPL images, which are used to quantify performance losses. Cell-level simulations and
experimental results are demonstrated, with a clear path to full module calculations. The process is
fully automated, allowing for the rapid throughput that is needed given the scale of modern solar
farms.

Motivation

As the installation of photovoltaic (PV) modules continues to grow, regular field inspections will
become increasingly important to ensure that modules are performing as expected. DPL was first
demonstrated as a feature of the DaySy system, developed by researchers at Solarzentrum Stuttgart
[1], and has since emerged as one of the most promising options available for in-field
characterisation of PV modules. It allows for quantitative analysis of faults that other methods are
unable to detect, as well as overcoming many of the logistical constraints facing alternatives [2].
Series resistance (Rs) defects are among the most common forms of cell and module degradation,
however traditional methods for quantifying Rs variations rely on multiple illumination intensities,
manipulating the operating point of cells, and the ability to measure terminal voltages, which is not
practical for the inspection of field-deployed solar modules [3]. This work utilises the impact that Rs
defects have on the luminescence of affected cell regions, relative to their severity, when images are
taken under current extraction conditions [4, 5]. Ultimately, what matters to solar farm operators is
the impact of these Rs defects on the power produced by the system. As such, a new method is
required to provide fast, accurate and quantitative analysis of the performance losses of fielded
modules.

Bhoopathy [4] demonstrated quantitative Rs analysis from DPL images by dividing cells into
an isolated and a normal region. Agreement was demonstrated between observed luminescence
intensities for these two areas, and those implied by a simplified electrical model (parallel 2-diode
models with different Rs values). Here we expand upon this prior model in several key ways, by:

1. Using four regions of different Rs severity, and a more complex electrical model for each,

to improve the accuracy by handling multiple Rs defect severities present in the same cell.

2. Calculating the maximum power reduction, as it is a real-world applicable metric.

3. Automating the analysis process, to support large-scale, routine usage.
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Method

The aim of this work is to develop a DPL-based method for robust and accurate estimation of
the impact of Rs defects on the available module power. With the above improvements in mind, the
process shown in Figure 1 was developed.
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Figure 1. Simplified schematic flow diagram of the proposed method.

As a first step, DPL images are acquired [6] by calculating the difference between images of
cells at different electrical operating points. In addition to the usual open-circuit (OC) and short-circuit
(SC) operating points, a third image at half of the SC current is taken to expose R;s effects.

These images are then pre-processed: image registration is performed and the images at each
operating point are averaged to reduce noise, before subtracting the SC image so that only the
luminescence component remains. Additionally, to remove non-Rs effects (such as darker areas due
to recombination defects), each cell is normalised against its OC image. The final input into our
analytical framework is thus a single DPL image for the intermediary operating point, with intensities
in this normalised image in the [0,1] range.

The cell is then divided into four distinct regions representing different Rs severities, based on
the normalised DPL intensities. Each region can encompass several distinct and spatially separated
defects, so there is no need for each region to be a continuous area within the cell (see Figure 2(A)),
instead clustering pixels of similar intensity. Correctly identifying the non-defective region proved
critical and is therefore done first, before determining intensity ranges for the other regions. A
representative photoluminescent (PL) intensity is then selected for each region by taking the median.

Next, an electrical model (using LTspice) is setup, connecting four 3-diode models, one per
region, in parallel (see Figure 2(B)) — effectively creating a 12-diode model. Approximate values for
the electrical parameters (lsc, loi, lo2, los Rsh, Rs) are determined once for a given type of cell, then
re-used for all cells analysed. This is based on the fitting of a non-degraded cell’s illuminated
current-voltage (LIV) curve. These values are then scaled in each 3-diode model by the area
fraction of the related region, as calculated in the previous step. A non-degraded region is kept at
the measured Rs value, with the only unknown parameters being the Rs of the 3 degraded regions.
In other words, we assume that the cell is uniform in terms of its electrical characteristics, apart
from variations in Rs. A series of simulations are run to search for the configuration of the 3
elevated Rs values that most closely match the observed PL intensities with those implied by the
diode voltages in the electrical model (see Figure 2(C)), utilising the relation between Rs severity
and PL intensity [4].

(B) (C)

, K 3-Diode (Area) 075 \
. —

0.501

@ * * % % =il
I 3-Diode (3% I Lot ety |T2 @) |To3 @er3)

098 50 0.25 0.50 0.75 100
Current Extracted (%)

PL (%)

Wecx M 15% 16w [O3%

Figure 2. (A) Spatial division of the cell (top; DPL image) into 4 regions of different PL
intensities (bottom). (B) Equivalent electrical model. (C) PL intensities for each region,
matching DPL (circles) and electrical model (dotted lines).
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The final Rs-related power loss is then calculated by comparing the electrical model’s LIV
curve, against that of an ideal cell in which all Rs values match the base region.

