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Photovoltaic modules are prone to degradation during transportation, installation and operation. To operate photovoltaic
power plants at maximum capacity, it is desirable to identify module failures in the field at the earliest possible stage.

Currently used field inspection methods cannot detect many types of faults that can have a significant impact on the
extracted power from the module. Photoluminescence imaging is a very powerful characterization method that can provide
high resolution spatially resolved information of cells and modules in a contactless manner. However, to date, one of the
main challenges associated with luminescence-based outdoor module inspection is the detection of the weak luminescence
signal from the much stronger ambient sunlight signal. This thesis presents the first-ever photoluminescence imaging
system developed to characterize photovoltaic modules in full sunlight. The proposed methods overcome this challenge
without any modification to the photovoltaic system. To achieve this, the proposed methods use an appropriate choice of
optical filtering and modulation of the module between the normal operating point and open circuit condition. The
modulation is performed by periodically changing the optical generation rate of at least one cell within the module. This
changes the biasing condition of all other cells that are connected to the same bypass diode. The methods have the
advantage that it can deliver high-quality images revealing faults in individual cell and the entire module, without requiring
any changes to the electrical connections of the photovoltaic system.

To further investigate the cause of degradation, current-volatge measurements of individual solar cells in a degraded
module can be used to obtain accurate information regarding the nature of degradation, leading to a detailed understanding
of the underlying detrimental recombination mechanisms. However, non-destructive current-voltage measurement of
individual cells in a module is currently very challenging. This thesis also addresses this challenge by developing a
contactless and non-destructive method that is based on Suns-photoluminescence measurements to extract the current-
voltage parameters under operating conditions in the field. The main advantages of the developed technique include its
low cost and its fast and easy applicability.

The developed methods have the potential to revolutionise the traditional field inspection methods thereby enhancing the
operations and maintenance of photovoltaic power plants.
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Abstract

Abstract

Photovoltaic modules are prone to degradation during transportation, installation and
operation. To operate photovoltaic power plants at maximum capacity, it is desirable to
identify module failures in the field at the earliest possible stage.

Currently used field inspection methods cannot detect many types of faults that can
have a significant impact on the extracted power from the module. Photoluminescence
imaging is a very powerful characterization method that can provide high resolution
spatially resolved information of cells and modules in a contactless manner. However, to
date, one of the main challenges associated with luminescence-based outdoor module
inspection is the detection of the weak luminescence signal from the much stronger
ambient sunlight signal. This thesis presents the first-ever photoluminescence imaging
system developed to characterize photovoltaic modules in full sunlight. The proposed
methods overcome this challenge without any modification to the photovoltaic system.
To achieve this, the proposed methods use an appropriate choice of optical filtering and
modulation of the module between the normal operating point and open circuit condition.
The modulation is performed by periodically changing the optical generation rate of at
least one cell within the module. This changes the biasing condition of all other cells that
are connected to the same bypass diode. The methods have the advantage that it can
deliver high-quality images revealing faults in individual cell and the entire module,

without requiring any changes to the electrical connections of the photovoltaic system.

To further investigate the cause of degradation, current-voltage measurements of
individual solar cells in a degraded module can be used to obtain accurate information
regarding the nature of degradation, leading to a detailed understanding of the underlying
detrimental recombination mechanisms. However, non-destructive current-voltage
measurement of individual cells in a module is currently very challenging. This thesis
also addresses this challenge by developing a contactless and non-destructive method that

is based on Suns-photoluminescence measurements to extract the current-voltage

XiX



Abstract

parameters under operating conditions in the field. The main advantages of the developed
technique include its low cost and its fast and easy applicability.

The developed methods have the potential to revolutionise the traditional field

inspection methods thereby enhancing the operations and maintenance of photovoltaic
power plants.
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Motivation

Chapter 1
Introduction

1.1 Motivation

We live in the age of anthropogenic (human-induced) climate change [1]. In fact,
11,000 scientists from 153 different countries have declared a climate emergency in 2017,
sending a clear and urgent sign for the necessary major transformations in the way our
global society functions and interacts with natural ecosystems [2]. The transition from
burning fossil fuels to using renewable energy, particularly solar photovoltaics (PV) the
production of electricity directly from sunlight, is one of the most promising avenues to
reduce greenhouse gas emissions and thereby, avert some of the most feared effects of
climate change. A recent report claims that installing about one terawatt of PV per annum
will substantially reduce the global carbon dioxide emission [3]. The reduction is
expected to be equivalent to the reduction needed to keep the average global temperature

rise below two degrees.

renewable

SOLAR N Natural Gas
23,000 TWylyear r

Petroleum
2009 World energy
consumption
16 TWylyear

90-300

Total

Uranium

Figure 1.1 Comparing finite and renewable planetary energy reserves (Terawatt/year) [4].

Figure 1.1 presents a comparison between the non-renewable and renewable energy
reserves available, the former in absolute terms and the latter in terms of per annum. The

25



1 Introduction

brown circles in the very left represent the quantity of the world’s primary energy
consumption for the years 2009 and estimations for 2050. Although coal (gray circle on
the right) is many times bigger than these demands, it is a finite resource and therefore it
would only last for about another 30-40 years. This also means that even neglecting
greenhouse gas emissions and the dramatic consequences they have for future generations,
a transition to sustainable energy production will have to be managed long before we run
out of fossil fuels.
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cumulative PV module shipments [MW]
Figure 1.2 PV learning curve reproduced from ITRPV 2020 [5].

Among all the energy sources presented, solar energy is by far the most abundant
sustainable resource revealing its huge potential for the future of electricity. Another
compelling reason for considering solar PV is its continuous rapid cost reduction. The
learning curve of solar PV is presented in Figure 1.2 (taken from Ref. [5]). It shows a
price reduction of a factor of 500 from the year 1976 to the year 2020, with a current
solar module price of 0.21 US$/Wp [6]. Solar PV is now the cheapest form of electricity
generation, considering both retail and wholesale, beating the price of electricity

generation from fossil fuels [7].

As a result of this cost reduction and increasing environmental concerns, the total
worldwide installed PV capacity has increased from 1 MWp in 1981 to 500 GWp in 2020,
which is an increase by a factor of 500,000 [5], [8]. The uptake of solar PV has been so

extraordinary that in 2017, for the first time, the global installed PV capacity was larger
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than that of fossil fuels and nuclear combined [9]. Even if neglecting urgent
environmental concerns, for purely economic reasons solar will continue to rapidly grow
and it can be expected that installation volumes will increase by at least two orders of
magnitudes [7].

With the currently ~400 million solar modules being installed every year and
considering the rapid future increase in installation volumes, it is important to maintain
the quality and high performance of PV modules throughout their lifetimes in the field
(currently the performance warranty period of modules are 25 years). This need becomes
even more critical considering the very rapid technological changes that we have seen in
recent years and can expect in the future.

Since PV modules are prone to degrade during transportation, installation, and
operation, it is important to monitor the quality at their final destinations and not only
during their production. Reliable system performance increases the system lifetime and
reduces the power plant financing costs, lowering the Levelised Cost of Electricity
(LCOE) [10]-[12]. Therefore, it is highly desirable to inspect PV modules in solar farms
to identify defective modules and module degradations to ensure reliable power
production. Based on these inspections and investigations, it is also important to provide

the industry with feedback to assist technological decisions regarding the future.

1.2 Thesis objectives

Luminescence-based inspection technique is an immensely powerful characterization
method that can provide high resolution spatially resolved information of cells and

modules and is capable to identify most of the degradation modes [13]-[18].

Since its inception in 2005 [13], photoluminescence (PL) has contributed significantly
for the breathtaking technological PV development [19]-[23]. It is used to inspect quality
of solar cells from bricks [21] to final modules [22]. The main objective of this thesis is
to expend the capabilities of this technology to routine inspection of solar farms, the

ultimate destination of PV modules.

The main limitation for outdoor applications of luminescence-based techniques is the
difficulty of detecting the weak luminescence signal in the presence of a much stronger

ambient sunlight signal. Hence, the main objectives of this thesis include:
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1. Developing an easy and contactless PL-based inspection system that provides

spatially resolved images to investigate modules installed in the field.

2. Investigating the impact of different measurement conditions on the image

quality of resultant PL images.

3. Demonstrating the applicability of the outdoor PL imaging system to inspect a
wide variety of fault mechanisms, such as cell cracks, open-circuit (OC) bypass
diode (BPD) failure, and series resistance (Rs) losses.

4. Developing a complementary characterization tool that uses the injection
dependent behavior of individual cells that are encapsulated and field-deployed

to provide a deeper understanding of the degradation.

5. Demonstrating the applicability of the tool proposed in (4) to investigate
degradation mechanisms such as cell shunting, light-induced degradation (LID)

and potential-induced degradation (PID) in real-world outdoor conditions.

1.3 Thesis outline

In Chapter 2, the background knowledge required to understand the proposed novel
contactless modulation of PL is reviewed. Different degradation mechanisms in current
PV technologies are discussed as well as existing module inspection techniques. The gaps
in knowledge and capabilities are identified by reviewing the advantages and

disadvantages of these techniques. Some of these gaps will be addressed in this thesis.

In Chapter 3, the development of a novel outdoor PL imaging system based on the
methodology of sequential imaging approach is presented. This is the world-first tool
demonstration of a system that allows a large area luminescence imaging without
electrically contacting the module terminals. The capability of the developed system
to investigate OC BPD failures is also demonstrated. However, it is demonstrated that the
sequential switching approach is incompatible with PV systems containing module-level

maximum power point tracking (MPPT).

In Chapter 4, a simplified approach (the batch measurement) is developed to overcome
the problem of sequential measuring systems with MPPT. An advanced approach to
correct for the sunlight changes during the measurement is proposed. The impact of

factors such as time of the measurement, cell open-circuit voltage (Voc) and control cell
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shunting on the outdoor PL image quality is studied. Finally, the applications of the
proposed technique to quantify Rs losses in solar modules and to characterize PV panels

on a solar car and in a large solar farm is presented.

In Chapter 5, a complimentary and detailed characterization technique based on the
Suns-PL method [24] capable of extracting the current-voltage (I-V) characteristics of
individual solar cells that are incorporated in field-deployed solar modules is proposed.
The proposed method is demonstrated to be contactless, non-destructive and capable of
identifying the extent of various degradation mechanisms.
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Chapter 2
Background and Review

This chapter introduces the background theory that may aid the understanding of the novel
work presented in this thesis along with a discussion regarding the relevant literature.
Section 2.1 provides an introduction to PV systems and their important components.
Section 2.2 provides an overview of the degradation and failure modes present in PV
modules. Sections 2.3 and 2.4 review existing module inspection techniques that are used
to assess the quality and longevity of fielded modules. The applicability of these methods
to fielded modules is also discussed. Fielded modules refer to the modules installed in the
PV field. To gain a deeper understanding of the underlying degradation mechanisms and
its most plausible cause, it is helpful to characterize the individual cells encapsulated in
the module. The commonly used encapsulated cell inspection techniques are discussed in
Section 2.5. Finally, Section 2.6 summarizes the identified gaps in the literature among

which some will be covered in the next chapters of this thesis.

2.1 Photovoltaic system

2.1.1 Photovoltaic technologies

There are four major types of PV technologies, namely crystalline, thin-film,
compound and nanotechnology [25]. Among these, the market is dominated by crystalline
silicon (Si) with about 80% of the market share as shown in Figure 2.1 [5], [26].
Crystalline Si technology is further divided into monocrystalline Si (mono-Si) and
multicrystalline Si (mc-Si) [26]. Because of the continuous reduction in cost, the mono-
Si market share increased to 65% whereas mc-Si holds 35% of the share in 2020 [5]. It is
widely assumed that Si-based technology will continue to lead the market in the next

decade [5]. This thesis explores the inspection of both mono-Si and mc-Si modules.
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Figure 2.1 Market share of major PV technologies [26].

2.1.2 Photovoltaic module components

The main component of PV system is the PV modules. The operational life cost of the
system depends on the long term performance of the modules [27].

—— Aluminium Frame
—— Tempered Glass
—— Encapsulant - EVA
—— Solar cells

—— Encapsulant - EVA
—— Back sheet

Junction Box

Figure 2.2 Components of a PV module [28].

Terrestrial PV module consists of solar cells sandwiched between protective tempered
glass on the front, and a glass or polymer on the rear using encapsulant as shown in Figure
2.2, protecting the solar cells from the weather, hail or airborne debris [29]. An aluminium
frame often provides a strong structure that helps in mounting and provides strength to
withstand external stresses [30]. A commonly used encapsulant is ethylene vinyl acetate
(EVA) which is designed to provide longevity and prevents moisture ingress [29].
However, polydimethyl siloxane, polyvinyl butyral and silicones are used as well [29],

[31]. A schematic of the electric circuit of a typical PV module is shown in Figure 2.3. It
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consists of solar cells connected in a series configuration. Typically, a module consists of
three BPDs that are connected in parallel to a section of series connected cells [32]. In the
context of this thesis, we define a section of cells connected to the same BPD as a sub-
string. The junction box encloses both BPD and cables used to interconnect the panels.

? ¢

>

Bypass diode

Solar cell

SUb-SriNg c—

Figure 2.3 Schematic of a PV module.

2.1.3 Photovoltaic inverters

Often several PV modules are connected in series to form a PV string, series
connection is used to increase the string’s direct current (DC)
voltage output [33]. The variable DC output is then converted into sinusoidal alternating
current (AC) with the required frequency of typically 50 Hz (outside the USA) using an
inverter which facilitates the grid connection. Using an MPPT, the inverter also ensures
that maximum power is extracted from the string despite continuing change of the
operating conditions. In the past, central inverters were popular [34]. However, they are
limited by power loss due to mismatch between modules, as the MPPT is centralized. In
recent years, the most commonly used inverter technology is the string inverter [34]. With
this type of inverters, the MPPT is performed at the string level, reducing the power loss
due to partial shading [34]. Residential PV systems that are commonly installed on
rooftops frequently suffer from shading due to trees, nearby buildings, poles, antennas or

dormers [35]. Module-level power electronics (MLPES) including microinverters and
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DC/DC power optimizers are used in these scenarios [35]. These devices are capable of
monitoring the maximum power point (MPP) of each individual module; thus, making
the PV system most robust to partial and intermittent shading conditions which cannot be
done with central or string invertors [36].

2.2 Degradation in fielded modules

There is a large variety of degradation and failure modes that could potentially affect
fielded PV modules [37]-[40]. Degradation refers to the deterioration of appearance,
performance or safety of a PV module [41]. There are several degradation types; they are
mostly influenced by temperature, humidity, altitude, thermal cycling, snow load and air
salinity [37], [38]. This section discusses common degradation mechanisms present in

fielded modules.

2.2.1 Discoloration

Encapsulant discoloration is one of the most apparent degradation found in PV fields
[42]. Often, this effect is noticeable visually even before a reduction in module current is
detected (Figure 2.4 [43]). Usually, the exposure of the polymeric encapsulant to
ultraviolet light at elevated temperatures results in discoloration and loss of the elastic
properties that further causes embrittlement [44]. Mikofski et al. showed that modules
mounted on rooftops degrade ~0.4% per year in efficiency, whereas those on open-rack
mounts degrade ~0.1% per year demonstrating the higher temperature of the rooftop
arrays results in more severe EVA discoloration [45]. To avoid EVA discoloration,
module manufacturers have been recommended to use formulations that do not contain

additives that have been determined to cause discoloration, such as Naugard P [46].

™
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2.2.2 Delamination and corrosion

Figure 2.5 Optical image of a module (a), showing different regions (b) to (d) with delamination
and moisture ingress [47].

Delamination usually occurs at the interface between the encapsulant and solar cell
when there is a loss in adhesion [29]. It is expected to occur more severely in hot and
humid climates [48]. One of the reasons behind delamination is the formation of bubbles
due to gases released from EVA at high temperatures [49]. Due to delamination, moisture
ingress can be formed which in turn can lead to the accumulation of small water droplets
at the interface between the EVA sheet and solar cell, as shown in Figure 2.5 [47], [50].
The water droplets create and accelerate corrosion of the internal parts of the module [51].
The corrosion affects the resistance of the solder joints, cell metallization, interconnects
and junction-box [42]. It, therefore, correlates with a reduction in the performance of the
PV module [47], [52].

2.2.3 Interconnect failure

Cell interconnects are used for series connecting the cells using string interconnect
ribbons [39] as shown in Figure 2.6. In some cases, these interconnects break causing
disconnection in the circuit [39]. This degradation occurs when there is a change in either
the structure or geometry of the interconnect solder joints [53]. Fatigue due to thermal
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stress, poor soldering and mechanical stress like wind loading can lead to damaged
interconnects [39], [54]. This damage usually increases the series resistance, causing
heating and may lead to hotspots and fire hazard [55].

Cell interconnect ribbons

String interconnect

Figure 2.6 Cell and string interconnects [39].

2.2.4 Defective bypass diode

Bypass diodes are vital to protect against hotspots and to reduce the power loss caused
by partial shading of the PV module [56]. BPD failure is very common in PV systems
and has two modes: OC and short circuit (SC) [57]. BPD can fail due to three main reasons
[57], [58]:

(1) Severe environment condition,
(2) Low power rating, and

(3) Overloaded by nearby lightning strikes.
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Figure 2.7 Infrared image of a module with hot bypass diode and a dead sub-string [59].

A BPD failed in SC results in one-third of the module’s power to be lost and is largely
non-destructive [56]. An infrared (IR) image of a module with hot BPD and a
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disconnected sub-string is presented in Figure 2.7. Usually, modules with BPD failed in
SC is sent to the manufacturer for a more detailed investigation [56]. In contrast, BPD
failed in OC mode has no impact at all on the module operation in normal operating
conditions [58]. Therefore, detecting this failure is more challenging since the module
power remains the same. However, it can cause module destruction, or even pose a fire
hazard, under partial shading conditions or with malfunctioning cells in a sub-string [58],
[60]. Signal Transmission Device (STD) proposed by Kato [61] is capable of detecting
OC BPD failure and any local disconnection of interconnect ribbons in PV modules.
Alternately, it can also be identified using magnetic field imaging [62] that extracts the
current flow maps in a solar cell or module in a contactless manner. This thesis will

present a novel cost-effective technique to detect this failure in a contactless manner.

2.2.5 Hotspots

If a solar cell is reverse biased with a higher voltage than it is rated or designed for, it
may result in hotspots [56]. This can occur when a sub-string of solar cells without BPD
or with BPD failed in OC is partially shaded [63]. Another cause for hotspots is the
presence of shunting in the cell’s p-n junction [64], [65]. Hotspots can lead to very high
temperatures in the localised region of the solar cells and can thus cause browning, burn
marks (Figure 2.8), or, in the worst case, fire [66].

Figure 2.8 Burn marks as a result of hotspots [59].

