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Foreword

The International Energy Agency (IEA), founded in November 1974, is an autonomous body within

the framework of the Organization for Economic-@peration and Develament (OECD) which

carries out a comprehensive programme of energypperation among its member countries. The

European Union also participates in the work of the IEA. Collaboration in research, development

and demonstration of new technologies has beghaA YLIR2 NI I yd LI NI 2F (GKS | =

The IEA Photovoltaic Power Systems Programme (PVPS) is one of the collaborative R&D
Agreements established within the IEA. Since 1993, the PVPS participants have been conducting a
variety of joint projects in th application of photovoltaic conversion of solar energy into electricity.

The mission of the IEA PVPS Technology Collaboration Programme is: To enhance the international
collaborative efforts which facilitate the role of photovoltaic solar energy as mecstone in the
transition to sustainable energy systems. The underlying assumption is that the market for PV
systems is rapidly expanding to significant penetrations inapithected markets in an increasing
number of countries, connected to both the ttibution network and the central transmission
network.

This strong market expansion requires the availability of and access to reliable information on the
performance and sustainability of PV systems, technical and design guidelines, planning methods,
financing, etc., to be shared with the various actors. In particular, the high penetration of PV into
main grids requires the development of new grid and PV inverter management strategies, greater
focus on solar forecasting and storage, as well as invegtigatf the economic and technological
impact on the whole energy system. New PV business models need to be developed, as the
decentralised character of photovoltaics shifts the responsibility for energy generation more into
the hands of private owners, migipalities, cities and regions.

IEA PVPS Task 13 engages in focusing the international collaboration in improving the reliability of
photovoltaic systems and subsystems by collecting, analyzing and disseminating information on
their technical performancend failures, providing a basis for their technical assessment, and
developing practical recommendations for improving their electrical and economic output.

The current members of the IEA PVPS Task 13 include:

Australia, Austria, BelgiurtanadaChina, Demark, Finland, France, Germany, Israel, Italy, Japan,
Malaysia, Netherlands, Norway, SolarPower Europe, Spain, Sweden, Switzerland, Thaitaed and
United States of America.

This report focusses dest requirements, recording procedures, analysis noeland guidelines
of infrared (IR) and electroluminescence (EL) imaging féieRMapplications.This document shall
help to identify record and asseshe most common failuresf PV modules and componerits
the field

The editors of the document atdirike Jahn and Magnus Herz, TUV Rheinland, Germany (DEU).

The report expresses, as nearly as possible, the international consensus of opinion of the Task 13
experts on the subject dealt with. Further information on the activities and results of the &ask c
be found at: http://www.ieapvps.org
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Executive Summary

In this report, we present the current practices for infrared (IR) and electroluminescence
(EL) imaging of PV modules and systems, looking at environmental and device
requirements on one hand, and on the interpretation of sampiatterns with
abnormalities on the other hand. The goal is to provide recommendations and guidelines
for using IR and EL imaging techniques to identify and assess specific failure modes of PV
modules andsystems in field applications.

Currently, two Technical Specifications for IR Imaging dexelopedwithin the IEC
Technical Committee TC 82. They describe a test procedure, and are not intended to have
pass/fail criteria for the PV modules being investigated. While IEC/TS -8@9o@idaft)
describes general methods of thermographic imaging for laboratory or produtitien
purposes, focusing on the infrared imaging techniques of the PV module itself, IEC/TS
624463 describes investigations of PV modules and the entire plant in oparatder
natural sunlight. This document gives guidance for preventive maintenance and fault
diagnostics of PV plants by means of infrared imaging techniques while the plant is
operating under natural sunlight. The subjects of the investigation includadtiles, as

part of the array, as well as balance of system (BOS) components such as faablgs,
switches and inverters.

There are two different types of infrared or thermographic cameras, having cooled or
uncooled detectors. The sensors of cooled thegraphic cameras are made from narrow
band gap semiconductors and while having very high sensitivity, are not commonly used in
PV applications due to the cost and complexity of the associated cooling system. More
commonly used thermographic cameras ar@gh based on uncooled sensors that can
work at ambient temperatures. These styles of sensors can be produced from a range of
materials, however a common architecture is the mibometer. This style of uncooled
sensor is an appropriate thermographic camgype for PV applications due to its simplicity
and affordability.