Results

Simulations were conducted using the solar cell modelling software Griddler [7] to validate
the method. Solar cells with a variety of Rs defects were simulated using multiple spatial non-
uniformity patterns applied to the different metallization parameters Griddler uses, at a range of
severities. Finger breaks and busbar disconnections were also simulated. PL images at the required
current extraction levels were synthesized (Figure 3) and the maximum power calculated from
simulated LIV curves. The results, seen in Figure 4, show a strong correlation between the simulated
power loss, and the power loss predicted by our method’'s analysis of the simulated images.
Simulations were also performed to test the method’s tolerance to different numbers of busbars, and
with inaccuracies in the electrical model parameters, to satisfactory results.

Figure 3. PL images of cells with Rs defects, simulated with Griddler [7].
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Figure 4. Simulation results, comparing power losses simulated in Griddler with power
losses predicted by our model from simulated PL images. The diagonal blue dotted line is a
guide to the eye, representing an exact match.

To further verify the method, experimental tests were conducted on mini-modules. This
included pre-strung cells, provided by JA solar, to minimise any initial Rs. A range of Rs defects
with variable severity were introduced to the mini-modules by adding resistors and disconnecting
tabbing wires between cells, as seen in Figure 5. Measured maximum power losses were obtained
from LIV curves of the cells before and after inducing a defect. These were used as ground truth
against our method’s prediction from the analysis of PL images, initially taken in a controlled lab
environment, and then outdoors under standard DPL conditions. As seen in Figure 6, the results
show a strong correlation between measured and predicted power loss, with a coefficient of
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determination of 0.97. Some outliers do exist when identification of the non-defective base region

is difficult — for example, when every busbar is disconnected, alternating front and rear, leading to
a near uniform increase in Rs (as in the blue circle around 13% LIV power loss), which cannot be
detected by this method. Since these tests performed well on a wide variety of cells — both PERC
and TOPCon, different sizes, numbers of busbars, half-cut and full-cell — it is expected to work on a
large range of Rs defects observed in the field.

Figure 5. DPL images of cells with Rs defects, induced by disconnecting busbars.
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Figure 6. Experimental results. Colours represent different cells tested. Closed circles were
taken in a controlled lab environment, open diamonds using DPL measurements. The
diagonal blue dotted line shows an exact match.

In conclusion, a novel method to use DPL images for the rapid, automated and accurate
estimation of power losses caused by Rs defects was proposed and validated. The method
performed well under verification with both solar cell simulations, and experimental PL data. Future
work will focus on extending the method to determine the power loss of full modules.

Acknowledgements

The authors express their gratitude to JA Solar for the supply of solar cells used in experimental
tests. This work has been kindly and generously supported by The University of New South Wales
through the University Postgraduate Award (UPA), as well as The Australian Centre for Advanced
Photovoltaics (ACAP) and the Australian Renewable Energy Agency (ARENA) through research
grants 2017/RND017, 2019/CRDO003, and 2022/TRACO013. The Australian Government does not
accept responsibility for the views, information, or advice expressed herein.



#% ASIA-PACIFIC
N @ SOLAR RESEARCH CONFERENCE 3-5 Dec 2024, Sydney

References

[1] L. Stoicescu, M. Reuter, and J. H. Werner, "DaySy: luminescence imaging of PV modules in
daylight," in 29th European Photovoltaic Solar Energy Conference and Exhibition, 2014, pp.
2553-2554.

[2]O. Kunz et al., "Outdoor luminescence imaging of field-deployed PV modules,” Progress in
Energy, vol. 4, no. 4, p. 042014, 2022.

[3]H. Kampwerth, T. Trupke, J. Weber, and Y. Augarten, "Advanced luminescence based effective
series resistance imaging of silicon solar cells," Applied Physics Letters, vol. 93, no. 20, 2008.

[4]R. Bhoopathy, O. Kunz, M. Juhl, T. Trupke, and Z. Hameiri, "Outdoor photoluminescence imaging
of solar panels by contactless switching: Technical considerations and applications,"
Progress in Photovoltaics: Research and Applications, vol. 28, no. 3, pp. 217-228, 2020.

[5]T. Trupke, E. Pink, R. Bardos, and M. Abbott, "Spatially resolved series resistance of silicon solar
cells obtained from luminescence imaging," Applied Physics Letters, vol. 90, no. 9, 2007.

[6] R. Bhoopathy, O. Kunz, M. Juhl, T. Trupke, and Z. Hameiri, "Outdoor photoluminescence imaging
of photovoltaic modules with sunlight excitation," Progress in Photovoltaics: Research and
Applications, vol. 26, no. 1, pp. 69-73, 2018.

[7] 3. Wong, "Griddler: Intelligent computer aided design of complex solar cell metallization

patterns,” in 2013 IEEE 39th Photovoltaic Specialists Conference (PVSC), 2013: IEEE, pp. 0933-

0938.