2.2.6 Cell cracking

Solar cell material can crack, which is not noticeable to the naked eye, in most cases

[67]-[69]. As solar cells are made from brittle Si material, cell cracks are often caused
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due to mechanical loading on the modules. Although PV modules are tested against the
IEC 61215 standard [70] which includes a static mechanical load test with 2400 Pa that
simulates snow loads, this does not simulate all the possible mechanical loads that impact
the PV module during its operation [71]. Cell cracks can occur at various stages right
from manufacturing [72], transportation [73], installation [39] and during its operation
[74], [75]. In the manufacturing process, it can occur at various stages like wafer slicing,
cell production [76], stringing and the embedding process [72]. Inappropriate methods of
transportation and mishandling create cracks that can be minimized by improving the
packaging with additional protection and padding [77]. Furthermore, the occurrence of
cracks is more common in the PV modules that are horizontally stacked compared to
vertically stacked transportation choices [78]. During installation or maintenance,
modules that have been walked-on may experience cracking [78]. Following proper
protocols for installation can significantly mitigate crack formation. During operation in
the field, cracks are usually formed by wind stresses [74] and snow [75]. Generally, these
cracks are identified using electroluminescence (EL) imaging (see Section 2.4.3) during
manufacturing. However, to investigate crack formation during transportation,

installation or operation, field inspection is necessary.

The impact of a crack on the cell output power depends on the severity of the crack.
The power output loss due to cracks is impacted by the size of the affected regions and
the resistance between the affected regions and the rest of the cell [79]. If the power loss
is significant, it can result in a mismatch of current between the cells in the sub-string.
Hench, the cracked cell can be reverse biased by other cells in the sub-string increasing
the hotspot risk. Cracks are classified into three modes depending on their degree of
isolation based on the IEC/TS 60904-13 standard [79]:

(1) Mode A: cracks that do not generate inactive cell areas, and therefore do not

contribute to cell power loss [80].

(2) Mode B: cracks that partially isolate a cell area and limit the current flow from the

isolated region to the rest of the cell, causing a power loss.

(3) Mode C: cracks that completely isolate a cell area, where there is no current flow
between the isolated area and rest of the cell resulting in a power loss proportional to the

isolated cell area.
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PV cell with
snail trails

EL image

Figure 2.9 Snail trail visible to the naked eye (left) and its corresponding EL image (right)
revealing cell cracks [81].

The long time existence of cell cracks sometimes causes “snail trails” that are visible
to the naked eye since they are the result of discoloration that occurs at the edge of the

solar cell and along the cell cracks, as shown in Figure 2.9 [39], [81].

2.2.7 Potential induced degradation

Typically, modules are connected in series to form a PV system with a maximum
voltage. The metallic frames of the modules are typically maintained at fixed ground
potential to avoid electric shock to humans [82]. The difference in potential between the
frame and the individual modules in the string creates a leakage current and high voltage
stress across the different module components resulting in a degradation known as PID
[83]. PID affects solar cells near the module edge more severely than those in the centre
and modules at the end of a string [82], [83]. PID decreases the shunt resistance (Rsh) and
increases the recombination in the depletion region (saturation current density of the
second diode, Jo2) in the solar cells [84] as demonstrated in Figure 2.10 (note the higher

degradation of edge cells compared to the centre cells).
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Figure 2.10 EL image of a PID affected module (top) and 1-V characteristic of corresponding
cells [82].

2.2.8 Light and carrier induced degradation

Some solar cells degrade due to the injection of carriers, either by light or current; this
degradation is referred to as LID [85] or carrier induced degradation (CID) [86]-[89]. As
a result of these degradations, the effective minority carrier lifetime in solar cells
decreases. There are a significant number of studies investigating LID observed in p-type
mono-Si material [90]. The cause of LID in this material is because of the formation of
the recombination active boron-oxygen (BO) complex [86]. Although the reason behind
CID in mc-Si solar cells is not exactly understood, it has been shown that they are not due
to BO complex [91] or iron-boron (FeB) dissociation [89], [92], [93]. One of the possible
explanations is that it is due to a high concentration of hydrogen into silicon wafers,
released from hydrogenated dielectric layers during the firing process [88]. It has been
observed that this degradation accelerates with higher injection densities or increased

temperature as represented in Figure 2.11 [86]. Therefore, it is faster under the OC
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condition compared to the SC condition [86]. Although the cells are expected to recover
after attaining the maximum degradation (brown curve in Figure 2.11), the recovery time
in the field is too long compared to the module warranty period [86]. Light and elevated
temperature induced degradation (LeTID) is another type of degradation with rates of
several hundreds to thousand hours (5-20 years depending on the location), which cannot
be explained by BO complex formation or FeB dissociation [86]. LeTID is prominent in
passivated emitter and rear contact (PERC) solar cells made of mc-Si wafers [94]. While
the exact cause of this degradation is still unknown, it may be caused by an oversupply
of hydrogen into the silicon wafers, released from hydrogenated dielectric layers during
firing [88].
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Figure 2.11 Open-circuit voltage of mc-Si cells affected by CID with different temperatures and
operating conditions [86].

2.3 Basic module inspection techniques

Several module characterisation techniques are often used to assess module quality
and durability. This section provides a short review of the basic techniques, whereas

Section 2.4 focuses on imaging-based inspection techniques.

2.3.1 Visual inspection

Visual inspection is one of the simplest and quickest module inspection techniques.
According to the IEC 61215 standard [70], visual inspection is done using naked eyes
while the illumination is above 1000 lux. The inspection is done from multiple angles to

have a correct understanding of the fault and to avoid errors due to reflection. Faults such
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as discoloration, delamination, bubble formation, snail trails and burnt cells are detected
and documented using this method [54], [95]. Visual inspection is usually not sufficient
to identify many electrical faults, such as degraded busbars, cell and string interconnects,
wiring failure, junction box connection fault, and more. Although, sometimes they can be

identified if they produce a visually noticeable consequence like burn marks or corrosion.

2.3.2 Current-voltage measurements

Current-voltage measurements are used to extract important electrical parameters,
such as short-circuit current (Isc), Voc, fill factor (FF), Rs, Rsh and n (efficiency) [95]. Table
2.1 which of the 1-V parameters is affected by some of the common degradation modes
discussed in Section 2.2. Thus, 1-V measurements can be used to identify a few of the

degradation modes.

Table 2.1: I-V parameter affected by different degradation

Degradation Parameter
Optical degradation: encapsulant discoloration, lsc
delamination, soiling or glass corrosion/breakage

Degraded interconnect Rs
Broken interconnect Rs
BPD failed in SC Voc
Cell cracks Isc
PID Rsh, Vioc
CID Voc

Although they provide valuable information on module level degradation, it is
challenging to perform them on individual modules when they are connected to a larger
PV string in the field. Furthermore, with those measurements, only the overall module
performance can be determined, failing to provide information regarding the specific
performance-limiting region within the module. Therefore, they have only limited
capabilities to identify the root cause of the power loss. This thesis presents a method that

aims to address this gap.
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2.4 Imaging-based module inspection techniques

2.4.1 Ultraviolet fluorescence imaging

Ultraviolet (UV) fluorescence imaging can detect cell cracks and EVA discoloration
[96]. When a PV module is irradiated by a UV light source, the chromophores present in
the EVA encapsulant are excited and emit fluorescence light (with wavelengths between
325 and 800 nm). The chromophores changes to a non-fluorescent product when they are
exposed to oxygen or UV for a long time, a process which is known as photobleaching
[97]. Therefore, the cell edges and cell cracks, where oxygen can diffuse and reach the

chromophores to degrade them, appears dark in the UV fluorescence image [68].
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Figure 2.12 UV fluorescence image (top) and the corresponding EL image (bottom) of the same
module having cell cracks [98].

UV fluorescence imaging is limited to a specific time regime of field exposure since
the chromophores require time to emit a sufficient fluorescent signal. Typically, after
exposure to 80 kWh/m2 UV dose for 1-2 years, the modules are expected to emit a
detectable fluorescent signal [39]. This usually prevents the use of this method for the
critical times of before or directly after module installation. On the other hand, it is
preferred not to use this method for modules that are installed for many years as the cell
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areas near the cell edges stop to emit fluorescence due to photobleaching; thus, restricting

the identification of cracks in those areas as shown in Figure 2.13.

Figure 2.13 UV fluorescence image of part of a module exposed in the field for approximately

five years [97].

2.4.2 Infrared thermography

IR thermography identifies defects by capturing the emitted IR radiation (wavelengths
between 800 and 1400 nm) from the modules which are dependent on the temperature

distribution across it [99], [100].

Table 2.2: Different degradation modes identified by steady-state thermography

Degradation

Identification

Broken cell interconnect

BPD failed in SC or
broken string
interconnect

Hotspots or shadowing
effects

Cell cracks

Shunted cells

PID

Low temperature due to restricted current flow through the
broken cell interconnect, whereas high temperature (9-16 °C)
around the neighboring interconnect as the entire externally
injected current flows through them. Higher temperature of
the junction box compared to nominal operation, due to
current flow through the BPD.

Higher temperature (2-6 °C) in the bypassed sub-string due
to recombination of all the generated carriers.

High temperatures in the areas around the hotspot.

Non-isolating cracks (Mode A) do not show temperature
difference and are thus, not detectable.

Whereas, the electrically isolating cracks (Modes B and C)
experience low temperature in the isolated area and high
temperature in the unaffected adjacent area. The larger the
size of isolated area, the higher is the temperature of the
adjacent area.

Slightly higher temperature (1-2 °C) compared to the
unaffected cells.

Slightly higher temperature (2-3 °C).
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Figure 2.14 Steady-state IR thermography (left) and EL images (right) of a degraded mc-Si
module [98].

The method uses an IR camera that measures the heat dissipated to directly identify
the areas of power loss in the modules [101]. To avoid misleading results, the angle of
view and the correct emissivity should be considered. The ideal angle of view is in the
range 60°-90° and the typical emissivity is 0.85 for glass and 0.95 for backsheet [102],
[103]. There are three types of IR thermography:

1. Steady-state thermography
2. Lock-in thermography
3. Pulse thermography

Among these, steady-state thermography is the most widely used technique, as it can
be applied to modules in the field under working conditions and is a contactless
measurement [39]. The different degradation modes are identifiable using steady-state

thermography and are summarized in Table 2.2 [104]-[106].

In lock-in thermography (LIT), the signal to noise ratio (SNR) is enhanced by exciting
the module and detecting at a controlled frequency [107]. Whereas, in pulse
thermography, an external heat source is used to generate a dynamic heat flux in the
module to obtain the thermographic images [39]. LIT and pulse thermography are used
when more detailed information is needed. However, these two methods are limited to
lab conditions and demand an expensive high speed and high resolution infrared camera
[39].

Although field inspection using steady-state IR thermography is cost-effective, fast
and contactless, it is limited to identify only defects that cause heating of the modules, i.e.

defects that cause reduced power output [39], [106], [107]. This method also suffers from
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low sensitivity and resolution compared to the below mentioned methods such as

luminescence imaging as demonstrated by Figure 2.14 [98].

2.4.3 Luminescence imaging

Luminescence-based characterization techniques, such as EL and PL imaging, can
provide more detailed information than the above-mentioned methods [39]. They can
provide high resolution spatially resolved information that can be related to the power
loss within a string of modules [108]-[110], including: cracks [111], series resistance
effects [112], bypass diode failure [39], LID [16], PID [15] and CID [18], [113].

EL imaging was first demonstrated by Fuyuki et al. [114] by applying a forward
current to a solar cell and measuring the light emitted due to the radiative recombination
of the generated carriers. PL imaging on the other hand uses an illumination light source
to generate carriers, as first demonstrated by Trupke et al. [115] on Si wafers. The emitted
light, the luminescence emission, has a typical spectrum as shown in Figure 2.15 (for Si
at 25 °C).
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Figure 2.15 Luminescence emission from Si solar cells [114].

The intensity of the luminescence emission (@) can be approximated by the

exponential of the solar cell diode voltage V' [36], [116]:

Vv
=C —
@ exp (VT ] (2.1)

where C is a calibration constant mainly depending on optical characteristics of the solar

cell and the measurement system and V7 is the thermal voltage (about 25.8 mV at room
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temperature). Vris given by kT/g where k is the boltzmann constant (8.617x107° eV-K'),
T is the temperature (K) and ¢ is Elementary charge, (1.602x10"" A-s). Determination of
C for cells in a module is challenging as there is no access to the individual cell terminals.
Potthoff et al. [117] proposed the “voltage imaging of the PV module” (VIM) method to

determine this value using an EL image of the module using two observations:

1. The operating voltage of an individual solar cell is proportional to the highest
EL signal emitted from them.

2. The sum of all the cell’s operating voltages is equal to the module terminal

voltage.

In this method, EL image is acquired with low current injection (less than 10% of Is)
to minimize series resistance effects, and therefore minimize voltage losses across the
wire interconnects and module terminals. C is then estimated using the following
relationship [117]:

Ncell

11 ¢Imax
exp(vmod / VT)

N

C o Na (2.2)

where Ncen is the total number of cells in the module, Vimod is the module terminal voltage
and @™ is the maximum luminescence intensity of the i cell in the module. Using the
C estimated from Equation 2.2, the operating voltage of the solar cells is calculated using
Equation 2.1 with a maximum relative error of £1.3%. Kontges et al. [118] improved this
method with an additional heuristic image manipulation approach which subtracts a mean
intensity to reduce the influence of blurring effects of the camera. This decreased the error
of the estimation of operating solar cell voltage to £0.6%. Guo et al. [119] suggested
using the pixel with the maximum intensity after excluding the top 0.1% pixels with the
maximum intensity is effective in eliminating the noise and thus, can yield a more

accurate estimation of C.

One of the main challenges for performing EL or PL imaging in the field is the
presence of strong ambient sunlight reflected from the module during image acquisition
[15]. As shown in Figure 2.16, the ambient sunlight signal (solid black line) during the

measurement is in orders of magnitude larger than the weak luminescence signal (solid
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maroon plot) measured by the camera. Therefore, there were few luminescence imaging

systems proposed for low light or night time applications as discussed below.
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Figure 2.16 Strong sunlight spectrum and the weak luminescence spectrum (barely noticeable in
the dark red line) [120].

Koch et al. [98] developed a drone based EL imaging system in cooperation with
Fladung aerial PV inspection [121] that operates at night or when the ambient light is low
(<100 W/m?) using an octocopter drone as shown in Figure 2.17. Mertens et al. [120],
[122] developed an EL imaging system by modifying a digital single-lens reflex camera
(DSLR) camera with a sunlight blocking and IR notch filter that is also used at night.

However, night measurements are often not preferred due to safety and other practical

considerations.

Figure 2.17 High resolution EL camera with an octocopter drone for field inspection [98].

Benatto et al. [123] demonstrated outdoor EL imaging under different sun irradiation
levels ranging from 300 to 800 W/m? using an indium gallium arsenide (InGaAs) detector

camera. Benatto et al. [124] demonstrated drone-based EL imaging under solar
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irradiances greater than 100 W/m? for the first time. A unique technique called AC+DC
electrical modulation was proposed to obtain EL images with higher SNR even during
motion, such as in the case of drone imaging. The drone used and the image quality after

postprocessing are shown in Figure 2.18.

Figure 2.18 Drone used with the corresponding EL image obtained outdoors using AC+DC
electrical modulation [124].

One of the main limitations of the above-mentioned methods is that they need a high-
power DC supply to bias the modules for EL imaging. On the other hand, PL imaging can
provide the same benefits without any modification to the array [125]-[127]. Similar to
steady-state IR thermography, PL imaging is electrically contactless and does not require
any change in the wiring or an external power supply, as needed for EL imaging [128].
However, the requirement for a uniform high-power large-area illumination source makes
it difficult to use PL for module inspection in the field although it has the additional

benefit of being contactless.

Outdoor PL imaging for fielded modules by using the sun as the excitation has been
demonstrated by several research groups. Silverman et al. [129] performed PL imaging

with two different configurations:

1. Open-circuit outdoor PL: switching between OC and SC with the help of a

modulator, directly connected to the PV module.

2. Constant-circuit outdoor PL: switching between 0.7 Isc and SC by connecting

a DC load in parallel with the modulator and PV module.

The resulting PL images are shown in Figure 2.19. Parra et al. [130] obtained the PL
images by switching the module operating conditions between OC and SC. They also
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developed a software that uses image histogram information to enable adjustment of the
image contrast and automatic selection of the largest exposure time, while avoiding
saturation of the camera. Kropp et al. [131] use a modulator and capacitor configuration
to achieve the image acquisition. One of the capacitors is charged and the power is
boosted to a higher voltage by another capacitor before it is fed back into the module to
create luminescence. Although these methods overcome the limitation of the requirement
of a power supply by using the sun’s illumination for generating luminescence, they still

demand access to the string terminals to change its configuration.
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Figure 2.19 PL images from the two configurations used by Silverman et al. [129].

Peng et al. [132] proposed a module PL imaging system that can be applied to cleaning
robotic devices for tracing panel defects after cleaning the modules, as shown in Figure
2.20. Johnston [110] demonstrated a contactless EL imaging in which a localized area is
illuminated (where excess carriers are optically generated) while the non-illuminated
region of the cell is imaged (where the voltage is induced). Both of these contactless
methods are limited since they can only image one cell at a time and can only be used at

night-time and thus are not commercially viable to use for fielded modules.

50



Imaging-based module inspection techniques

Robotic device

Interface/ Controller

y
Bz Ligh
Fier sourt
Beam

Figure 2.20 PL imaging system proposed by Peng et al. [132].

There are a few commercially available services like DaySy [15], LumiSolar [133],
Fladung ariel PV inspection [121], Sensors Unlimited [134], MBJ [135], and MRP

Energy [136] for outdoor luminescence imaging.

To summarize, the existing luminescence-based techniques for outdoor inspection are

limited either by:

1. The need to avoid strong ambient sunlight and only test at low light conditions
[98], [110], [120], [132],

2. The requirement for special hardware for biasing [15], [123], [131], [133],

3. The ability to image only one cell at a time [110], [132], or

4. The need to contact the module or string terminals [15], [98], [135], [136],
[121]-[123], [129]-[131], [133], [134].

The main advantages and disadvantages of different inspection techniques are

summarized in Table 2.3.

Table 2.3: Main advantages and disadvantages of different inspection techniques

Inspection Advantages Disadvantages
technique
Visual Simple and quick Identifies only faults that are
inspection visible to the naked eye
Identifies faults such as Cannot identify most of the
discoloration, delamination, bubble electrical faults
formation, snail trails and burnt
cells

-V Extracts important electrical Cannot measure individual
measurements parameters (lsc, Voc, FF, Rs, Rsh and modules (cells) in a string

n)
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UV fluorescence

Identifies faults caused by optical
degradation, degraded/broken
interconnects, BPD SC failure, cell
cracks, PID and CID

Identifies cell cracks and EVA

Only the overall string
(module) performance can be
determined

Limited to a specific time

imaging discoloration regime of field exposure
(>80 kWh/m2 UV dose for 1-
2 years)
IR Cost-effective, fast and contactless Identifies only defects that
thermography cause heating
Steady-state IR thermography Low sensitivity and low
identifies broken cell interconnects, resolution compared to
BPD SC failure, hotspots, cell luminescence imaging
cracks, shunted cells and PID
EL imaging provides high resolution spatially Requires power supply to
resolved information inject current
Identifies faults such as cracks,
series resistance effects, bypass
diode failure, LID, PID and CID
PL imaging Contactless measurement Requires an illumination

source

Identifies faults such as cracks,
series resistance effects, bypass
diode failure, LID, PID and CID

2.5 Extracting the current voltage characteristics of individual cells in a
module

Techniques mentioned in Sections 2.3 and 2.4 have proven to be helpful in identifying
performance limiting module faults. However, they all fail to provide more accurate and
specific information regarding the nature of each fault [105], [137], [138]. In order to
investigate the different degradation modes and their cause, I-V measurements of solar
cells are generally highly desirable [139]. From such measurements, both the injection
dependent lifetime [140] and the ideality factor [141] can be obtained, leading to a

detailed understanding of the underlying detrimental recombination mechanisms [141].