There is a broad variety of infrared cameras with a range of specifications on the market.
The most suitable type of camera will depend on the application at hand. For example,
handheldcameras are suitable for field inspection of PV modules. However, the same range
of specifications may not be available for other applications such as airborne (UAV) surveys
of PV plants due to the different lenses and distances in use. An appropriatticelef

an adequate class of IR camera for use or purchase depends on the various possible use
cases and detailed inspection tasks for that camera. It is impossible to give a
straightforward decision matrix. While high end IR cameras will allow morebildgss for

the analysis of detected thermal abnormalities, we acknowledge that for a number of IR
inspection cases, medium class cameras are fully sufficient. In this report, Section 2.1.2
describes the typesf cameras used for IR imaging.

Stable enviramental conditions are a preequisite for high quality outdoor IR imaging of

PV modules and arrays. Weather fluctuations must be much slower than the thermal time
constant of the PV module. A typical PV module takes 5 to 15 minutes to thermally stabilize
for new environmental conditions such as change of global irradiation intensity,
temperature, or wind speed. Furthermore, thermal reflections of clouds, buildings, trees,
or other objects on the PV modules must be avoided or minimized as they may dmsort t
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evaluation of the IR image. This is usually done by either waiting for more stable conditions
or moving the position of the IR cameaxaavoid specific reflections.

One important parameter derived from IR images is the temperature difference between
different parts of the module or between modules and/or strings of modules. Inactive areas
of a module or string usually appear hotter than surrounding active areas. When a PV
module or string is not functioning, this energy is not converted to DC powelhamefore
remains as excess heat, which raises the temperature of the module or string. Inactive
modules often suffer from one of the following defect types: disconnected PV modules or
strings, PID effects or shunted cells, and slointuited bypass diodesThese types of
failures cause only a slight temperature increase between active and inactive parts, and
this difference is often proportional to the irradiance. Thus it is more difficult or even
impossible to detect these types of failures under lowdriaace conditions. Hot spots that
arise from poor electrical connections or severe mismatch within a module are another
important type of failure that is usulgl easily detectable using IR.

The aim of thermographic inspections is to detect failures befalel reduction or serious
material damage will occur. Because outlined damages often have not developed yet, the
objective interpretation of thermographic scans is not trivial. However, these defects have
the potential to cause power degradation in sufsent years. Hot spots with strong local
heat gradients can affect the performance of the PV modules significantly and even, in
extreme cases, lead to smidlering fires. IR imaging is a valuable tool to detect power
relevant, malfunctioning PV modules, mdd strings, and certain devices in a PV array if
the presence of artefacts, like partial shading, dirt, can be excluded. For high quality images
it is recommended to take the IR images at high solar irradiance (> 600 W/m2) and constant
ambient conditiongno clouds, low wind speedtable ambient temperature).

The International Technical Specification /TES56090413 (draft) specifies methods to
capture electroluminescence images of photovoltaic modules, process images to obtain
guantitative descriptorsand provide guidance to qualitatively interpret the EL imagss.
images are obtained with camera detectors that gngically charge coupled devices (CCD)

or complementary metal oxide semiconductor (CMOS). They may be cooled, usually with
thermoelectriccooling, to achieve better signal to noise ratio by means of reducing device
dark current originating from thermally generated charges. Relevant parameters in
choosing detectors include number of pixels, noise, quantum efficiency at the wavelength
of interest, and dynamic range. Silicon detectors are very often used and, for special
applicationsJnGaAs detectors are employed.

High quality images are best taken in darkened environment for a better signal to noise
ratio. Precautions should be taken to elirate stray light entering the imaging studio, such

as with use of hard walls, curtains, baffles, and sealing of any gaps with material that are of
light absorbing nature (black). Fixed mounting of the camera and a mounting rack for PV
module(s) to be imagedre used so that the camera and the module positions are stable.
In the field, an option is to use curtains supported by a frame to cover the camera and the
photovoltaic module. Alternatively, images have to blkeia at sunset or during night.