Currently, it is challenging to extract the individual cell I-V information when cells are
embedded in finished solar modules, as their terminals cannot be accessed electrically.
This section discusses the different methods in the literature that aims to extract this

information and their limitations.
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2.5.1 Techniques based on LBIC

Eisgruber et al. [142] presented a method using light beam induced current (LBIC)
measurements to extract the photocurrent and shunt resistance of individual cells in
thin-film modules. Vorasayan et al. [143] used a modified LBIC measurement, the
limiting laser beam induced current (li-LBIC) which is performed with background

illumination, to extract similar information.

2.5.2 Techniques based on shading

Several methods have been proposed to extract the 1-V characteristics of individual
cells of fully encapsulated PV modules that use multiple I-V measurements of the module
assuming specific shading on individual cells so they limit the current within the sub-
string. McMohan et al. [144] used complete shading and two terminal measurements with
the lock-in technique to measure Rsh of individual cells. Alers et al. [139] used the method
of partially shading individual cells in a module to determine Rs, and Isc from a collection
of 1-V curves of a module. By partial shading, a method to calculate Rs of individual cells
was proposed by Kim et al. [145]. A technique for extracting dark I-V curves of individual
cells in modules using the shading approach was presented by Bernardez et al. [146]; the
technique was then used to obtain the ideality factor and diode saturation currents (Jo1
and Jo2). The dark I-V curves of two different cells in a module, namely Cells 7 and 4, are
extracted using this method as presented in Figure 2.21. The method clearly demonstrates
the lower Rsn for Cell 7 compared to Cell 4. Combinations of shading were achieved by
Yandt et al. using shutters fitted to allow complete blocking or complete illumination of
cells for concentrating PV modules as shown in Figure 2.22 [147]. This was done to
extract individual cell degradation factors. An automated method to acquire current maps
of PV modules and individual cell 1-V curve was demonstrated by Koutsourakis et al.
[148] and it does not require mechanical shading on the cells. Instead, a commercial
digital light processing projector and compressive sampling is used to achieve the same
result. Blakesley et al. [149] recently presented a method to extract individual cell’s -V
parameters by shading each cell with many well-defined irradiance levels and using a

least-squares inverse problem to solve the electrical parameters of the equivalent circuit.
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Figure 2.21 1-V curves of two different cells in a module extracted using the method proposed by

Bernardez et al. [146].

Figure 2.22 Remotely operated shutters fitted to enable complete blocking or complete
illumination of cells in any combination [147].

2.5.3 Techniques using electroluminescence or infrared imaging

This section discussed the studies that use EL and IR imaging along with module-level

I-V data to extract the individual cell performance parameters.

Fruehauf et al. [150] developed a method to determine the individual cell parameters,
such as ideality factors and diode saturation currents in a module by analyzing ratios of
EL intensities between pairs of cells, together with the module I-V curve. Kéntges et al.
[118] and Potthoff et al. [117] proposed methods to obtain the voltage distribution of
individual cells based on the measured EL signal. Guo et al. [119] used the method

proposed in these two studies to construct the dark 1-V curves of individual cells by
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calculating the operating voltage of individual solar cells for EL images acquired at
different current injection conditions. However, this method is time consuming
considering that many images are needed with a different current injection. Recently,
Rajput et al. proposed a fast and simple technique that can determine Rs and dark
saturation current density (Jo) of each cell by extracting two EL images with a different
current injection which enables classification of cell’s performance into ‘good’, ‘under’

and ‘bad’ categories.

a) efficiency at U, .., b) fill factor c¢) power at mpp (/,, x U,,,w) d) I-V curves of single cells
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Figure 2.23 Cell performance parameters: (a) efficiency at MPP, (b) FF, (c) power at MPP and
(d) illuminated I-V curve [151].
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Bauer et al. [151] developed a method to provide more detailed spatially resolved
performance parameter data of cells in a module using EL, IR and DLIT imaging. Using
the proposed method, the obtained performance parameter such as n, FF, power and |-V
curve of cells in the module is presented in Figure 2.23. Although this method provides

detailed information, it is complicated as it demands many different measurements.

Note that all the methods discussed so far are limited by the necessity of accessing the

module terminals for the extraction of information.

2.6 Chapter summary

This chapter reviewed the important components of the PV system. It also reviewed
the variety of degradation modes found in fielded modules along with several inspection
techniques currently used to identify them. Different cell inspection techniques that
extract the |-V characteristics and enable a deeper understanding of the associated

degradation modes are also discussed.
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From the review, it has been observed that the basic inspection techniques involving
visual inspections are limited to identifying only the faults that produce visually
noticeable consequences, while the module 1-V measurements are limited in providing
information regarding the specific performance limiting region within the module. It is
understood that UV fluorescence is applicable only with modules with a specific time
regime of field exposure, whereas IR thermography is a cost-effective, fast and
contactless imaging-based technique but limited to identifying only the defects that cause
temperature changes. The reviewed existing luminescence-based imaging techniques are
found to be limited in terms of low light operation, need for special hardware, time

consuming cell by cell imaging or the need for contacting the module terminals.

This thesis presents a novel PL imaging technique for fielded modules that overcomes
all the above-mentioned limitations as presented in Chapters 3 and 4.

From the review on different encapsulated cell inspection techniques, it has been found
that the existing techniques require accessing the module terminals for extracting the
degradation information which demands a qualified electrician and sometimes
sophisticated equipment and methods. This requirement limits or even prevents the use

of these methods for a routine inspection of fielded modules.

This thesis presents an innovative technique that is fast, simple, cost-effective and

contactless in Chapter 5 to obtain implied I-V curves from encapsulated cells in a module.
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Chapter 3
Outdoor photoluminescence imaging*

It was established in Chapter 2 that PL imaging is a potentially useful characterization
technique to inspect solar modules in the field. In this chapter, the development of a novel
outdoor PL imaging system will be presented. This is the world-first tool to allow
contactless (without the need for contacting the module terminals electrically) outdoor
PL imaging. The system developed in this thesis uses the sun as the sole illumination
source to obtain PL images by separating the weak luminescence signal from the much
stronger ambient sunlight signal. The proposed method contactlessly modulates the

operating point of cells within a module.

3.1 Methodology

Acquiring PL images during daylight is challenging since the ambient reflected
sunlight from the measured modules is orders of magnitudes stronger than the peak of the
luminescence spectrum of crystalline Si devices at room temperature. Nevertheless, the
reflected sunlight is relatively low in the peak PL wavelength range due to the fortunate

fact that an atmospheric water vapor absorption dip exists in the spectral range 1100-1160

! This Chapter is partially based on:

Bhoopathy, R., Kunz, O., Juhl, M., Trupke, T. and Hameiri, Z., “Outdoor photoluminescence imaging of
photovoltaic modules with sunlight excitation,” Progress in Photovoltaics: Research and Applications,
26(1), pp.69-73, 2018.

Bhoopathy, R., Kunz, O., Juhl, M., Trupke, T. and Hameiri, Z., “Inspecting series resistance effects and
bypass diode failure using contactless outdoor photoluminescence imaging” in 7th World Conference on
Photovoltaic Energy Conversion, pp. 0377-0380, 2018.

Bhoopathy, R., Kunz, O., Juhl, M., Trupke, T. and Hameiri, Z., 2019. A simplified contactless method

for outdoor photoluminescence imaging. In 46th IEEE Photovoltaic Specialists Conference (pp. 2571-
2574).
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nm as shown in Figure 3.1. This dip is influenced by humidity, clouds, zenith angle of the
sun and the albedo of the earth’s surface [152].

Studying the dependence of the luminescence emission from a Si solar cell at different
operating points, the intensity of the PL emission, ¢p; can be closely approximated by

the exponential of the cell’s implied voltage, V; (Equation 2.1).
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Figure 3.1 Normalized solar cell luminescence spectrum compared with the typical solar
spectrum.

Under OC condition, the cell voltage is higher than the voltage under operating
conditions with current extraction, thus, stronger PL emission is expected at OC.
Extraction of carriers from the device results in a lower device voltage and hence, lower
PL emission. When the module is in SC or MPP condition, almost 100% or 95% of the
carriers are extracted, respectively (leaving only the so called voltage independent carriers
in the cell [153]), consequently resulting in a significant reduction in the PL emission
compared to OC condition. In other words, the PL emission at SC or MPP is proportional

to the carriers extracted in Isc or MPP current (Impp) , respectively.

Hence, by switching the operating conditions of the cells in a module, their PL
emission can be modulated. This principle allows separation of the Si PL emission from
the strong background sunlight during outdoor PL measurements, as will be explained
below.
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Figure 3.2 Contactless PL modulation by (a) not shading and (b) shading of a control cell, when
the module is operating at MPP.

For the following discussion, the module is assumed to be a part of a larger PV system,
with several modules connected in series and a string inverter keeping the entire string at
its MPP. Under standard operation, the MPP current (Imppsystem) flows through all cells as
shown in Figure 3.2(a). All cells in the module are connected in series, and hence, the
current flowing through an individual cell is determined by the current flowing through
the cell with the lowest light induced current that is connected to the same BPD. Therefore,
if the optical generation in one cell (from hereafter referred as the control cell) is zero

(fully shaded), it restricts the current flow through all other cells in the same sub-string
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(referred as the test cells in the rest of the thesis) forcing them to switch to OC condition
(or very close to it, as determined by the reverse current of the control cell). In this case,
the current flows via the alternative path through the BPD of the shaded sub-string, as
shown in Figure 3.2(b) [154]. Moreover, the current in the test cells can be limited to any
value lower than the module’s Isc by setting the appropriate optical generation rate in the
control cell. For example, if the control cell is illuminated with 0.75 Sun-equivalent light
intensity, the current extracted from the test cells in this sub-string will be 75% of the
short circuit current of the control cell lsccontrol. This will force the test cells to their
respective cell voltages at this current, while the excess current (Impp,system — 75%X lsc control)
is bypassed through the BPD. It should be noted that whenever the illumination intensity
on the control cell is sufficiently small SO Isccontrol < Imppsystem, the control cell is
reverse-biased by the other cells in the same sub-string. This is typically the case when
the illumination on the control cell is less than 95% (relative) of one Sun-equivalent
intensity. For a fully functioning module, this operating condition is considered safe as
each cell that is integrated into a module is tested during production to have a reverse
breakdown voltage higher than the sum of the forward voltages of all other cells in a sub-
string. Reverse bias of around -15V is expected for a fully shaded control cell in a typical
72 cells PV module with Vo of 650 mV [155]. However, since this reverse voltage is
applied to the control cell, a small leakage current flows can be measured in some cases
(depending on the cell reverse bias characteristics), even when the control cell is fully
shaded. This leads to a slight deviation from OC condition in the test cells, and thus to a
quasi OC condition. However, care needs to be taken if the corresponding BPD has an

OC failure, as discussed in Section 3.5.

Therefore, by exploiting a modulation of the carrier generation in the control cells,
different biasing conditions can be deliberately obtained in the test cells. Thus, in normal
field operation, the test cells can be switched between quasi OC condition (when the
control cell is completely in the dark) and any other operating point (OP) between quasi
OC condition and MPP, since the latter is the common condition for an operational PV

system when all cells are fully illuminated.

3.2 Proof of concept

In order to demonstrate the proposed method and to investigate the effect of ambient

sunlight intensity on outdoor measurements, spectral measurements are performed with
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a near-infrared spectrometer [156] pointing at a test cell on an outdoor PV module under

~one Sun illumination in the month of April in Sydney.

(a) Test cells at SC condition

Module terminals
-ve +ve
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Fibre optic cable

o
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(b) Test cells at OC condition

Shade
(cardboard)

Figure 3.3 Experimental setup for measurement of reflected spectra from one of the test cells,
while the control cell is (a) fully illuminated and (b) fully shaded.

A 60 cell (156 mm x 156 mm) commercial mc-Si module is investigated. The module
has a peak power output rating of 260 W and a cell voltage of 645 mV. The spectra of a
representative test cell in the module are measured with diffused and specular reflection
with shorted module terminals. Since switching between SC and OC is simpler and is
expected to result in higher PL emission compared to switching between MPP and OC,

the initial proof of concept was performed using those conditions. Two conditions are
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tested: (i) control cell is not shaded (fully illuminated by the sun), and (ii) control cell is
completely shaded (zero illumination) (Figure 3.3).
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Figure 3.4 (a) Measured spectra while the test cell is in OC and SC with diffuse and
specular+diffuse reflection; (b) extracted outdoor PL spectrum and indoor EL spectrum.

By changing the illumination conditions of the control cell, the test cells are switched
between OC and SC conditions. The spectra displayed in Figure 3.4(a) are measured

under two conditions: (i) specular reflection of direct sunlight from the module along with
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the diffuse reflection and (ii) only diffuse reflection. These measurements reveal that for
specular reflection [Scenario (i)], the measured ambient sunlight is about one order of
magnitude greater than that of Scenario (ii), highlighting that direct specular reflection of
sunlight into the detection system should be avoided for outdoor measurements. Note that
the sunlight spectrum strongly drops towards shorter wavelengths (<1100 nm), due to the

strong decrease in the reflectivity of PV modules at shorter wavelengths.

Measurements at SC and OC lead to two slightly distinct spectra in the 1000-1300 nm
wavelength band, where higher values are measured under OC conditions due to the
additional emitted Si luminescence. This small distinction between the spectra, shown in
the close-up inserts of Figure 3.4(a), reveals that the detected PL signal is very weak
compared to the ambient sunlight signal.

The Si luminescence spectrum can be extracted by subtracting the spectra obtained in
SC from OC. The comparison of this intensity difference to the EL spectrum taken
indoors is shown in Figure 3.4(b). Very good agreement is achieved with an average root
mean square (RMS) deviation of less than 7% in the wavelength range of 1000 to 1200
nm, which is noteworthy, given the small magnitude of the PL signal compared to the
ambient sunlight.

This preliminary experiment proves the feasibility of the proposed contactless
modulation concept, achieved here with a simple baffle placed over the control cell. Note
that similar results are measured if the cell is modulated between OC and MPP. The
experiment also provides evidence that a sufficient PL signal is present. It can be
measured even under the presence of very strong ambient sunlight. This is encouraging

and leads to the next section where the development of the imaging system is discussed.

3.3 Development of imaging system

For camera-based PL measurements, one of the key parameters is the ratio of the
desired PL signal to the total measured signal, which needs to be high. In this thesis, the

ratio is defined as:

— SOC (/1) - SSC (/1)
SOC (/1)

(3.1)

where Sy and Sg- represents the measured spectral intensity at OC and SC, respectively.
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Figure 3.5 presents this ratio together with the external quantum efficiencies (EQE) of
typical Si and InGaAs cameras [157]. The outdoor PL spectrum, taken from Figure 3.4(b),
is also presented. It can be seen that r peaks at a wavelength of 1124 nm. This is because
at that particular wavelength, the PL signal is relatively large while the sunlight signal is
relatively low, due to the dip in the solar spectrum as a result of water vapor absorption

as shown in Figure 3.1.
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Figure 3.5 Camera EQEs and the r ratio as a function of wavelength.

The difficulty of taking PL measurements in the sun increases with decreasing .
InGaAs cameras are most appropriate for outdoor PL measurements since r peaks at
wavelengths greater than 1100 nm, where Si cameras have a very poor quantum
efficiency of less than 2%. Due to the steep drop in r at both longer and shorter
wavelengths, a commercially available bandpass filter with cut-on and cut-off
wavelengths of 1125 nm and 1150 nm, respectively, is chosen to be mounted in front of

the camera lens.
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Figure 3.6 Schematic diagram of the experimental outdoor PL setup.

The proposed modulation approach is implemented in an outdoor PL system, as
schematically shown in Figure 3.6. The system consists of a thermoelectrically cooled
InGaAs camera [158], [159] with the aforementioned optical bandpass filter. The InGaAs
camera has a sensor resolution of 640x512 pixels, an analog to digital conversion
resolution of 14 bits, a quantum efficiency greater than 60% in the relevant wavelength
range, and a maximum frame rate of 25 frames per second. An external frame grabber
[160] with a frame buffer of 120 MB is used to temporarily store and transfer the images

to a computer through a USB 3.0 bus.

Table 3.1: Light generated current for different LED

LED Parameter
Warm white Ise
Cool white 0.91 x Iy
Red (660 nm) 0.45 X I

A high-power light emitting diode (LED) is chosen to be placed on top of the control
cell instead of a baffle, to physically block the sunlight from the control cell and therefore
imposing OC condition in test cells. Turning the LED ON (irradiating the control cell
with one sun or slightly above one sun equivalent light intensity) and OFF toggles the test
cells between MPP and OC, respectively, while the module is operating in MPP condition

by an electronic load [161] connected to its terminals. Using LEDs has the advantages of
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3 Outdoor photoluminescence imaging

(1) precisely changing the irradiation on the control cell and (ii) achieving a high
frequency switching that can be synchronized with the camera capture. Another option to

shade instead of LED is to use percentage mesh-based shading to achieve different
irradiation.
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Figure 3.7 Measured PL spectra obtained with different LEDs.

To select the appropriate LED, three different 500 W commercially available LED’s

2 [13

arrays namely “warm white”, “cool white” and “red” (660 nm) are investigated. The
LEDs are mounted on top of a reference cell and the PL spectrum is measured using an
InGaAs spectrometer [156] when the cell is at OC condition, as shown in Figure 3.7.
Additionally, the light generated current for each LED is measured while the reference

cell is in SC condition, as presented in Table 3.1.

Since the warm white LED generated most carriers, it is selected for the system. The
LED’s switching time is measured and the turn ON and turn OFF delay are found to be
40 ps and 3 ms, respectively. Due to the LED ability for fast switching, it does not
constrain the image acquisition rate to 25 frames per second. Since the BPD is a passive
electronic component, it reacts very quickly (less than 10 ps) to the variations in
illumination intensity on the control cell, enabling the above optical modulation to be
carried out with sufficiently high frequency. The camera acquisition is synchronized with

the LED switching to acquire the outdoor PL image pairs using a control signal from the
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computer. The use of the developed imaging system to obtain successful outdoor PL

images is discussed in the next section.

3.4 Outdoor photoluminescence image

The proposed method is subsequently applied to a commercial mono-Si PERC module
(Voc = ~660 mV/cell). Figure 3.8 presents the image of the module exposed to ~one Sun
illumination captured by the outdoor PL system. The module is operated at MPP
condition using an electronic load [161] maintained at MPP voltage. During the
measurement, the test cells are switched between OC and MPP. As observed in Figure
3.8(a-b), even with suitable optical filtering, the emission captured by the camera under
both conditions is dominated by the ambient diffused sunlight. Only after subtracting the
MPP image from the OC image, eliminating the large fraction of almost constant ambient
light, the PL image is obtained [Figure 3.8(c)]. In this thesis, the two images taken at
different operating points are referred to as an ‘image-pair’ and the PL image obtained
from them as an outdoor PL image. Note that, in this process, the PL information of the
control cells is lost. It can, however, be obtained by repeating the same process selecting
different cells as control cells and stitching them into a single image. Therefore, at least

two images are required to image the entire module.

(a) Test cells in OC
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(b) Test cells in MPP (c) Outdoor PL image

60000 800

45000 600
400
15000 200 §

0

Figure 3.8 Image captured by the outdoor PL system while the test cells are switched between (a)
OC and (b) MPP and the corresponding (c) difference image; The scale on the left represents the

intensity in counts.
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The outdoor PL image quality can be enhanced by obtaining multiple image pairs. To
obtain multiple image pairs, the LEDs are sequentially turned ON and OFF during the
synchronized image acquisition. This measurement procedure is referred to as sequential
measurement in this thesis. The average pixel counts from sequentially captured images
under approximately one sun condition are shown in Figure 3.9 (a). An increase in the
pixel counts is observed while the LED is OFF, representing the additional PL signal on
top of the constant ambient sunlight signal. In this case, the additional signal is about 1.6%
of the ambient signal. Note that the change in the overall measured average pixel counts
is due to the change in sunlight intensity during the measurement. In the case of multiple
image-pair acquisitions, the resultant outdoor PL image is obtained from the difference
between the average of all images taken with the LED OFF and the average of all images
taken with the LED ON.
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Figure 3.9 (a) Measured average pixel counts of images of a mono-Si PERC module. Resulting

average outdoor PL image of the module considering (b) 1, (c) 4, and (d) 25 image-pairs (close-
up of the highlighted cell is shown as an insert in the bottom left corner).
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The impact of the number of the taken image pairs on the quality of the outdoor image
is shown in Figure 3.9(b-d). The insert in the bottom left corner presents a close-up of the
highlighted cell, illustrating the capability of the proposed method to provide detailed
outdoor images of defects even at the cell level. In this measurement, the field of view of
the camera was set to the entire module size, which corresponds to a spatial resolution of
about 3 x 3 mm? per image pixel. The figure qualitatively illustrates that although the
image quality is improved when a larger number of image-pairs are averaged, averaging
of only four image pairs (total image acquisition time of 320 ms) is sufficient to clearly
identify severe module defects, such as cracks and isolated regions. It is noteworthy that
overall poorly performing cells can already be identified with only a single image-pair.
As future cell technologies obtain higher voltages, the PL intensity significantly increases;
hence, a shorter acquisition time will be required in the near future to obtain high-quality
images. A detailed quantitative analysis of the image quality will be provided in Chapter 4.

3.5 Bypass diode failure inspection using PL emission

Bypass diode failure is very common in PV systems [57] and poses an increased hot
spot risk that stems from the fact that no BPD protection exists in the affected sub-string
as discussed in Chapter 2. In this section, | propose a method to contactlessly identify OC

bypass diode failure in the field.

The basic idea for contactless BPD testing is related to the imaging approach discussed
above. Essentially, the variation in luminescence intensity in the test cells of a particular
sub-string relies on the presence of a functioning BPD. If the BPD is in OC or missing,
then the modulation of the illumination intensity of the control cell will not result in a
modulation of the operating point of the test cells, and therefore no variation of the
luminescence emission will be detected. In this case, the normal maximum power current
is forced through the control cell, exactly the scenario that the BPD is designed to avoid.
This approach assumes that the system is sensitive enough to measure the change in
emitted luminescence that would occur from switching, as well as that there is enough
voltage to reverse bias a single cell. Both assumptions are generally fulfilled in typical

PV systems.

3.5.1 Modelling

LT-Spice [162] is used to simulate a 72 cell PV module in the field for different control

cell shading fractions, in the presence or absence (equivalent to BPD at OC) of a BPD, as
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shown in Figure 3.11. The shading fraction is changed in the simulation by changing the

light generated current I of the control cell, while the module is kept at MPP voltage.

In the presence of the BPD (solid lines), as shading is increased, the light generated
current in the control cell, and therefore the sub-string current decreases linearly once the
intensity on the control cell drops by more than approximately 5% as shown in Figure
3.11(a). As aresult, the operating point of the test cells shifts from MPP towards OC, and
the emitted PL from the test cells increases correspondingly. Note that the emitted PL, in
this case, is calculated from the cell terminal voltage as it is exponentially related (from
Equation 2.1).

V
Switch
i BPD
24cells : 2l : -
Sub-string = - - : . s
Control
cell
-
| Rqh I1 I, | Parameters:
. A |
IL=9.75A
R, =0.0015 Q
[] ] Rsh =30Q
los= 4x10-11 A
R, loo= 6x106 A

Figure 3.10 Schematic of simulation used in LTSpice to understand the impact of OC BPD failure
when the control cell illumination is changed.
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In contrast, without BPD (equivalent to BPD in OC), shading of the control cell does
not change the current through the sub-string, but instead, the shaded cell enters full
reverse breakdown and the sub-string current (dashed blue line) remains constant. In this
case, the PL emission from the test cells (dashed purple line) remains unchanged, thereby
making the BPD OC failure detectable.
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Figure 3.11 (a) Sub-string current and PL intensity from test cells as a function of the shading
fraction of the control cell with working BPD and BPD with OC failure; (b) test cell PL and
control LED intensity as a function of time for sequential switching.
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Figure 3.11(b) illustrates the resulting PL signal when the sub-string undergoes the
sequential switching procedure with functioning BPD (solid orange line) and with BPD
in OC failure (dashed purple line). In the presence of a functional BPD, the modulation
of the control cell modulates the luminescence emission from the test cells between ~99%
(similar to the emission at OC) and ~5% of the maximum PL emission (equivalent to the
emission at MPP). On the other hand, with the BPD failed in OC, the luminescence from
the test cells remains unchanged at ~5%, resulting in zero PL signal in a outdoor PL image.

3.5.2 Experiment

The proposed BPD OC failure test is experimentally demonstrated outdoors under full
sun-light using a nine cell mini-module, by connecting and disconnecting a BPD across
its terminals as shown in Figure 3.12. During the tests, the module is operated at its Ivpp
using an electronic load [161]. The PL emission is measured from one of the test cells
using an InGaAs photodiode with the bandpass filtering (1125-1150 nm) and a current
pre-amplifier, as spatial information is not required for this test. The results, as displayed
in Figure 3.13, agrees well with the modelling shown in Figure 3.11(b). Note that when
the LED is ON, the measured intensity (~4.26 a.u.) is the sum of PL intensity at Impp system
(~5% PL compared to the maximum PL at Vo) and the large constant ambient signal that

reaches the detector.

Additionally to the approach using an InGaAs photodiode the BPD failure
identification is also demonstrated using outdoor PL imaging as shown in Figure 3.14.
The experimental data confirm the modelling as no PL signal is measured from the test
cells with the BPD absent (or in OC).

In summary, OC BPD failure reveals itself during outdoor PL imaging through the
inability to contactlessly switch the sub-string from MPP to any other biasing condition
and the resulting lack of PL in the difference image. Compared to the existing methods
discussed in Chapter 2, this method is cost-effective and is easily applied as it is
contactless. Note that the PL imaging technique proposed here is not capable of detecting
BPD failed in SC.
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Figure 3.12 Experimental setup for OC BPD testing using a photodiode.
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Figure 3.13 Test cell signal (PL + diffusely reflected ambient sunlight) and control LED intensity,
as a function of time during sequential switching. The measurement is performed using a mini
module with BPD (a) working and (b) failed in OC condition.
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Figure 3.14 Outdoor PL image of a test module with bypass diode (a) intact and (b) failed in OC
condition.

3.6 Impact of module-level power electronics

String and central inverters are commonly used in large scale PV power systems [163],
as discussed in Chapter 2. MLPE, including micro-inverters and DC-DC power
optimizers, have become popular for systems with partial shading issues due to their
ability to maximize the system power output [164]. Since modules incorporating these
technologies are more resilient to power loss and hot-spot formation under partial shading
conditions, they are commonly used in roof-top systems and systems that are likely to be
affected by shading [35].
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Figure 3.15 Outdoor PL testing on 12 kW east-west facing solar array in Australia.
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Impact of module-level power electronics

If a string or a central inverter is connected to a large-scale PV system, it may not react
to the loss of a third of a single module power (shading of the control cell in a sub-string),
since the MPP tracking is done at the string level or system level. Thus, with these types
of inverters, the proposed approach of sequential measurement is expected to work well.

(a) Control cell shaded (b) Control cell unshaded
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Figure 3.16 Image captured by the outdoor PL system while the control cell is (a) shaded and (b)
unshaded and their corresponding (c) difference image.

To test the developed method with MLPE, measurements are done using a 5B [165]
east-west facing 12 kW foldable solar array consisting of mc-Si PERC module, as shown
in Figure 3.15. The system consisted of two 5 kKW string inverters [166] and a DC-DC
power optimizer [167] connected to each module. The images captured by the system are
shown in Figure 3.16, while the control cell is shaded and unshaded using a baffle. It
seems the developed outdoor method is unable to provide high-quality outdoor PL images
of this particular PV system. Note that different scales are used in this figure. Although
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the baffle looks bright in the difference image, its mean intensity counts are just ~95

counts.

To investigate the applicability of the sequential measurement in the case of systems
with MLPE, the terminal current of a 190 W mono-Si Al-BSF module connected to a
micro-inverter (UNIV-M248 from Suzhou Universal-Power [168]) is measured while the
LED placed on the control cell is switched from ON to OFF and back to ON (Figure 3.17).
When the LED is turned OFF, the module current switches to zero essentially instantly.
However, when the LED is turned ON again, it takes approximately six seconds for the
current to reach MPP. Note that the noise in Figure 3.17 in the measured current might
be due to the micro-inverter electronics constantly tracking the MPP of the module. The
current drop to zero is attributed to the internal safety features of the microinverter.
However, switching the LED to ON (similar to un-shading the control cell) doesn’t allow
the module to return to its MPP condition instantaneously. This could be because as such
a dramatic and instantaneous change in MPP requires the MLPE to perform a global
rather than a local MPP sweep. Such a long delay and the possible change in ambient
sunlight condition in this time frame, makes the previously proposed sequential
measurement technique (with a typical LED switching time of 40 ms) incompatible with
systems with MLPE.

Module current (A)
LED status (1-ON ; 0-OFF)

0
0 2 4 6 8 10 12 14 16 18

Time (sec)
Figure 3.17 The current output of an Al-BSF module connected to a micro-inverter when the
LED on top of the control cell is switched from ON to OFF and back to ON.
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3.7 Chapter summary

This chapter described the methodology, design and development of a novel outdoor
PL imaging system that can acquire PL images of solar modules during daylight
conditions in a contactless manner. It is also presented how PL emission on field installed
solar modules can be used to detect BPD OC failure in the field with a cost effective and
simple method. Finally, a problem of onboard electronics of MLPE is discussed in the
context of not allowing the switching between OC to MPP, as required by the proposed

method.

To overcome this problem, the next chapter proposes a new contactless method called
batch measurement. This measurement approach is simpler to apply than the sequential
method and is expected to work with all types of electronics currently used for

implementing MPP tracking and DC to AC conversion.
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Chapter 4
Batch measurement of outdoor photoluminescence
imaging: Technical considerations and applications?

This chapter proposes a simplified approach for outdoor PL imaging, called batch
measurement. This approach overcomes some of the problems of the sequential approach
presented in the previous chapter, including its main limitation of being incompatible with
PV systems featuring module-level maximum power point tracking. The obtained image
quality by the two approaches is analysed quantitatively and compared with the standard
EL method. This chapter also investigates the impact of several factors, such as time of
day of the measurement, Voc and Rsn of the control cell. Additionally, it discusses the use
of the proposed technique to quantify Rs losses in PV modules. Finally, the method is

demonstrated using a solar race car and outdoor imaging of modules.

4.1 Methodology

For the sequential measurement explained in Chapter 3, the operating condition of the

module is switched between two consecutive images. In contrast, for the batch

2 This Chapter is partially based on:

Bhoopathy, R., Kunz, O., Juhl, M., Trupke, T. and Hameiri, Z., “Inspecting series resistance effects and
bypass diode failure using contactless outdoor photoluminescence imaging” in 7th World Conference on
Photovoltaic Energy Conversion, pp. 0377-0380, 2018.

Bhoopathy, R., Kunz, O., Juhl, M., Trupke, T. and Hameiri, Z., “Photoluminescence based characterization
techniques for photovoltaic modules in the field” in 28th Annual NREL Silicon Workshop, 2018.

Bhoopathy, R., Kunz, O., Juhl, M., Trupke, T. and Hameiri, Z., “Photoluminescence imaging of field
deployed modules using contactless switching” in Asia Pacific Solar Research Conference, 2018.

Bhoopathy, R., Kunz, O., Juhl, M., Trupke, T. and Hameiri, Z., “A simplified contactless method for
outdoor photoluminescence imaging” in 46th IEEE Photovoltaic Specialists Conference, pp. 2571-2574,
2019.

Bhoopathy, R., Kunz, O., Juhl, M., Trupke, T. and Hameiri, Z., “Outdoor photoluminescence imaging of
solar panels by contactless switching: Technical considerations and applications” Progress in
Photovoltaics: Research and Applications, 28(3), pp.217-228, 2019.



4 Batch measurement of outdoor photoluminescence imaging

measurement, the first set of images is taken when the control cell is illuminated, while
the second set of images is taken when it is shaded. In this approach, the test cells are
switched only once from MPP (or any other operating point) to OC to create the final
image. The final outdoor PL image is obtained from the difference between the average
of all images taken with the LED OFF (test cells in OC condition) and the average of all
images taken with the LED ON (test cells in MPP condition) equivalent to the sequential

approach.

The difference between the two measurement approaches is illustrated in Figure 4.1
with the average pixel counts calculated from eight images using a mono-Si PERC
module with a cell Voc of 660 mV (as used before in Section 3.4).

(a) Sequential measurement
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Figure 4.1 Average pixel counts (blue circles) from the module area obtained from (a) sequential
and (b) batch measurements with the corresponding LED status. Note that LED ON corresponds
to MPP and LED OFF to OC condition, respectively.

The average pixel counts while the LED is ON (around 24,320 counts) is proportional
to the diffuse ambient sunlight reflected from the module during the measurement. The
additional average pixel counts (around 420 counts) observed when the LED is OFF
compared to the case when the LED is ON, is due to the emitted PL signal at OC condition,

as observed before in Figure 3.10(a). From the data, the PL component is calculated as
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~5% which is the difference between two images measured with LED is ON and LED is

OFF, respectively divided by the bias offset corrected signal in a single image:

420
24320 — 16499
The bias offset (16499 counts) presented in Equation 4.1 is explained in detail including

x100 = 5.37% (4.1)

its measurement procedure in Section 4.3. However, this component can differ

significantly depending on various factors as will be discussed in Section 4.5.

A qualitative comparison of the image results between the proposed methods is

provided in the next section.

4.2 Comparison between sequential and batch measurement

The two proposed measurement approaches are compared in this section using the
mono-Si PERC module from Section 3.4.

To ensure a valid comparison between both approaches, a single image dataset of 400
images obtained at close to one Sun illumination condition using the sequential
measurement approach (Sequential parent data) is used. From this dataset, two subsets of
200 images are selected to reproduce (a) a sequential and (b) a batch measurement data
set. During the measurement, the module current is kept constant at Impp of the unshaded
module while the test cells are modulated by the control cell illumination between OC
and MPP. The average pixel counts (average signal from all test cells) from the parent
sequential dataset and constructed sequential and batch subsets are shown in Figure 4.2
as a function of the number of captured images. The close-up shown in the bottom graph
corresponds to the ten captured images on either side of the central switching point

(indicated by the vertical purple dashed line in Figure 4.2).

To assess the image quality, outdoor PL images were determined from each of the
constructed datasets (sequential and batch) of 100 image pairs from the difference
between the average of all images taken with the LED OFF and the average of all images
taken with the LED ON. The constructed datasets and the corresponding outdoor PL
images are shown in Figure 4.3 displayed on the same intensity scale. For batch mode,
the resultant outdoor PL image is significantly darker than the image obtained in
Sequential mode. This intensity offset is caused by the variation in sunlight intensity
(decreasing intensity) during the measurement, impacting the individual image intensities
which in turn changes the intensity of the final outdoor PL image. The pixel values along
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a cross-section of each image (as marked in Figure 4.3) are shown in Figure 4.4. The
figure reveals a difference of about 50% between the Sequential and Batch measurements.
This effect can be easily corrected for as will be demonstrated below.
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Figure 4.2 Measured average pixel counts of captured images during the parent sequential dataset
(green circles) from which the sequential (blue pluses) and batch (red crosses) measurement data
sets with equivalent sunlight conditions are constructed. The bottom plot represents a close-up of
the top plot with ten captured images on either side of the central switching point indicated by the
purple dashed line.
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Figure 4.3 Measured average pixel counts of captured images (left) and the corresponding
outdoor PL images (right) taken using (a) sequential and (b) batch methods for 100 image-pairs.
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Figure 4.4 Average pixel value across the highlighted cross-sections (blue and red lines) of the
batch and sequential outdoor PL images in Figure 4.3 (right).

The changes in sunlight intensities during the measurement can be corrected for by

dividing each individual image by an intensity correction factor (ICF) resulting in an

“offset corrected batch” measurement as shown in Figure 4.5.

The ICF is calculated for the i" image as the ratio between the average pixel count of

the i image, St_j, and the average pixel count of all the captured images after subtracting

the camera bias offset (as will be explained in Section 4.3), considering only an

83



4 Batch measurement of outdoor photoluminescence imaging

unmodulated module area. Note that the term unmodulated refers to an area in the image
from which luminescence emission is not expected, e.g. the backsheet between cells or
areas of unmodulated sub-strings. The signal from these areas is a direct measure of the
ambient sunlight intensity.
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Figure 4.5 Outdoor PL images resulting from (a) sequential and (b) offset corrected batch
measurement for 100 image-pairs with their respective (c) average pixel value across the shown
cross-sections highlighted in (a) and (b).
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The following formula is used to calculate the ICF for the i image in the sequence,

where (x,y) is the pixel index of the unmodulated image area with axb pixels:

Lr=1 Z£=1 Sei(xy)
T
IS Ry T Sy

where n is the total number of images. Alternatively, the sunlight factor can be calculated
using a reference detector constantly recording sunlight changes during the measurement.
This offset could be minimised for a certain number of image-pairs by using a camera
with a higher frame rate which will reduce the time interval between the consecutive

image acquisition.

The image quality of the outdoor PL images obtained by these two measurement
approaches is quantitively compared in the following sections.

4.3 Determination of camera noise parameters

Signal to noise ratio (SNR) is a common metric used for evaluating and assessing
image quality. For estimating the SNR of an image, quantification of the different noise
sources and their contribution to the total noise are essential. This section aims to quantify
the different noise parameters of the Xeva-1713 InGaAs camera used in this study [158].
Note that this camera is an old Xenics infrared camera and thus the camera specifications
by the manufacturer is unavailable. The detailed noise analysis procedure presented here
can be followed for noise quantification of other cameras used for indoor and outdoor

imaging applications.

The photons incident on the camera detector generates the so-called photoelectrons
that are converted to grey level digital units (counts) by an electronic readout circuit
(amplifier) and the analogue-to-digital converter (ADC). The ratio of the number of
photoelectrons and the counts is referred to as the gain that is commonly measured in
units of electrons per count. In reality, the photoelectrons are not converted into the same
number of grey levels making counts impractical for quantifying signal. Therefore,
quantifying the signal in terms of photoelectrons (e) is recommended as these are real-
world values for intensity measurement that allow consistent signal comparison between

different types of cameras [169].

Noise in the acquired image can be classified into three different components as listed

below:
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1. Read noise, oro: The noise is introduced due to the variability associated with the

process of converting the photoelectrons to digital counts [169].