There area range of manufacturers in the market that produce cameras suitable for EL
applications. The key specification for EL camera systems is derived from the need for the
camera to be sensitive to the emission spectra of the material being tested. For dlorgsta
silicon solar module the emission spectra has a peak at 1150wirite for other
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technologies such as organic PV the emission peak resides at a langgemgth (1206im
¢ 1400 nm)as described by.Fuyuki etal. in Appl. Phys. Legtsin 20(b.

While task specific EL camera can be prohibitively expensive for many users, it has been
shown byK. Mertensthat a relative simple modification enables consumer DSLRs to
perform EL imaging. More recenthon-reflex, mirrorless interchange#b lens cameras

with large sensors can also be modified for EL applicasdemonstrated by J.S. Fada

The choice of the type of EL camera that is used when imaging PV modules is dependent
on a range of factors. As with many types of camera equipmemetisetradeoff between

cost, resolution and sensitivity. For example, silicon CCD cameras tend to have a higher
resolution and lower cost than InGaAs CMOS sensors. While their high resolution makes
silicon CCD sensors a popular choice, the InGaAs seoslt have a significantly greater
sensitivity to crystalline silicon and some tfilm technologies. Despite the differing levels

of sensitivity, with appropriate data collection intervals and methodologies, such as longer
exposure times, filters and ae# cooling of the sensor, either camera type can be used for
EL imaging of PV modules. This allows a great deal of flexibility in terms of the equipment
used, but does make standardization of test images and measurements a challenge.

The EL technique cdme profitably applied to detect and distinguish between different
failures modes. This type of natestructive inspection includes the possibility to observe
defects and attribute them to the different stages of the PV module lifetime. For instance,
defects can be caused by production problems not noticed after quality control, wrong
handling of the PV module without enough care during transport or installation, or can be
induced by environmental loading and degradation in the field after installationr|(Z|ed

of these causes might have different implications in terms of warranty claims and operation
and maintenance action€&L images taken on a set of PV modules before their installation
can be very useful in case of legal actions against producecg groduction defects can

be clearly distinguished at that time. However many casesEL imaging ieequested by
customers at a much later stage, after detecting an unexpected low power output of their
PV parks. However, the amount of time reca to take a good quality EL image of a PV
module, adjusting the focus and finding the right time of exposure depending on the
module type, is often still a limiting factor for largeale applicatins of EL imaging in the
field.

In this report, Section.3.2 describes the types of cameras used for EL imaging and provides
a discussion of sensors. Sensors with larger numbers of pixels per unit area typically yield
better results for resolving image features, however, depending on the material, noise and
guantum efficiency limitations can increase with higher resolution. Though with modern
signal processing algorithms and image analysis software it is possible to mitigate a portion
of the effects ofoise on the resultant images.

This report provides a compaon of the relative merits of EL and IR imaging techniques
Chapter 4. These types of optical measurement provide fasttiraaland high resolution
images with a twedimensional distribution of the characteristic features of PV modulkes
imaging measurements of the thermal behaviour of cells in a module allows a number of
defects to be easily and quickly identified. These include short circuits in solar cells, shunts,
inactive cell parts and PID. However, not all the failures of PV resdiedd to an increase

in temperature. Taking this into consideration the IR measurements alone cannot identify
all the types of failures. On the other hand, PV modules with cleam&fes sometimes
provide IRimages with hot areas. A combination of bagthniques quickly detects the

10



most common defects in a PV module with high accuracy and provides a good indication of
the health and reliability of the PV modules with a plant.
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1 Introduction

The quality assuranaaeasures for Pvhodulesare of fundamentaimportance forany PV
power plant asset The failurefree operation of thePV modules is a prerequisite for
efficient energy production, long life, and a high return on the investment. During
operationPVmodules may develop defects which can be regailf they are detectedn

time, butthey can cause a severe drop in energy production and sometimes safety issues.
To ensure the operation of thBV modules withoutsignificantlosses, fast and reliable
methods to evaluate the performance of the photovatt modulesare required, both
during the production process and after the installation of B\modules. For that reason
more and more EPC and O&M companies offer regular IR and EL imaging inspe&@ns of
plants to ensure the safety and high performanaf the PV arrayin addition to IV curve
measurements and monitoringR and Eare two imaging techniquesvhich identify faults

and problems developing with PV modules.