2. Shot noise, os: Photons constituting the signal arriving one by one at random
intervals constituting the signal and thus, carry a statistical variation in their
arrival rate, known as shot noise [170]. This noise follows a Poisson distribution
exhibiting a square root relationship between the signal and noise [169]. The
relationship is given by 6>=®; texp, Where @y is the flux in e/s of the measured
signal and texp is the image exposure time in seconds. In essence, for a particular
image, the shot noise in each pixel is given as the square root of the total number
of photoelectrons.

3. Dark noise, oq: Due to thermal excitation, electrons are also generated within the
camera sensor in the dark. The associated signal is independent of the light falling
on the sensor and still contributing to the brightness of an image [170]. The
temperature of the camera chip has a strong impact on the dark current. Cooling
the chip reduces the dark current, thereby lowering the associated dark noise and
total noise. In an ideal case, the dark signal can be sufficiently reduced, so that the
light signal significantly exceeds it, reducing or eliminating its impact. The dark
noise also follows Poisson distribution and therefore, its variance is given by
64?=Dq texp, Where @qis the flux in e/s of thermally generated electrons created in
the sensor [169].

The total noise in a camera is given by [169]:

c= \/Gsz + Gdz + Groz = \/(Ds texp Dq texp T (5ro2 (43)

The camera offset bias represents the non-zero value of every pixel, even in the
absence of light or dark signal. The camera offset bias is subtracted from the measured
signal as it is present in any electronic data acquisition system that involves ADC and
does not contribute to the measured signal [169]. This offset is typically large for InGaAs
cameras [171]. Substituting @ texpt®a texp= S, Which is the total signal measured by the

camera after subtracting the camera offset bias for a specific te.p, the total noise is given

by:

O = 4/ St + (Sr()2 (44)
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The variance of a difference image (o4 in €) is calculated from two images of the
same sample under identical imaging conditions taken in short succession and is given as

the sum of the variances in both images:
O'diffz = 2St + 26r02 (45)

Photoelectrons are converted to digital counts that are typically recorded by the computer
(represented by suffix c in each of the terms below) by multiplying them with the camera

gain, g (S¢= gSt.c):
gzcdiff_cz =295+ 2920r0702 (4.6)
Simplifying the above equation:

2
Odiff ¢ _ Stc o 2
2 g ro_c

4.7)

Thus, the slope and intercept of the linear relationship between the variance of difference
images and the signal (in counts) acquired with different t.., allows determination of 1/g

and o, .2 via a least-squares linear fitting procedure.

To find the offset bias of the used InGaAs camera [158], the mean dark signal from
the dark image (no light is entering the camera) is obtained for different te.,. The resulting
data are plotted in Figure 4.6. From the slope and intercept, ®4 and offset are found to be
8,772 counts/s and 15,863 counts, respectively. Note that all the following measurements
were performed with a frame grabber [160] connected to the camera and the camera gain

and temperature were set to the highest gain mode and -65 °C, respectively.
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Figure 4.6 Mean dark signal measured by InGaAs camera as a function of dark exposure time.

Subsequently, ®s can be determined in the same way, however, using EL emission
from a relatively uniform solar cell without micro cracks and dislocations. The
measurements are done with the camera without lens or filters by mounting the camera
sensor right on top of the solar cell. This ensures that the solar cell is completely out of

focus for the camera and illuminates the sensor homogeneously.
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Figure 4.7 Mean EL signal measured by InGaAs camera as a function of exposure time.
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Figure 4.8 Offset corrected mean signal as a function of the variance of the difference

image measured from two EL images.

From the slope of the plot presented in Figure 4.7, ®s is found to be 327,631 counts/s.
Note that the offset obtained from this plot (16,499 counts) is ~4% higher compared to
that obtained from in Figure 4.6 which is attributed to a repeatability error as similar
offsets are expected from both measurements. As the EL signal is stronger compared to
the dark signal (in Figure 4.6), the linear fitting is more accurate and reliable and therefore

the offset from the EL measurements is used for analysis.

The variance of a difference image is calculated using two images measured with
identical exposure time divided by two as a function of the bias offset corrected signal in
counts of the individual image St ¢ (EL signal — offset) is obtained for different tex, and
presented in Figure 4.8. From the slope and intercept, the g of the camera and o, are
found to be 30.58 e/counts and 43.92 counts, respectively (Equation 4.6). The determined
readout noise is quite high, probably due to the high dynamic range of the sensor used in

this camera [158]. This is posing a limitation in using this camera for outdoor PL imaging.
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Figure 4.9 Different components of camera noise.

The measured camera parameters are summarized in Table 4.1. The different

components of the total camera noise as a function of exposure time calculated from the
summarized parameters are illustrated in Figure 4.9.

It is observed that the total noise is influenced mostly by the readout noise. Although
the shot noise constitutes of emitted PL signal (PL component) and the diffuse ambient

sunlight reflected from the module (reflectance component), it is mainly influenced by
the reflectance component.

Table 4.1: Measured camera parameters

Parameter Symbol Measured value
Gain g 31 e/counts
Offset S, 504,539 e
(16,499 counts)
Readout noise Oro 1,343 e
(43.92 counts)
Dark current by 268,248 els
(8,772 counts/s)
Photocurrent (O} 10,018,956 e/s

(327,631 counts/s)
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Figure 4.10 Different components of noise in the image captured (a) in Figure 4.2 and (b) with
a maximum count rate of 65,536 counts.

Figure 4.10 compares the contribution of each noise component to the total noise of
the image captured when PL is present (LED OFF) for the maximum possible count rate.
As can be seen, in this case, about two-thirds of the noise is due to the readout noise,
followed by shot noise of the reflectance signal captured by the camera. Figure 4.2 also
presents a case when the camera’s maximum possible count rate of 65,536 counts is used

for which both readout and shot noises contribute almost equally.

In summary, for this camera, the total noise is strongly dominated by the readout noise
for images in which the signal is significantly below the maximum count rate of
65,536 counts (2,004,090 e, Figure 4.9). For the maximum count rate, the read noise and
shot noise contribute about equally. To minimize the relative impact of the readout noise,
it is recommended to use the maximum possible range without saturating the sensor,

minimizing the number of image-pairs captured.
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4.4 Determination of SNR for outdoor PL images

The signal in the outdoor PL images is given by the difference in S; between images
corresponding to LED OFF (St orr) and LED ON (St on) conditions, as this represents the
PL signal. Therefore, the SNR for single and n image-pairs considering a pixel in outdoor
PL images is given as [169]:

t_ON

SNR1 _ St_OFF -3 (4 8)

2
St_OFF + St_ON +20,

n

Z ( St_OFF,i - St_ON,i)

SNR, = —— = (4.9)
Z(SI_OFFJ + St_ON,i)+ 2no,,’
i1

where the numerator and denominator represent the signal and noise (from Equation 4.4),
respectively. Note that in the above equations, S; orr and S on represent the signal in

photoelectrons after offset correction as discussed before.

In the case of outdoor PL images, the signal is influenced by the PL emission from the
module that changes linearly with changes in the incident light intensity (as will be

investigated in Section 4.5.1) and is exponentially related to the cell Vo (Section 4.5.2).

The signal, noise and hence, SNR estimated for the sequential, batch and offset
corrected batch approaches (corresponding to the data set of Figure 4.2) are shown as a
function of the number of image-pairs in Figure 4.11. Note that increasing image-pairs is
considered from the switching point outwards for all three approaches: for n image-pairs,

n/2 images from the left and right of the switching point are considered.

The noise from all three methods is the same since they all have the same measurement
conditions, thus, having the same dark, shot and readout noises. The dashed black line
indicates the minimum acceptable SNR for industrial and process control outdoor
imaging as suggested by the IEC standard [79]. It seems that only 7, 9 and 15 image-pairs
are required to achieve this IEC’s requirement for sequential, batch and offset corrected
batch measurements, respectively. This just takes 560, 720 and 1,200 ms of acquisition

time.
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Figure 4.11 (a) Signal and noise, and (b) SNR as a function of the number of evaluated image-
pairs. The dashed line in (b) represents the minimum acceptable SNR for outdoor imaging as
suggested by the IEC standard [79].

Although the image quality seems similar (Figure 4.3), the SNR of the batch
measurements is lower than that of the corresponding sequential measurements. This is
because of the lower PL signal in the batch measurements, as the sunlight intensity was
reduced during this specific measurement. Note that if the sunlight had increased, the

opposite would be observed, i.e. a higher SNR for the batch measurements. This impact
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on SNR is a pure artefact as the actual noise in all three approaches is similar and SNR

reflects the offset due to sunlight intensity that can be corrected.

As discussed above the sequential measurement has the advantage of being more
robust to sunlight intensity changes, however, it has a severe limitation of not being
applicable to systems with module-level MPP tracking. It seems that the offset corrected
batch measurement overcomes this limitation and has the added advantage of being
relatively simple and convenient compared with the sequential approach, as it removes
the complexity of synchronizing the camera image acquisition with the irradiance
switching on the control cell. Therefore, for the rest of the thesis, all the outdoor PL
imaging measurements are performed using the offset corrected batch measurement

approach, unless specified.

4.5 Impact of different factors on outdoor PL image quality

In this section, the impact of different factors, such as incident light intensity, cell Vo
and control cell shunting, on the obtained SNR of outdoor PL images is investigated.
During these measurements, the test cells are modulated between OC and SC conditions.
Note that as the image-pairs are obtained in close intervals, the subtracted PL image is

insensitive to temperature.

4.5.1 Impact of incident sunlight intensity

In order to investigate the impact of the sunlight intensity on the SNR, an encapsulated
multi-Si PERC solar cell with a cell Voc of 655 mV is used (Figure 4.12). The
measurements were performed throughout a sunny day (25" of March in Sydney), while
the cell is mounted at a fixed tilt angle of approximately 34° facing north. The
measurements were performed from 11:52 A.M. (solar noon) until the late afternoon
(4:02 P.M.). During the measurement, the Isc of the cell was measured from which the

irradiance was estimated.

The signal, noise and the corresponding SNRs obtained from 100 image-pairs for
different incident light intensity are shown in Figure 4.13(a) and (b). The SNR as a
function of numbers of image-pairs for different incident light intensity is presented in
Figure 4.13(c). The signal and noise increase for increasing light intensity. Overall the
noise has a linear relationship with the increasing light intensity, as this camera is

dominated by both the readout noise and the shot noise.
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Figure 4.12 PL image of the multi-Si PERC solar cell.

The corresponding SNR, thus, changes linearly with the incident light intensity. From
Figure 4.13(c), it is observed that at noon, four image-pairs (320 ms measurement time)
are needed for IEC’s minimum SNR requirement of 15, whereas at 4 P.M., 15 image-pairs
(1200 ms measurement time) are required if the same exposure time is used. In the
experimental data shown in Figure 4.13, the exposure time is fixed, and therefore multiple
image-pairs are needed to achieve a similar SNR. However, since the used camera is
dominated by the readout noise, it will be beneficial to minimize the number of
image-pairs and increase the exposure time such that the maximum sensor capacity is
used without saturating the sensor, as discussed in Section 4.2. Moreover, since the dark
noise of the used camera is low (Section 4.2), the total noise will remain unaffected by
dark noise, irrespective of changes in the exposure time. The same SNR can be achieved
at 4 P.M. by increasing the exposure time to reach the same PL signal that was captured
at noon. Because the measurement time is far less than 1 sec overall, changing the

exposure time is not a limitation for outdoor PL imaging.

Therefore, reaching a specific SNR is associated with reaching a minimum PL signal
with the minimum number of image-pairs as possible (to minimize readout noise), which
takes longer when the sun is less intense. For an ideal cell, the PL signal scales linearly
with illumination intensity, unlike a shunted cell or cell with an ideality factor greater

than one.
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Figure 4.13 (a) Signal and noise, and (b) SNR for 100 image-pairs and (c) the SNR computed
for different incident light intensities across one day (March 25", Sydney).
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4.5.2 Impact of cell open-circuit voltage

To quantitatively investigate the impact of cell Vo on the image quality, mini module

consisting of nine cast-mono silicon solar cells, connected in series is used.
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4
Figure 4.14 Outdoor PL image of a cast-mono nine-cell mini module for 100 image-pairs (cell
IDs are provided in red).

Table 4.2: Cell and module parameters

Cell ID Voo I R FF d
[mV] [A] [kQem?  [%] [%]
1 666 9.05 0.33 65.51 16.41
2 633 8.94 1.11 70.96 15.94
3 624 8.75 0.21 63.63 13.54
4 651 9.04 1.61 69.97 16.46
5 648 8.83 4.24 57.58 13.11
6 673 9.16 4.48 72.60 17.76
7 667 9.31 0.96 71.44 17.82
8 633 8.92 3.62 70.87 15.97
9 646 8.98 1.89 67.28 15.55
Module 5,810 8.73 471 68.69 15.99

The module was purposely fabricated with cells having significantly different I-V
characteristics (Voc in the range 624 mV to 673 mV) to have a high module

non-uniformity. Furthermore, shunts with different levels of severity were induced in
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Cells 1, 3 and 7 by scratching the rear of the cells with a diamond pen. The module was
built to enable access to the terminals of each individual cell. This allows light 1-V
measurements of individual cells. These light I-V measurements (of each cell) were
performed after encapsulation using a SPIRE module flash tester [172]. The electrical
parameters of the individual cells are summarised in Table 4.2. Note that some of the
cells’ parameters Vo, Isc and FF does not result in the listed efficiency. This could be
because of the impact of Rs in the cells. An outdoor PL image of the module obtained at
approximately one Sun illumination, obtained from 100 image-pairs is shown in Figure
4.14.

The variation of signal, noise and SNR for 100 image-pairs and SNRs for increasing
image-pairs between different cells is presented in Figure 4.15. As the cell Voc increases,
the PL signal is increased as a result of the exponential relationship between the PL signal
and the cell’s voltage (Equation 2.1). However, the noise is observed to be constant for
different cells. This is because the measurement conditions including the camera, location
and time are the same for different cells, therefore, contributing to the same read and shot
noises. Although the PL signal contributes to the shot noise and is significantly changing
for different cells, the total noise is not impacted by the PL signal as it only contributes

1.7-7% of the overall signal for this module as shown in Figure 4.16. Hence, the SNR is

simply given byM It linearly scales with the PL signal, the higher the PL signal,

constant’

the higher is the SNR. The PL component (“%O;Fﬂx 100) at mid-day is plotted in

t_ON

Figure 4.16 as a function of the cell Vo using a semi-log plot, confirming the exponential
relationship between PL and Voc and between PL and the SNR in the investigated case.
Note that the deviation in the data from the linear fit in Figure 4.16 is expected to be

because of the difference in ideality factors across the different cells.

Any increase in cell Voc by KT causes the SNR to increase by a factor 2.71 (Equation
2.1). From the experimental value of kT = 30.67 mV, the cell temperature during the
experiment can be estimated to be 78.2 °C. This value is slightly higher than the expected
temperature (~50 °C) for a solar module exposed to sunlight. This difference may be

attributed to the deviation of the diode from a unity ideality factor.
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Figure 4.15 (a) Signal and noise, and (b) SNR for 100 image-pairs and (c) the corresponding
SNR computed for different cell’s Vo (February, Sydney).
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Figure 4.16 PL component of signal as a function of cell Vqc.

In essence, the SNR varies exponentially with cell Vo as it is dominated by the signal,
while the noise remains almost constant. As mentioned in Chapter 3, future cell
technologies will have significantly higher Voc and therefore will achieve higher SNR for
a lower number of image-pairs. For example, from Figure 4.15, the SNR obtained for a
cell with Voc = 667 mV using one image pair (80 ms acquisition time) is 9.45 which is
below the acceptable minimum SNR for outdoor luminescence imaging. However, if the
cell Vo increases to 688 mV (21 mV increase), just one image pair will be sufficient to
achieve an SNR greater than the minimum acceptable of 15, as the resultant SNR would
then already have doubled to 18.9. For achieving the minimum SNR of 15 suggested by
the IEC standard [79], the minimum cell Vo required for the technique to be successful
is found to be 610 mV using the relationship between cell Voc and SNR given in from
Figure 4.15(b). Note that in practice imaging modules with different cell technologies
might be influenced by the optical effects (such as a difference in cell texturing, anti-

reflection coating and glass).

4.5.3 Control cell shunt resistance

The proposed outdoor PL imaging method relies on the test cells forced into OC
condition when the control cell is shaded, as the shaded cells, in an ideal case, cannot
carry any current. The non-shaded cells connected in series to the shaded cells build up a
reverse voltage bias across the shaded cell that is equivalent to the sum of the Vo of these
cells (in practice up to ~ 15V). The current through the sub-string is limited by the reverse
current of the shaded cell since industrial solar cells that are incorporated into modules

are screened, generally during the final testing, to not exceed certain current limits.
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The reverse current of the control cell at the reverse voltage that is built up by the series
connected non-shaded cells flows through all test cells. As a result, the other cells will
not go into OC condition, but to some intermediate operating point near Vo (quasi OC
condition), thereby reducing the PL signal. With a decrease in Rsy (increase in shunt
conductance), we expect an increase in the reverse current through the shaded cell. Hence,
a linear reduction in the PL signal and the SNR is expected. This section discusses the

impact of Rsn of the control cell on SNR using the same nine-cell mini module from above
section.

The current measured from the string terminals is presented in Figure 4.17. As

expected, it shows a linear relationship between module current and shunt conductance.
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Figure 4.17 Module current when the control cell is fully shaded as a function of the shunt
conductance of the control cell.

The variation of signal, noise and SNRs of Cell 5 by controlling cells with different
shunt conductance [determined from light I-V measurements (Table 4.2)] is presented in
Figure 4.18. Similar to Figure 4.15, the noise is constant, while the signal and SNR are
lower for control cells with low Rsh (high conductance value). Increased reverse current,

that associated with lower Rsh, prevents the test cells to reach OC condition.

The module PL images obtained from five image-pairs by modulating the shading on
four different control cells with different Rsn are presented in Figure 4.19 with the

associated SNR of Cell 5 displayed above each image. Note the decreased PL intensity
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from the whole module while modulating heavily shunted cells [Figure 4.19 (c) and (d)].
It is observed that the minimum acceptable SNR of 15 [79] is already achieved for five
image-pairs when Cell 6 (high Rsh) is modulated.
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Figure 4.18 (a) Signal, noise and (b) SNR for 100 outdoor PL image-pairs and the (c) SNR
computed as a function of different image-pairs of different shunt conductance of the control cell
(February, Sydney).
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To minimize the possibility of measuring a reduced PL signal and the risk of hotspot
(if the breakdown voltage of that cell is low) caused by selecting a shunted control cell
for modulation, it is advisable to select more than one control cell in the sub-string. This
divides the voltage of the illuminated cells between all shaded cells, i.e. by half if two
cells are shaded, which reduces the current in proportion to the number of shaded cells
for a linear shunt, but can have a much more dramatic effect (10x or 100x reduction in
reverse current) for non-linear shunts and reverse breakdown (i.e. current can be large at
-15V, but close to zero for -7.5V). These issues will be discussed further in Chapter 5
Section 5.5.3.

(a) Control cell Ry, = 4.48 kQcm? (b) Control cell Ry, = 0.96 kQcm?
SNR=15.48 SNR =13.98

Intensity
(counts)
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(d) Control cell Ry,= 0.21 kQcm?
SNR = 8.66

Figure 4.19 Outdoor PL image for five image-pairs while selecting different control cells namely
(@) Cell 6, (b) Cell 7, (c) Cell 1 and (d) Cell 3. The SNR of Cell 5 and the control cell Ry, are
included at the top of the image while the cell IDs are provided in red in (a). Note that the control
cell in the images appear dark as they were shaded.
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4.6 Comparison between outdoor PL and conventional EL imaging

In this section, the outdoor PL imaging method developed in this thesis is compared

with the more conventional outdoor EL imaging method.

Outdoor PL imaging is performed under one Sun illumination using the system
described in Section 3.3, whereby the test cells are switched between MPP (approx.
0.95x1sc) and OC during the measurements.

Sun

InGaAs camera
with filter Image data

—_—

Computer

Control
signal
Module

Figure 4.20 Schematic diagram of the experimental outdoor EL setup.

Outdoor EL images are obtained under approximate one Sun illumination by

connecting a power supply [173] across the module terminals as shown in Figure 4.20.
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Figure 4.21 Operating points of the image-pair for EL (purple dots) and outdoor PL (blue dots)
imaging.
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Table 4.3: Modelled solar cell parameters

Cell parameter Value
J 39 mA/cm?
Jo1 300 fA/cm?
Joz 10 nA/cm?
Rsh 10 kQ-cm?
Rs.cell 1 Q-cm?

During the measurement, the injected current is switched between 0 and I,
modulating the overall module operating conditions between OC and ls.. Note that in
outdoor EL the current is injected instead of extraction as in outdoor PL, although the
carriers contributing to the luminescence are the same. The two operating points used for
both EL and outdoor PL are presented in Figure 4.21 using simulated dark and light IV

curves of a solar cell. The simulated solar cell parameters are summarised in Table 4.3.

Indoor EL measurements are performed in the dark using the setup shown in Figure
4.20, without the bandpass filter (1125-1150 nm) since the ambient room light (LED light)
is very low in the spectral sensitivity range of the InGaAs camera. During this
measurement, the power supply is switched between 0 A and s, similar to the outdoor

EL measurements.

The three different measurements are compared capturing 1 to 100 image-pairs. The
signal, noise and SNR analysis performed as a function of the number of image-pairs is
shown in Figure 4.22. Note that all the measurements are performed using the same image
acquisition parameters (exposure time, gain, aperture and camera temperature). It is
observed that the signal and noise computed for indoor EL measurement is ~9 times
higher and 10% lower than the signal and noise of the outdoor measurements, respectively.
This is mainly because, in outdoor measurements the bandpass filter restricts the PL
detection to a narrow wavelength range, hence, only a small portion of the emitted PL
signal is captured leading to an increased SNR. The ~5% signal difference between the
outdoor measurements (EL and PL) can be explained by the small difference between the
current injected during outdoor EL (lsc) and the current extracted during outdoor PL (Impp)
contributing to a 0.953xls for this module. This difference in carriers contributing to

luminescence emission affects the SNR.
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Figure 4.22 (a) Signal and noise, and (b) SNR of indoor EL, outdoor EL and outdoor PL

images.

Luminescence images obtained using one and 25 image-pairs, respectively, with their
corresponding SNRs are presented in Figure 4.23. Although the SNR largely improves
between one and 25 image-pairs for the indoor EL measurement, no significant difference
in terms of image quality can be observed in the corresponding images. This is attributed
to the high signal and very low noise present, even for a low number of image-pairs. For
the outdoor EL and PL images, a reduction in the noise for 25 image-pairs is noticeable.

Note that the outdoor PL and EL are not identical even though the SNR is almost identical.
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Local series resistance quantification

This is because in the case of outdoor EL as the carriers are generated by injecting a
constant forward current through the terminals, the current flows from the busbars,
through the fingers, and into the semiconductor and isolated areas. However, in the case
of outdoor PL, it is a difference between two images where one image is measured with
a minimal current flow (OC image) and the other image with current extraction, i.e. with
current flow in the opposite direction of that of EL. These effects will be discussed in
more detail in the following section.

(@ SNR: 64.82 (c) SNR:6.88 () SNR: 6.56
For Images a-b: i ' For Images c-f:
Intensity Intensity
(counts) (counts)
9000 900
6750 675
4500 450
2250 225

0 0

30cm Indoor EL (€ : Outdoor PL

() SNR:32553 (d) SNR:34.40 () SNR: 32.27

Indoor EL Outdoor EL Outdoor PL

Figure 4.23 Luminescence images: (a-b) indoor EL, (c-d) outdoor EL and (e-f) outdoor PL. The
images on the top and bottom rows are obtained from one and 25 image-pairs, respectively.

4.7 Local series resistance quantification

Cracks that resistively isolate a segment of a cell, partially (Mode B [80]) or
completely (Mode C [80]), contribute to the power loss of a PV system and can potentially
lead to damaging hot-spot effects [174], as discussed in Chapter 2. Even comparatively
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4 Batch measurement of outdoor photoluminescence imaging

small fully isolated regions, of the total cell area, can have an impact on the module power
output, as the sub-string current is limited by the damaged cell [67] and the bypass diode
turns on. In this section, a method to quantify the extent of isolation, based on outdoor PL

images taken at different operating points, is presented.

The method is first demonstrated using Griddler [175], a finite-element software that
uses a network of electrical components to model a Si solar cell. Two isolated regions
(Regions 1 and 2) are modelled in an otherwise uniform Al-BSF solar cell, as shown in
Figure 4.25. The same cell parameters of Table 4.3 are used in this simulation. To achieve
different degrees of resistive isolation, finger breaks of different lengths are inserted
where the Regions 1 and 2 are simulated with 2 Qcm? and 4.8 Qcm?, respectively. The
spatial distribution of Rs as simulated with this solar cell model is shown in Figure 4.24.

R, (Qcm?)

o N W b

Figure 4.24 R, map of a solar cell with local variations in series resistance that was simulated in
Griddler.

The simulated OC PL image with AM 1.5 spectrum and 1000 W/m? of irradiance is
shown in Figure 4.25(a). Note that all images in Figure 4.25 are displayed using the same
PL intensity colour scale. The local voltage (and thus, the PL signal) in both isolated
regions is slightly higher compared to the rest of the solar cell. One may expect that series
resistance variations within a solar cell should not impact the PL image under uniform
illumination and in OC condition. However, this is not the case when the resistively
isolated regions feature less overall recombination. In the presented example, both
Regions 1 and 2 are resistively separated from the recombination under the busbars,

resulting in a slightly higher voltage and PL signal at Vo [176].
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Figure 4.25 Simulated luminescence images of a test cell containing two isolated regions under
one-Sun illumination in (a) OC condition and (b) MPP condition and the corresponding (c)
outdoor PL image obtained by subtracting (b) from (a). Note: The scale bar on the left applies to
all images.

The simulated image for the cell operating at MPP condition is shown in Figure 4.25(b).
The intensity in the isolated regions remains much higher compared to the remainder of
the cell, while the intensity across the other regions of the cell decreased strongly, due to
the extraction of approximately 95% of the photocurrent [112]. It is also noted that the
intensity in Region 1 is lower than the intensity in Region 2, a result of higher current

extraction from Region 1 and an indication that this region features lower series resistance.
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Figure 4.26 Simulated outdoor PL images obtained between OC condition and a second operating
point at a different current extraction condition of: (a) 0.93 Suns (b) 0.73 Suns (c) 0.64 Suns (d)
0.50 Suns and (e) 0.33 Suns.
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The outdoor PL image, as it would be generated using a fully shaded control cell, is
shown in Figure 4.25(c). Region 2 appears darker than Region 1 since it produces a higher
PL signal due to lower current extraction in the MPP condition. This simulation
demonstrates that Rs variations in the cell have a significant impact on the outdoor PL
image. The same effect on image-pairs taken at different OPs will be further investigated
below. Simulated outdoor PL images obtained using different cell OPs are presented in
Figure 4.26(a-e). Note that all images are displayed using the same colour scale. In all
cases, the first image is simulated under OC condition i.e. with zero current extraction
(full shading of the control cell in practice). The operating point of the second image is
varied by controlling the current extraction conditions. Note that Figure 4.26(a), in which
variation between MPP and OC is simulated, is identical to Figure 4.25(c). As the second
operating point shifts towards OC (reducing the illumination on the control cell in
practice), the overall difference in PL intensity and thus, the resulting measured PL signal,

reduces.

To illustrate the PL intensity change over a large change in extracted current density,
in Figure 4.28 the PL intensity of the normal cell area, as well as that of Regions 1 and 2,
as a function of the current extraction level is presented. Notably, for different current
extraction conditions, the PL intensity of Region 1 changes faster compared to that of
Region 2. This indicates that Region 2 is more resistively isolated than Region 1. This

feature will be exploited below to quantify the degree of isolation [129].
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Figure 4.27 Change in the PL intensity as a function of different current extraction conditions
(a) in Region 1 and Region 2 corresponding to the Griddler simulations shown in Figure 4.26.
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Figure 4.28 (a) LTspice equivalent circuit model of a solar cell with a single isolated region and
(b) Change in the PL intensity as a function of different current extraction conditions for a solar
cell with one resistively isolated region as a function of Rs of the isolated region modelled with
LT-Spice.

In order to quantify this effect, the cell is modelled using LT-Spice [162]. The standard
two-diode model is used to represent the main body of the solar cell (Rs unaffected,
normal region) connected in parallel with another two-diode model representing a
resistively isolated area. The equivalent circuit diagram of this model is shown in Figure
4.28(a). The same cell parameters of Table 4.3 are used in this simulation as well. In the
model, the factor A; represents the fraction of the area of the isolated region relative to the
overall cell area. Using this model, considering Ai = 0.045 (area of Region 2 with respect

to rest of the cell), the change in the PL intensity of the normal and enhanced Rs region is
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4 Batch measurement of outdoor photoluminescence imaging

simulated for various current extraction conditions and different Rs values of the isolated
region as shown in Figure 4.28(b). From a comparison between the change in the PL
intensity obtained from the Griddler simulation [Figure 4.28] and the LT-Spice simulation
[Figure 4.28(b)], Rs of the isolated areas is determined to be 2.25 Qcm? (Region 1) and
5 Qcm? (Region 2), both agreeing very well (in the range 12%) with the value simulated
in Griddler (Figure 4.24). Typically since the isolated areas are sufficiently small with
respect to the total cell area, a model with a single isolated region (Figure 4.27) can be
applied to each of the regions separately without making a notable error.
Intensity (a) (b)

(counts)
5000

3750
2500

1250

Region 1

(d) (e)

Figure 4.29 Outdoor PL images obtained between OC condition and a second OP at a different
current extraction condition: (a) 0.93 Suns (b) 0.73 Suns (c) 0.64 Suns (d) 0.50 Suns and (e) 0.33
Suns.

In order to demonstrate this application, a PV module (72 cells, mono-Si, Al-BSF)
with different types of isolated areas (marked as Region 1 and Region 2) was measured
outdoors. Luminescence images of a 2x2 cell section of that module are shown in Figure
4.29. In order to determine the light generated current that is equivalent to Impp,system, the
LED intensity needs to be increased until there is no notable change in the outdoor PL
image. Using this value, all other current values can be determined through the linear
relationship between the LED light intensity and light-induced current density. The PL
intensity change as a function of the extracted current is plotted in Figure 4.30. It shows

that as the second bias point is shifted towards Vo (control cell illumination towards zero),
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Solar car imaging

that Region 1 shows a stronger PL intensity change than Region 2. Based on the previous
discussion, it can be concluded that Region 1 exhibits lower resistive isolation. Note that
as the average Rs of the remainder of the cell (Rscen) is unknown, only the relative change
of Rs can be determined. Using the LT-Spice model from above, the change in the PL
intensity of the two isolated areas is found to be 1.5 (Region 1) and two times (Region 2)
of Rscen, thus demonstrating the capability of the presented approach to estimate the
degree of isolation.
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Figure 4.30 PL intensity as a function of extracted current in the normal area and Regions 1 and
2 for the module shown in Figure 4.29 (circles and solid line). Also displayed are the
corresponding LTSpice model results using Rs values that result in an optimal fit to the measured

PL intensity curves (dotted lines).

4.8 Solar car imaging

This section presents an application of the developed method to characterize the
UNSW solar race car, named Violet [177]. The solar array of this car is based on high
efficiency Maxeon Gen 111 solar cells [178] without reflectors or concentrators. The cell’s
Vo is about 720 mV. The maximum allowable collector area for this car as per design

constraints is 5 m2.

For obtaining outdoor PL images of Violet, an image-pair is obtained by modulating
the cells between OC and SC using the outdoor PL setup described in Section 3.3. For
simplicity, instead of using the shading approach, the array terminals (after disconnecting

from the battery) are directly switched between OC and SC.
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Figure 4.31 (a) Image captured by the outdoor PL system in OC condition and (b) the outdoor
PL image obtained from a single image-pair.

The image captured by the system in OC condition is shown in Figure 4.31(a) and the
obtained outdoor PL image is shown in Figure 4.31(b), using only one image-pair. The
high-quality of the PL image is quite impressive, especially considering the minimal
measurement time (80 ms) and the non-ideal angle at which the image was taken. This is
a clear demonstration of the ease of using the method to image future solar modules which
will feature solar cells with much higher cell Vo than are common today. One of the solar
cells is observed to be degraded with lower PL emission as highlighted by the close-up
inset. Note that the non-uniformity in the PL intensity across the image between the hood,
roof and the boot of the car is due to optical effects and not because of the difference in
PL emission (the camera was mounted in a shallow angle due to the limitation of the

maximum height of the tripod). The PL image of the roof was collected at the shallowest
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angle and looks darker because of the Lambertian emission of the PL [33]. Hence, ideally,
a system for imaging vehicle integrated PV should be mounted directly above the vehicle
that is investigated.

4.9 Application in Solar farms

The sequential measurement using a prototype system was applied to a 5 MW fixed-
tilt solar farm (Summerhill solar farm, Australia) consisting of 345 W mono-Si PERC
modules with cell Voc of 656 mV. A row of six LED’s (optical modulator) shading two
cells in each sub-string (6 cells in total) is used to modulate the operating conditions of
the module between MPP and OC. The shading of two control cells in each sub-string of
the module has the previously mentioned advantage of enabling measurements with lower
current flow through the test cells and less sensitivity of the images on the reverse
characteristics of the control cell. Measurements were performed using an industrial
prototype measurement system, which was developed at UNSW and which incorporates
the measurement approach developed and first demonstrated as part of this thesis.

(a) (b)
Intensity
Near Infrared Camera (counts)

Figure 4.32 (a) The first prototype of the outdoor PL imaging system and (b) the resultant outdoor
PL image obtained from 100 image-pairs.

A PL image obtained from 100 image-pairs of one of the modules is shown in Figure
4.32. Note that the neighboring modules appear dark in the image as they are not

modulated and still operating at MPP condition. The optical modulator is covering the
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bottom row of cells, as discussed above, and thus, in order to get a PL image of the full
module, a second image would need to be measured, with another row of cells acting as
control cells. No performance limiting defects can be observed in this particular image,
however, the image exhibits substantial intensity variations between cells. PL images
obtained from other random modules installed in this solar farm confirmed the high
quality of the modules. Using the prototype an average throughout of one module per
minute was achieved, a demonstration of the capability of the outdoor PL imaging system
to inspect large solar farms.

4.10 Chapter summary

This Chapter proposed a simplified offset corrected batch measurement that is simple
and robust to sunlight changes and overcomes the PL modulation problem of the
sequential method presented in Chapter 3.

Detailed noise analysis was performed for the existing camera [158] which was used
for all measurements presented in this thesis. The technique is currently limited by the
excessive readout noise of this camera which is dominant for signal strength of
~300,000 e and the source of 50% of the noise when the full 16-bit of the camera is used
(i.e. 2,004,090 e). Using a camera with similar sensitivity but say 10 times lower readout
noise is therefore the key to improve the technique and to allow better SNR with a lower
number of image-pairs. Since the readout noise dominates, the total number of reads
(image-pairs) must be minimised and therefore it is beneficial to maximise the signal in
each image by increasing the exposure time without saturating the sensor. Modern
cameras have substantially better noise performance especially in terms of readout noise
[159] and therefore some of the conclusions from this chapter would be significantly
different for those. In this sense the calculation presented in this thesis are worst-case
scenario and the ability to reach the desired SNR will be better for modern cameras. The
application will be further facilitated by cell voltages of modern industrial PERC solar

cells exceeding 680mV.

This chapter also demonstrated that the same SNR can be achieved by adapting the
exposure time at any time of the day as dark noise is insignificant. The SNR was observed
to be higher for the outdoor PL images for higher cell Voc modules (since PL has an
exponential relationship with voltage as shown in Equation 2.1) and control cells having

higher Rsh (due to low reverse current in the sub-string). The relationship between each
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of these parameters and SNR was established enabling the prediction of SNR for a
specific module, location and time of measurement. The image quality of outdoor PL
images was compared to outdoor and indoor EL images. This chapter also demonstrated
a method to extract spatial series resistance information in a module that can be used to
differentiate and quantify resistance-related degradation in fielded modules.

The outdoor system was used to investigate the state and quality of solar arrays of a solar
race car. Finally, a commercial prototype for an outdoor PL imaging system, based on the
methodology first demonstrated within this thesis, was available at the end of this thesis

to investigate field-deployed solar modules in an operating large scale solar farm.
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Chapter 5
Implied current-voltage measurements of individual
cells in a module®

The performance of individual solar cells in solar modules influences the reliability,
lifetime, cost, and safety of photovoltaic power plants. The electrical performance of these
cells, as well as their degradation rates over time, can vary significantly between
individual cells within the same photovoltaic module. Current-voltage measurements can
provide detailed data on cell performance. However, as discussed in Chapter 2, they

cannot be performed on individual cells in encapsulated modules.

In this chapter, a contactless and non-destructive method that is based on
Suns-photoluminescence measurements to extract the current-voltage characteristics of
individual solar cells under operating conditions in the field is presented. Applications of
the method to identify the extent of various degradation mechanisms, such as light-
induced and potential-induced degradation, are demonstrated and discussed. The main

advantages of the proposed method include its low cost, and its fast and easy applicability.

3 This Chapter is partially based on:

Bhoopathy, R., Kunz, O., Dumbrell, R., Trupke, T. and Hameiri, Z., 2018. Contactless extraction of
implied I-V curves of individual solar cells in fully assembled modules using photoluminescence. In 7th
World Conference on Photovoltaic Energy Conversion (pp. 3578-3602).

Bhoopathy, R., Kunz, O., Dumbrell, R., Trupke, T. and Hameiri, Z., 2019. Application of suns-
photoluminescence to extract implied I1-V curves of individual cells in modules installed in the field.
In 36th European Photovoltaic Solar Energy Conference and Exhibition.

Bhoopathy, R., Kunz, O., Dumbrell, R., Trupke, T. and Hameiri, Z., 2019. Outdoor non-contact
measurement of pseudo I-V curves of solar cells in a module. In Asia Pacific Solar Research Conference.

Bhoopathy, R., Kunz, O., Dumbrell, R., Trupke, T. and Hameiri, Z., 2020. Outdoor implied current-
voltage measurements of an individual encapsulated cell in a module. IEEE Journal of Photovoltaics.
(Accepted for publication in the next issue)
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5.1 Introduction

As discussed in Chapter 2, identifying the cause for the underperformance of
individual cells can be critical for detecting the dominating source for power plant
degradation. In many cases, early recognition of these fault mechanisms even allows
recovery measures to be quickly implemented [54]. In other cases, the results of such
studies can inform the solar industry and provide important guidance for future cell and

module designs.