The useof infrared (R imaging for theevaluationof PVmodules hasnany advantages.

First of all, a great number of failures devedofon PVmodules can be detected using IR
imaging from hotspotsto mismatch losses or installation failuréaurthermore IR imaging
technique can bapplied for nondestructive testing andsed toscan installedPVmodules
during normal operation. Finally, thermal cameras also allow scanning large areas within a
short time frame. IrFigurel-1 (bottom) the required time for the inspection of RVplant

is shown according to its nominal powensing a hanéheld IR cameraFor instance, 8V

plant of 4AMWp nominal powemwill requireapproximately 15 t®0 hours of IR inspection
taking into consideration that all the other factors that migiffect the inspection are ideal.

In Figurel-1 (top) the required time for IR inspection using BR camera attached to a
drone, with respect to its nominal powgsshown. Due to the high resolution of IR cameras
existing in the market todaysuch an inspection approach using drones, is possible. Using
drones, for instance, a PV plant oMAWp nominal power will require approximately 5 to
10 hours of IR inspection taking into consideration that all the other factors that might
influence the inpection are ideal.

The optimized operation of the PV cell is to absorb the light and convert it into electricity.
However, due to reciprocity principle the opposite is also possible and offers the
opportunity of Electroluminescence (EL) imaging. El&éatn;mescence is a phenomenon
that has been used for a long time for other applications such as lightening, but recently
has been introduced as an investigation procedure fonfdules and stringdt consists

of applying a direct current to thBV module and measuring the photoemission by means
of an infraredsensitive cameraEL imaging provides insight into miaacks and other
defects within the cell material. This in turn helps identify faults and problems present or
developing within the ¥ module.

12
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Figurel-1 The required time for the inspection B¥modulesusingIR camersg, attached
to a drone(top), and handheld camera at the ground (bottom) with respézthe nominal
power of thePVplant. The colours are used identify the different timeranges for IR
inspections.

In Figurel-2 the required time for the inspection ofRVplant, with an EL camera attached

to a drone, according to its nominal power is shown. In this case a PV plarkl\éfp4
nominal power needs approximately 20 to 40 hours of EL inspection taking into
consideration that all the other factors that might influence the inspection are ideal.

In Figurel-2 (bottom) the required time for the inspection of BV plant, with one EL
camera, according to its nominal power is shown. For instandeY plant of 4 MWp
nominal power requires approximately 10050hours inspection taking into consideration
that all the other factors that might influence the inspectiore adeal.
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Figurel-2 The required time for the inspection of PV modules with EL Imaging, attached to
a drone (top), and hantleld camera at the ground (bottom) with respect to the nominal
power of the PV planfThe colours are udeto identify the different timgangesfor EL
inspections.

This report presents a review of current practices used in regarding IR and EL Imaging. In
Chapter 2 an introduction in the IR Imaging is given as well as test requirements and
examplesThestate-of-art technology and techniques are given. Chapter 3 deals with the
EL Imaging and has the sameusture as Chapter 2. For both inspection methods
overview is givento include information about the current market. In Chapter the
advantages andisadvantages of both methods atempared and discussed
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2 Infrared Imaging

2.1 State of the art of IR Imaging
2.1.1 Review of existing standards/guidelines

Within the IEC Technical Committee TC 82 (Photovqltaioyently two Technical
Specifications aredeveloped Technical Specifications (TS) approach International
Standards (IS) in terms of detail acmimpletenesshowever they usually describe a (test)
procedure anddo NOTinclude pass/fail criteria associated with the test results.

The TG2 system working group (WG®&)ps working on a new TS embedded in the IEC
62446 series, dealing with system testing, documentation and maintenance of PV plants,
IEC/TS 62446 Gt K 2 (ntoduies and platig h dzi R2 2 NJ Ay FNJ NFJR ( K S N.
In thisdocument guidance for preventive maintenance and fault diagnostics of PV plants
by means of infrared imaging technigusgiven, while the plant is operating under natural
sunlight. The subjects of the investigation include the PV modules, as partaifréye and

the Balance of System (BOS) components such as cables, fuses, switches, iWaiters.
IEC/TS 62448 describes investigations BVmodules under natural sunlight in operation,
procedures that use external current sourcesg. for indoormspections in the darkare

also described. As mentioned above, it isTachnical Specificatiotoo, having an
instructional purpose, and is not intended to have pass/fail criteria for the PV modules
being investigated.