Removing solar modules from existing solar power plants for thorough
characterization is impractical and cost prohibitive if a significant number of modules are
to be tested. Additionally, it is challenging to extract the individual cell 1-V information
when cells are embedded in finished solar modules using currently utilised
characterization techniques. Trained experts, as well as sophisticated equipment and
methods are often required, which limits or even prevents their use for routine inspection

of fielded modules.

In this chapter, a highly sensitive, fast, simple, and cost-effective method to obtain
implied I-V curves from encapsulated cells in a module, without the requirement to access
the module terminals is presented. The method presents a substantial improvement over
other methods discussed in Chapter 2 and therefore has the potential to become a routine

inspection method for researchers and solar plant operators.

5.2 Methodology

The Suns-PL method [35]-[37] is used in this Chapter to obtain implied I-V
characteristics of solar cells that are free of series resistance effects. During Suns-PL
measurements, the tested solar cell is illuminated with light of varying intensity and the
corresponding PL signal is measured simultaneously. Usually, the solar cell under test
operates at OC conditions. Trupke et al. [24] demonstrated for the first time the excellent

agreement between Suns-PL and Suns-V,c measurements.

The fundamental principle of Suns-PL is that the light-generated current in the cell is
linearly dependent on the illumination intensity, while the cell’s implied open-circuit
voltage (iVoc) is logarithmically related to the measured PL signal (®pL) as shown in

Equation 2.1.

The key benefits of this method include:
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(1) The method is contactless, hence, avoiding the requirement to access individual cell

or module terminals.

(2) Highly sensitive implied voltage measurements in the operational voltage range
(between maximum power point, MPP and OC) are achieved through PL, as the

measured signal is exponentially related to iV/..

(3) The measurement is less sensitive to temperature changes, which is beneficial for
outdoor measurements [179].

5.3 Calibration procedure

Although Suns-PL measurements can be used without calibration to identify different
loss and cell failure mechanisms, a few applications might be required to obtain calibrated
absolute implied I-V curves. The illumination intensity of the light source is calibrated to
respective Suns by measuring the Isc of a reference cell having a similar quantum
efficiency to the cell being measured. The calibration of the implied voltage is achieved
by determining the factor C (of Equation 2.1) which can be obtained using two different

approaches.

5.3.1 Suns-PL curves

The first approach is based on Suns-PL measurements of a statistically significant
sample set in a string. In this method, the PL response of some of the cells in a string is
measured (measured cells) using the setup described later in Section 5.4. The sample set
is selected such that it is large enough to represent most of the cells in the string. The

temperature corrected string OC voltage is given by:

M
; Vrin (%)

where M is the number of measured cells in the string, N is the total number of cells in

Voc,string =

+ I(N — M)V In <¢1C‘M>l (5.1)

the string, @i is the integrated PL intensity of the i cell measured at one Sun illumination
and d1.v is the average PL intensity of all the measured cells (from 1 to M) at the same
illumination (one-Sun). In this equation, the first and second terms represent the sum of

Voc 0f measured and rest of the cells, respectively, from Equation 2.1.

Using Equation 5.2, C'is calculated as [117], [118], [151]:
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5.3.2 Luminescence imaging

Luminescence images, such as EL [117], [118], [151] or PL [22], [129] can also be
used to determine C using Equation 5.2, where ®; is a pixel value representing the
luminescence intensity of the i cell after flat-field correction. In this study, ®; is selected
as the maximum pixel value of the i"" cell (after eliminating the top 0.1% intensity pixels,
that could be measurement artefacts due to “hot pixels”, saturated pixels or faulty pixels
[119]). To allow comparison between the two methods, one of the measured @; is
normalized using the one-Sun PL intensity from the Suns-PL measurement of the same
cell. This is done to minimise the impacts the optical parameters have on the two methods
(luminescence imaging and Suns-PL; each is impacted differently by these parameters).
Note that any cell can be selected for this calibration procedure. Although using
luminescence images is quicker compared to Suns-PL for calibrating Suns-PL curves, it
is comparatively complicated and requires more sophisticated equipment. However, if the
plant was already inspected with luminescence imaging, the images can then also be used
for calibration. If EL images are used, the image should be obtained with a minimum
influence of R, i.e. typically at low current injection (< 0.1 Is¢) [117], [118], [151]. Note
that EL, in contrast to PL, requires contacting the string or module terminals to inject

current.

Using the temperature corrected module Voc (Vocmod) instead of Vo string (8S presented
in [117], [118], [151]) in the above two approaches might lead to a smaller number of
cells needing to be measured, thus, making it less time consuming. However, measuring
Voc,mod 1S, In general, not practical for fielded modules as it requires disconnecting the
modules from the string, a procedure which requires a qualified (and expensive)
electrician. It is possible to estimate Vocmod by using the information provided in the data-
sheet of the investigated module or by measuring Vocmod OF an equivalent non-degraded

module of the same type.

On the other hand, Vocstring Can be measured by the string inverter as many of them
have the capability to measure at least a part of the I-V curve of the string [180]. The

additional advantage of this instead of Vocmod IS that the C estimated for one of the strings
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in a PV plant can be used for the entire plant as it is not expected to significantly vary for

the same module type and technology [117].

5.4 Experimental setup
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Figure 5.1 Schematic of the Suns-PL measurement system with (1) signal generator, (2) power
supply, (3) Suns-PL tool, (4) high power LED arrays, (5) InGaAs photodiode with optical filtering,
(6) Si photodiodes, (7) transimpedance preamplifiers, (8) Data acquisition system, (9) computer
and (10) encapsulated solar cell in a module.

Figure 5.1 presents a schematic of the Suns-PL system developed as part of this study.
The variable light source is comprised of four 500 W warm-white LED arrays (4)
mounted to heat sinks. These LEDs are selected as they generated most carriers per power
compared to other suitable LED types as discussed in Section 3.3. Heat absorbing KG3
glass filters [181] are attached in front of the LEDs to effectively cutoff infrared
wavelengths greater than approximately 900 nm. The maximum light intensity that can
be achieved with this tool is slightly higher than seven Suns (at the sample surface), while
the minimum intensity is in the order of 2.5x107 Suns. Note that the Suns-PL tool (3) is
placed on top of the measured cell (10). The inner surfaces of the tool are highly reflective
to maximise the illumination intensity reaching the cell. The LEDs are operated in current
control mode using a power supply [(2); model HP6575A [173]] that is controlled by a

signal generator (1).
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5 Implied current-voltage measurements of individual cells in a module

(a) Side view

InGaAs photodiode with
LED arrays optical filtering

Si photodiodes

(b) Bottom view

InGaAs photodiode with
LED arrays optical filtering

Si photodiodes
Figure 5.2 Experimental setup of the Suns-PL tool.

In between the LED arrays, an InGaAs photodiode (5) is mounted, along with a
suitable optical filter set (cut-on and cut-off wavelengths of 1100 nm and 1150 nm,
respectively [21]) to measure the PL intensity with minimal impact of stray light in
outdoor conditions. Note that the height of the Suns-PL tool (25 cm) is designed as a
trade-off between the InGaAs photodiode capturing the PL signal from the entire tested
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cell and receiving a sufficient amount of PL signal (that drops off proportional to the
square of the distance). In this tool, the collection efficiency of the PL signal between the
centre and edge of the cells differs by ~16% according to the cosine-fourth-power law
that applies in such circumstances. The tool contains two Si photodiodes (6) that are
mounted on its inner walls pointing upwards to ensure that they only measure the
illuminating light and not the light reflected from the measured sample (Figure 5.1
indicates only the output connections of these photodiodes, not their actual locations,
situated inside the tool). The measured photocurrents from the InGaAs and Si
photodiodes are amplified using SR570 low noise transimpedance preamplifiers (7) [182].
The preamplifier signals are then captured by the data acquisition card (8); USB-1808
from Measurement Computing [183]) and transferred to the computer (9) for further
processing (see Figure 5.1). A picture of the experimental setup of the Suns-PL tool (3)

is shown in Figure 5.2.

5.5 Results and Discussion

This section presents the application of the Suns-PL method both indoors and outdoors
to extract implied 1-V curves of individual cells in a module. It demonstrates the ability
of the method to investigate some of the common degradation mechanisms in the field

and discusses the challenges associated with the outdoor measurements.

The mini-module described in Sections 4.5.2 is used in this section. To validate the
Suns-PL method the module was built to enable access to the terminals of each individual

cell, which allows performing:
- Suns-PL measurements
- Suns-Voc measurements, and
- light I-V measurements

of all individual cells within the mini-module. The electrical parameters of the

individual cells performed using light I-V measurements can be found in Table 4.2.

5.5.1 Comparison between calibration methods

Figure 5.3 presents the implied voltage calculated from different methods as detailed
in Section 5.3 using Equation 5.2 while all cells in the mini-module (T=M=9) were

measured. Note that in the presented case, Vimod is identical to Vsting as this module is not
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5 Implied current-voltage measurements of individual cells in a module

connected to other modules. The voltages are measured using a SPIRE module flash tester
[172] and are corrected to 26.85 °C. The inserted table presents the RMS standard
deviation (o) of the difference of implied and terminal voltages, for all the cells for each

method.

Implied voltage (mV)

Implied voltage (mV)

(a)
690 - . T =
*  Suns-PL
° EL . 4
670 * PL #
v 34
650 - : ; 1
X
Cell 1
(Shunted) *
630 - 3 )
: { Method o (mV)
Suns-PL 2.18
610 EL 15.49
cell 3 Qutdoor PL 4.32
(Shuntoed)ér
590 — : : :
590 610 630 650 670 690
Terminal voltage (mV)
(b)
690 [ ' s
+« EL:1__injection
sSC
o EL:0.095 x lsc injection
670 1| ° EL: 0.4 x I!;c injection _
; *
650 s 4
630 - : 1
¢ Method o (mV)
I, 8.37
610 | 0.095 xIx 156.49
04 %I, 1.79
590 : : : : -
590 610 630 650 670 690

Terminal voltage (mV)

Figure 5.3 Implied voltage as a function of terminal voltage using (a) different calibration
methods discussed in Section 5.3, and (b) calibration based on EL images taken at different
current injection levels. The dotted line represents y = x, while the standard deviation (o) between
Vier-Vimp for each method is displayed in the inserted tables. Error bars in (a) are obtained from
five repeat measurements.
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The Suns-PL measurements are performed using the setup described in Section 5.4,
while the EL and PL measurements are performed using the setups described Sections
4.5 and 3.3 respectively. The PL imaging is performed by modulating the module
operating conditions between MPP and OC, while EL presented in Figure 5.3(a) is
performed at a low injection of 0.095 x Is.. The results indicate that a calibration based
on Suns-PL data for all cells against Vmod provides the most accurate results when
following the method based on outdoor PL. The slightly larger ¢ of the outdoor PL
method is attributed to the small impact of Rs at MPP. The calculated voltage using EL
images under low current injection of less than 10% of Isc (0.095 Isc) as proposed in [117],
[118], [151] is erroneous, especially in the case of heavily shunted cells (see Cells 1 and
3). This is because the low-injection measurements are subject to significant shunting and
high ideality factor recombination. Hence, a tradeoff needs to be found between the
benefits of low injection measurements to reduce the impact of Rs and the impact of shunt
and non-ideal recombination at this injection range. Figure 5.3(b) presents a comparison
between implied voltages calculated from EL images measured with forward current
equivalent to Is, 0.4 x I, and 0.095 % Is. In this case, even the measurement with the
highest current, with a significant impact of Rs, performs better than the low injection
measurement. The mid-range current injection of 0.4 x I provides the best results for

this particular module with a very low ¢ of 1.62 mV from the terminal voltage.

Note that in the field, the accuracy of the methods will depend on the sample set
measured for the estimation of C. The main advantage of Suns-PL based calibration is its
simplicity, as it avoids the need for additional equipment. Therefore, in this chapter, Suns-
PL measurements are used for calibration purposes whenever absolute implied voltages

are calculated from luminescence measurements.

5.5.2 Indoor measurements

The proposed method is first demonstrated in the laboratory, as indoor measurements
can be performed with a well-controlled low-level surrounding illumination. These
measurements is used for comparison with outdoor measurements (Section 5.5.3). During
the measurement, the illumination intensity incident on the measured cell is varied
approximately sinusoidally with a frequency of 0.45 Hz, as shown in the inset in Figure
5.4. Such a slow frequency allows for low-noise quasi-steady-state measurements that
minimise measurement artefacts that could be present, in particular when measuring high

efficiency solar cells with long carrier lifetimes [184]-[186].
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5 Implied current-voltage measurements of individual cells in a module

Figure 5.4 displays the PL signals of three cells with significantly different 1-V
characteristics (Cells 1, 3 and 6 from the mini-module shown in Figure 4.14). Note that
any fault affecting the implied 1-V curve, such as cell degradation, is reflected in the
luminescence signal [115]. For an ideal cell, a linear relationship between illumination
intensity (hence, the current) and emitted PL intensity (hence, the exponential of voltage)
is expected. As these curves are fitted for high illumination intensities, it is expected they
are mostly impacted by the diode with a unity ideality factor (in the absence of Rs).
Therefore, for this ideal case, the fit intercept is expected to be at the origin. For the non-
ideal case, where the curve cannot be described by only one diode, the intercept is
expected to shift from the origin. For instance, in the case of the best cell (Cell 6), the
relationship between the emitted PL intensity and illumination intensity is linear
throughout most of the measurement and thus, the distance of the intercept from the origin

is small.
4 7
4
e Cell 1 /
.gm ——Cell 3 ayd
g s Cell 6 ,’ /
3 g@.z ,’

PL intensity (a.u.)
N

//[kgmded & shunted

0 1 2 3 4 5 6
lllumination intensity (Suns)
Figure 5.4 Measured PL intensity of three selected cells from the mini-module as a function of
illumination intensity. The inset shows the illumination intensity as a function of time. The dashed
line represents the linear relationship that is observed at high illumination intensities.

For shunted cells, the linear relationship fails at illumination intensities <0.5 Suns with
reduced PL signal throughout the measurement, although the slope remains similar (Cell
1 in comparison with Cell 6). This is a clear demonstration for the ability of the proposed
method to detect shunts, such as those produced by PID [83]. Early detection of these
shunts can be useful in order to recover the affected modules in the field [82], [83], [187].
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Although Cell 1 and Cell 3 have similar Rsn, the slope of the PL intensity reduces
significantly for Cell 3 as it is highly degraded. This highlights the ability of the proposed
method to detect increased saturation currents in solar cells, for example cells that are
affected by CID [188].

Figure 5.4, thus, highlights the ability of the Suns-PL method to detect different loss
mechanisms and to distinguish between them, even before calibrating the measured PL
intensity to an absolute implied voltage. It should be noted that in many cases it is not
necessary to calibrate the Suns-PL measurements to absolute I-V curves (via the
determination of C). For instance, if the purpose of the measurement is a relative
comparison between cells or identification of fault mechanisms, then the uncalibrated
Suns-PL data already provides sufficient information.

Using C values determined from Suns-PL measurements of all nine cells of the mini-
module (as presented in Section 5.5.1), the Suns-PL measurements of the three cells are
converted into implied 1-V curves and presented in Figure 5.5. As expected from the PL
image (Figure 4.11) and the measured PL signal (Figure 5.4), the difference between the
I-V curves of the three cells is significant. To validate the method, Figure 5.5 also includes
the measured Suns-Voc [189] curves of the same cells. Note that the Suns-PL data is denser
at illumination intensity less than 1.5 Suns since each cell’s Suns-PL curve is taken using
two separate sweeps to increase the measurement range. The measured terminal voltages,
Voc, agree very well with the iVoc determined by the Suns-PL method. The deviation
between the corresponding curves observed above one-Sun intensity stems most likely
from shading and contact recombination induced by the front metal grid, in combination
with the lateral Rs of the cell, as previously reported [176]. This deviation is found to be
4.5-5 mV at one Sun for the cells tested here. A similar value was previously reported in
[54]. Note that due to the rapid decrease of the PL signal with voltage, the Suns-Voc
measurements extend into a lower voltage regime. However, the range covered using
Suns-PL is fully adequate to obtain all the relevant solar cell parameters, as will be shown
below. It is possible to translate the light intensity to current, if /. is known. However, it
is challenging to measure ;. of encapsulated cells. To minimize the associated uncertainty,

in this study, we use the light intensity and not /..

129



5 Implied current-voltage measurements of individual cells in a module

6
oc
5 Cell 1 Voc
m . Cell3iV
c oc
=]
a Cell 3 Voc
=4 .
_é" - Cell6 lVoc
7] Cell6V
c oc
8
£3
c
]
b
g2
£
=
=,
o 0. 00009 > 8 B2&FRW 0000000,
350 450 550 650 750

Voltage (mV)
Figure 5.5 I-V curves obtained from Suns-PL (iVoc; open circles) and Suns-Voc (Voc;
Crosses) measurements.

The J-V characteristics of a solar cell without the influence of R, can be described by
the two-diode model [33], [190]:

J=JL—Jo1 (exp (m‘:VT> - 1) —Joz (exp (m]:VT) - 1) - % (5.3)

where Ji is the light generated current density, Jo1 (Jo2) are the saturation current densities
of the diode with ideality factors m =1 (m = 2), and V is the implied or terminal voltage.

In many cases, extracting the two-diode model parameters allows identification of the

dominant recombination mechanisms [33].

Table 5.1: Two diode model fit parameters (first four columns) and measured Rs, (last column)

Cell ID Jo Jo pFF R, Measured R,
2 2 [90] 2 2
[pPAlcm ] [nAlcm ] [kQcm ] [kQcm ]
1 0.08 36.22 74.86 0.29 0.33
3 0.19 133.10 72.89 0.46 0.21
6 0.11 16.12 81.21 infinity 4.48
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Figure 5.6 Semi-log plot of the data in Figure 5.5 with a two-diode model fit for (a) Cell 1,
(b) Cell 3 and Cell 6.

The two-diode model fits to the iV, data (using weighted least squares [191]) for
selected cells are shown in Figure 5.6. The figure also presents the obtained currents
flowing through the different components (two diodes and shunts) of each cell. Obtaining
these parameters can be useful when investigating fundamental recombination processes
within a solar cell [191]. Reasonable fits are obtained for Cells 1 and 6 compared to Cell
3 that could not be fitted well at low voltages. The fit parameters are summarized in Table
5. along with Rsh measured from the light I-V measurement (also presented in Table 4.2).
It is noticeable that the extracted Jo2 of Cell 3 is larger compared to the other cells. Hence,
the influence of the depletion region or edge recombination extends to a larger voltage

range. As this extends beyond MPP, there is a subsequent reduction in the cell efficiency.
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5 Implied current-voltage measurements of individual cells in a module

Furthermore, the larger total recombination current of Cell 3 leads to a strongly
reduced Voc. The extracted Rsh of Cells 1 and 3 is significantly low, similar to the findings
from the 1-V measurement (Table 4.2). However, there is a significant difference between
the Rsh of Cell 3 obtained by the two methods. This discrepancy is probably due to the

unreliable fit for this cell at low illumination intensities.

In order to gain additional information, the local ideality factor as a function of voltage
(the m-V curve) is calculated using:

av

™= A % Vr

(5.4)

Such m-V curves can be very useful, since the efficiency limiting degradation
mechanisms in a solar cell are not always obvious from standard I-V curves [141], [191]—
[193]. The m-V curve reveals more information by highlighting the shape of the I-V curve

that might otherwise go unnoticed [141].

Figure 5.7 presents the m-V curves obtained by Suns-PL (m-iVoc) and Suns-Voc (M-Voc)
measurements for the three cells together with their corresponding two-diode model fits
(m-2Dfit). The good agreement between the m-iVqoc and m-Vo, even for such a sensitive
parameter (as m is calculated from the derivative of the measured data), strongly validates
the proposed method. However, the measurements cannot be fitted by the two-diode
model, revealing the limitation of this model. This is because the simplified standard two
diode model fit does not capture other recombination processes, such as the
resistance-limited enhanced recombination [194]. Figure 5.7, therefore, also includes the
fits obtained by a three-diode model (m-3Dfit) without the influence of Rs whose

equivalent circuit is given in Figure 5.8 and J-V characteristics is given by:

=s=o (e (o) =1) = (e () = 1) = e
J=JL—Jo1|exp mVy Joz | exp myVy Ju R, (5.5)
where J; = Jou (exp (m:’;T) — 1), Vy =V — RyJy and Jon is the saturation current

density of the diode with ideality factors m = H. These fits match the measured data

significantly better. The extracted three-diode model fit parameters are summarised in
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Results and Discussion

The height and extension of the hump in the m-V data is related to the recombination

current (Jon), whereas the hump position is correlated with the resistance (Rn) that

separates the localized recombination regions from the remaining regions of the solar cell

[141]. The humps of Cell 1 and 3 are higher and extend over a larger voltage range,

indicating higher Jon. For Cell 3, even at very high voltages (690 mV), m is greater than

one, implying that even in this voltage range the recombination is not solely dominated

by Jo1. We assume the localized dark spots in the PL image of this cell (as presented in

Figure 4.11) leads to localized recombination regions.
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5 Implied current-voltage measurements of individual cells in a module

Figure 5.7 Local ideality factor of iVo. and Ve, together with their two-diode and three-diode
model fits.

Table 5.2: Three diode model fit parameters

Cell ID 3, 3, R, Jor Ri OFF
2 2 2 Alem’]  [kQem’ [%]
[pAlcm]  [nA/em]  [kQem] [DAlem] - [kQcm ]
1 0.11 36.10 2.6 18.92 0.10 72.87
3 0.42 75.72 0.8 26.50 0.12 71.57
6 0.13 7.60 infinity 2.71 4.01 82.59
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Figure 5.8 Equivalent circuit model of the three-diode model comprising of the standard two-
diode model representing the main body of the cell and a third diode series connected via a resistor
representing a region of enhanced recombination [141].

5.5.3 Outdoor measurements

In this section, the application of the proposed Suns-PL method for outdoor
measurements is discussed. Here the fact that modules are operated at MPP causes extra
complications. As Suns-PL measurements require OC conditions [24], [176], they can
easily be performed on solar systems at night time, when no power is produced, and hence

no current is flowing.

However, night measurements are usually undesirable due to safety and practical
considerations. For day measurements under sunlight irradiation, while the module is

biased by the MPP tracker, power is extracted from the module. For this reason, the
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investigated cells need to be forced into OC condition by shading a cell in a series
connected sub-string, reducing the current through the corresponding sub-string to
approximately zero and thus engaging the corresponding by-pass diode as proposed in
Section 3.1. Using the fabricated mini-module, the proposed Suns-PL method is tested
(using the setup described in Section 5.4) under approximately one-Sun daylight
illumination, while the module is biased with an electronic load such that the MPP power

1s extracted.
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Figure 5.9 Implied I-V curves of Cell 7 measured indoor (without shading) and outdoor under
different shading conditions; PL intensity as a function of illumination intensity is shown as an
inset.

Figure 5.9 displays indoor and outdoor Suns-PL measurements of Cell 7 (a weakly
shunted non-degraded cell). As can be seen, there is a large discrepancy between the
measurements, causing an offset in the implied 1-V curves. This significant difference
arises due to the investigated cell (test cell) not being under OC conditions during the
measurement since some current still flows through all the cells. This current will be
highly variable and change with the illumination intensity on the test cell as it receives
the minimum illumination in the sub-string until it reaches Iupp. In the measured case the
sunlight was almost perpendicular to the module surface and hence all cells except Cell
7 received full illumination. Therefore, the test cell, that is shaded by the measurement
system (‘Cell 7 outdoor: no shading’), is reverse biased until the light induced current I_

exceeds the Ivpp (When test cell illumination is greater than other series connected cells),
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5 Implied current-voltage measurements of individual cells in a module

as can be seen with the inset of Figure 5.9. As a result, there is no PL signal for

illumination intensities 1. <= lypp.

The situation is expected to be improved by shading additional cells in the same string.
When one additional series connected cell is shaded (Cell 1 was used in here as an
example), we expect the investigated cell (Cell 7) is expected to be forced to the OC
condition in an ideal case. In this case, the obtained implied I-V curve should be similar
to that obtained indoors. However, as can be seen in Figure 5.9 (‘Cell 7 outdoor: one
shaded cell”), there is still a significant difference compared to the indoor measurements.

This can be explained by either one or a combination of the following reasons:
(1) Significant shunt conductance in the shaded cell.

(2) Light leakage into the shaded cell from the unshaded module areas.

(3) Light leakage into the cell under test from unshaded module areas.

In order to investigate the impact of the shunt conductance on the 1-V curve offset,
different cells in the mini-module are shaded, while the actual Suns-PL measurement is

performed on Cell 7. The results of this measurement are presented in Figure 5.10(a).

A shaded cell is reverse biased by the non-shaded cells, and therefore if shunted, allows
a current to flow through the series-connected non-shaded cells (including the test cell).
Thus, a shunted shaded cell prevents the test cell from reaching the OC condition, causing
an offset in the measured /-7 curves that depends on the level of shunting present in the
shaded cell. In Figure 5.10(b) the relationship between shunt conductance (based on the
measured Ry, of Table 5.) and the offset in the -V curves [measured at 550 mV, see
dashed vertical line in Figure 5.10(a)] are presented. As expected, roughly a linear
relationship between illumination offset and shunt conductance is observed. However,
even when a non-shunted and non-degraded cell (Cell 6) is chosen as the shaded cell [blue
curve in Figure 5.10(a)], the implied /-¥ curve still has a significant offset which is caused

by light leakage into the shaded cell from the surrounding areas.

A small amount of light is assumed to penetrate into the shaded cell via internal
reflection of sunlight through the module glass [139]. In these measurements, the offset
is found to be approximately 0.055 Suns [0.49 A, see Figure 5.10(b)]. The value observed
is not always the same and is influenced by the shading technique used. Another source

of error in this measurement is light leaking into the test cell. As a result, the penetrating
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light reaches the PL detector and causes a small constant offset in ®p. This has very little
impact on the voltages measured at higher illumination intensity but could dramatically
alter the lower voltage region of the curve (at lower light intensities). Therefore, ®pL iS
corrected for all the measurements presented here by shifting the measured PL signal by
the offset in measured PL intensity when the LEDs are OFF.
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5 Implied current-voltage measurements of individual cells in a module

Figure 5.10 (a) Measured implied 1-V curves of Cell 7 while other cells are individually shaded;
(b) illumination offset at 550 mV [represented by the vertical dashed line in (a)] as a function of
the shunt conductance of the shaded cell. The red line represents the least squares fit of the data
(equation inserted).

To address these challenges, the shading is extended to cover an area slightly larger
than the eight neighbouring cells around the test cell (around 20 cm from the edge of the
test cell) as shown in Figure 5.11. This has three effects:

(1) it eliminates the PL offset mentioned above due to the light leaking into the test cell;
(2) it effectively reduces light leakage into the shaded cells; and

(3) it dramatically reduces the leakage current via shunt conductance since more cells
are shaded and the reverse voltage caused by the shading is distributed amongst all of

them.
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Figure 5.12 Comparison of indoor measurements (solid lines) and outdoor implied I-V
measurements (dotted lines) obtained with the extended shading approach for selected cells of the
mini-module.

The results obtained using this extended shading method are shown in Figure 5.12.
The obtained outdoor I1-V measurements now very closely match those obtained indoors.
The slight deviations that still exist (in the range of 4-5 mV at one Sun) are assumed to
be due to temperature differences, as indoor measurements were performed at 25 °C,
whereas the outdoor measurements were taken at around 50 °C. This difference can be
corrected for taking into account the temperature coefficient for Suns-PL measurements,

as will be discussed in the next section.

5.5.4 Impact of temperature

Outdoor measurements are naturally taken at a large range of module temperatures.
When considering this it is essential that the analysis is only minimally affected by the
different outdoor conditions. In this section the effect of temperature on Suns-PL

measurements is investigated.

Figure 5.13(a) presents indoor Suns-Voc and Suns-PL measurements of Cell 6 over the
temperature range from 25 °C to 85 °C. At each temperature, the two measurements are
performed simultaneously using uniform heating from a large area halogen lamp. The
temperature was measured using a LM35 sensor [195] attached firmly to the back of the

tested solar cell.
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Over the entire temperature range, the spread of V. is 128 mV, consistent with a
temperature coefficient of ~-2.13 mV/K. In contrast, the equivalent voltage spread from
Suns-PL measurements (iV,.) is only 14 mV, almost one order of magnitude smaller. The
evolution of Vo, and iV, as a function of temperature is shown in Figure 5.13(b). The
difference between V,. and iV, at 25 °C is observed to be 5 mV, similar to the value
reported in [176]. The iVoc temperature coefficient is much smaller than the temperature
coefficient of Vo (-0.23 mV/°C), indicating that Suns-PL measurements are resistant to
changes in temperature that are expected during solar power plant operation. The lower
1IVoc temperature coefficient derives from the luminescence intensity having only a weak
temperature dependency in the range around room temperature. As iVoc  In(®pL), this
dependency is even weaker for iVqc as discussed by Zafirovska et al. [179]. Implied I-V
data from Suns-PL are thus found to be extremely robust to temperature variations, which
means that only an approximate cell temperature is required to effectively correct for the
temperature differences. Such a temperature estimate can, for instance, be conveniently

obtained by using a remote infrared thermometer.
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Figure 5.13 (a) Measured implied I-V curves obtained by Suns-Vec and Suns-PL measurements
at varying module temperatures ranging from 25 °C to 85 °C in steps of 5 °C, (b) Voc and iV at
one Sun [see grey dashed line in (a)] measured as a function of temperature (Cell 6).

The Suns-PL measurement technique was successfully applied to investigate solar
cells embedded in a fully assembled modules operating in indoor and outdoor conditions.

The method allows contactless extraction of implied I-V curves of individual cells in full
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daylight. The measurement system is highly sensitive, simple, cost effective and fast.
Information regarding fundamental loss mechanisms, such as recombination current or
shunt resistance can be easily obtained. Furthermore, the quality of the measurement is
sufficient to extract the local ideality factor, a sensitive tool to investigate recombination
mechanisms present in solar cells. An easy way to calibrate implied I-V curves was
discussed. The effect of measurement artefacts from insufficient shading was investigated
and quantified. Measurements confirmed that the technique is almost unaffected by

temperature variations as is expected during outdoor field measurements.

The proposed method can be a very useful and versatile tool for research, as well as

for routine testing during operation and maintenance of solar modules in the field.
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Chapter 6
Summary and future works

6.1 Summary

The major aim of this thesis is to develop new characterization methods to improve
field inspection of Si PV modules.

Chapter 2 reviewed the important components of the PV system, different degradation
modes found in fielded modules and several cell and module inspection techniques
currently used to identify them. From the review, the basic module inspection techniques
involving visual inspections and module 1-V measurements were noted to be limited to
identifying only the faults that produce visually noticeable consequences and information
regarding the specific performance limiting region within the module respectively. It was
understood that UV fluorescence is applicable only with modules with a specific time
regime of field exposure, whereas IR thermography is a cost-effective, fast and
contactless imaging-based technique but limited to identifying only the defects that cause
temperature changes. On the other hand, although luminescence-based imaging
techniques provide detailed spatial information, the existing techniques in the literature
were found to be limited in terms of low light operation, need for special hardware, time
consuming cell by cell imaging or the need for contacting the module terminals. It was
observed that, to extract the I-V information of individual solar cells in a module, the
existing methods demanded a qualified electrician and sometimes sophisticated

equipment limiting or even preventing their use for routine inspection in the field.

Chapter 3 presents a novel PL imaging technique for fielded modules that address the
gaps identified in Chapter 2. The methodology to contactlessly modulate the PL emission
from solar cells in field-deployed modules by changing the optical generation rate of one
or more solar cells in the module is presented. Initially, the proof of concept was
demonstrated using spectral measurement in outdoor conditions followed by designing
and building of outdoor PL imaging system based on the developed contactless

modulation approach. The camera and filter for the system were carefully chosen based
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on the ratio of the PL signal to the total measured signal (PL and diffused sunlight). The
theory behind the sequential switching approach and the process of acquiring the final
outdoor PL image from multiple image-pairs were explained. The application of the
proposed method to detect OC BPD failure was presented. Finally, the inability of the
sequential method with systems that feature MLPE was discussed.

To overcome the problem of measuring modules with MLPE, Chapter 4 proposes a
new contactless method, the batch method, which is simpler than the sequential method.
As the batch method requires the change in LED status from ON to OFF only once, it is
expected to work with all types of installations, even those that use module-level MPPT.
The batch method is further improved to include correction for sunlight changes. The so-
called offset corrected batch measurement increases the robustness to sunlight changes
during the measurements. A detailed noise analysis procedure along with the noise
analysis results of the existing camera was presented. The image quality was analyzed
using a suitable approach to determine image SNR. It was found that the outdoor PL
image quality is higher for measurements performed around solar noon, for modules with
higher cell Voc and higher control cell Rsh. The developed method was demonstrated to
investigate the quality of solar arrays used on a solar race car and field-deployed solar
modules in a large scale solar farm. As part of this chapter, a method to extract spatial Rs

information in solar modules was developed.

Chapter 5 proposed a complementary characterization approach that makes use of the
Suns-PL method to extract I-V measurements of individual solar cells that are field-
deployed and producing power. The chapter discussed simple methods to calibrate Suns-
PL curves to convert them into implied I-V curves and provided a comparison between
existing and the proposed methods. The application of the tool to identify fundamental
loss mechanisms, such as recombination current or Rsn was presented. The measured I-V
curves were validated using Suns-Voc measurements and it was observed that both were
in close agreement. The effect of measurement artefacts from insufficient shading was
investigated and quantified for application in outdoor conditions. The proposed method
was demonstrated to be highly sensitive yet unaffected by temperature changes as they

are expected during outdoor field measurements.

145



6 Summary and future works

6.2 Contributions

This thesis makes the following contributions to the existing literature. Two novel
contactless, versatile and easily applicable field inspection techniques are developed: (1)
outdoor PL imaging system and (2) Suns-PL system. With an extensive review of existing
literature, it is observed that an inspection technique of this kind has not been explored
before.

The beauty of the outdoor PL imaging technique developed in this thesis lies in the
fact that it uses a simple shading approach that relies on the functionality of bypass diodes
and the sun as the sole source of excitation. Further, the developed outdoor PL imaging
system is capable to detect OC BPD failure leading to reduced hot spot risk in PV systems.
Interestingly, this failure reveals itself during the outdoor PL imaging through the
inability to modulate the PL emission while the shading is changed.

The step-by-step procedure to perform camera noise analysis presented in this thesis
enables the user to choose the InGaAs camera with the right specifications for outdoor
PL imaging along with noise estimation for SNR analysis. Furthermore, this thesis
extensively analyses the parameters with maximum impact on the SNR which would help
in the understanding of expected SNR for a specific module depending on the location,

date and time of measurement.

For the first time, a method was proposed in this thesis to quantify the Rs of isolated
areas in fielded PV module contactlessly. This method uses the outdoor PL images
obtained at different current extraction conditions by changing the LED illumination
intensity on the control cell. With this set of images and the average Rs of the cell, the Rs
of the isolated area can be quantified using a simple two diode equivalent circuit model
of a solar cell. This method would be immensely beneficial in distinguishing the Rs

degradation from lifetime degradation in fielded modules.

A complimentary cost-effective Suns-PL system developed in this thesis provides a
deeper insight into the fundamental degradation mechanisms compared to the outdoor PL
imaging system. This system is capable of identifying the typical failure modes in fielded

PV systems such as LID and PID degradation modes.

The two novel methods proposed in this thesis can be very useful in failure detection

in the state of art modules in PV power plants and be used at the commissioning stage to
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detect potential failures caused during transportation and installation or for routine

inspection during operation and maintenance of solar power plants.

6.3 Future works

There are several opportunities to advance the work done in this thesis:

From a hardware point-of-view, to avoid the image registration issues between
image-pairs due to the movement of the camera caused by wind during the measurement,
a high frame rate camera can be used and gimbal mounting can be included with the
camera in the outdoor PL imaging system.

From a software point-of-view, the outdoor PL imaging system proposed in this thesis
obtains the final PL image of PV modules using multiple image-pairs with
post-processing algorithms. There is a scope of automating this process for real-time
application with advanced live-streaming software which will significantly reduce the
overall inspection time, leading to large scale field implementation of the proposed
method. Further, artificial intelligence can be used for automatically identifying the

different fault mechanisms in the degraded modules along with their severity levels.

The proposed techniques can be used for quantitative analysis of module degradation.
The effect of module temperature on the SNR of PL images can be investigated.
Alternative shading options such as percentage mesh-based shading can be used instead
of LEDs to achieve different irradiation. Using the developed method to create a database
of faults in fielded modules is highly valuable. Using statistical tools, the data can then
be analyzed to provide reliable information to PV developers, investors, and
manufacturers. To obtain millions of images, the proposed outdoor imaging measurement
approach can be implemented with unmanned aerial vehicles (UAVS) or drones with
modifications such as the use of a lightweight and battery-operated camera, installing
onboard processor to control the camera trigger signal, synchronize the LED, and to
temporarily store captured images etc. However, in this case, the LEDs will be used to
switch the complete string, not only an individual sub-string. This drone integration will

enable the inspection of large PV farms in a short span of time.

The capabilities of the proposed method can also be extended to inspect other silicon

module technologies (like shingled and half-cut), non-Si modules [such as cadmium
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telluride (CdTe) and copper indium gallium selenide (CIGS)], building integrated PV and

solar space vehicles.

6.4 Final remarks

As solar energy has become the cheapest form of electricity, more solar power farms
are being built while the existing coal-fired power plants are retiring. One of the most
effective ways solar can continue being the cheapest form of electricity is by having
longer durability achieving a high return on investment. Solar modules degrade in many
ways during transportation, installation and operation. Early detection of these
degradation modes will be immensely beneficial in mitigating or even preventing power
loss in PV systems. The techniques available currently for field inspection are less
attractive in terms of complexity and applicability to large solar farms. Hence, it has never
been timely enough to develop new cost-effective, fast and easily applicable inspection
techniques to prepare the ground for the solar industry to reap maximum benefit from
such novel inspection techniques. The main purpose of this thesis has been to contribute
to this expedition letting the solar industry continue to thrive towards a 100% renewable-

powered future.
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