A chapter in IEC/TS 624386deals with the principles of heated and cooled regionsPY
modules operated with and without irradiation applied, and how quantitative metrics of
the severity of module failures/damages can be achievidte TS closes with reporting
requirements, and with a Tablfor qualitative interpretation of IR images and failure
modes (from[3], with some modifications). In an Appendix additional infotioa about
optics and optical calculations are summarized.

The TCB82 photovoltaic module working group (WG2) -swithin the IEC 60904

Gt K2G2@02t GF A0 5SOA0S&a¢ aASNARSa 27F addsyRI NRA .
working on the proposed Part 1IIEC/TS 6090k H  a LY FNIF NBER ( KSN) 2 3 NI LI
Y 2 R dzf[2§ & describes general methods of thermographic imaging for laboratory
productionline purposes, focusing on the infrared imaging techniques of the photovoltaic
module itself. Guidance will be given on how to capture thermal images of photovoltaic
modules with sufficient quality, how these data can be processed to obtaamtgative

metrics to gain further insight, and to provide guidance on how such images can be
interpreted qualitatively.

In introducing the chapters terms, definitions and acronyms are assembled that have to do
with the (electrical) operation of a photoitaic module, as well as basics about thermal
imaging cameras, its lenses, resolution and aberrations. Common helpful post processing
features are also briefly summarized and hints for the useful range of the angle of view and
precautions to minimize redktions are given.
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For (indoor) dark thermography using external power supply under forward bias
conditions, it is recommended not to take only a single image for (almost) equilibrium
conditions, but to take images in (predefined) time intervals. Typiakleg for the time
span from applying the forward bias are given in brackets for a standard module that is
viewed from the backheet side, to:

have an initial thermal image including artefacts and reflections, useful for
calculating differential images €),

see where possible extreme heating points occur during heating process, (20 s),
image an equilibrium temperature distribution pattern, for e.g. the maximum
power point current (2 min),

better image the less severe heating effects (4 min), for twees the maximum
power point current if that can be safely applied, and

list these points of time and the image numbers together with the current and
voltage measurements a tabulated form

If aPVmodule is operated in steady state under illumiiogt within a string, the operating
point is normally set by the inverter close to the maximum power point of the string,
depending on the actual irradiation and temperature. If thé turve of a (faulty) module
investigated differs from the-V curve of he other modules in a string, the resulting
operating point will differ from the operating point of a single module if a resistive load is
applied. The string behaviour can be reproduced by a controlled power source applied on
a single module with the mamium power point currenset pointcalculated from the data
sheet values considering the measured in plane irradiation and module temperature. As
described above for dark conditions, an analogue procedure is described for irradiated
outdoor conditions or irsteady state solar simulators.

2.1.2 Overview of camera types

Infrared thermography (IRT) has been used for detecting shunts in solar cells under reverse
bias in the dark since 199@]. However lately uncooled infrared detdors have gained

wide attention for infrared imaging applications, due to their advantages such as low cost,
low weight, low power and large spectral response compared to those of plugimttors

[5].

According to the black body radiation law any object above absolute zero will emit infrared
radiation and its characterigis can be used to measure the temperature. Therefore,
infrared measuring devices acquire infrared radiation emitted by an object and transform
it into an electronic signdb]. The detected radiation from the objects can be imaged from
the IR camera and abnormalities in the temperature of the objects can be observed.

However, the IR camera does not receivdyothe radiation from the object but the
reflection of surroundings as well. Emissivity, reflection radiation and absorption of the
atmosphere are some parameters that influence the measurement of the temperature of
the inspected object. Thereforéhe following parameters have to be measured or/and
entered into the camera software:

1. Emissivity, which qualifies how much radiation is emitted compared to a
blackbody.Typical emissivity values are 0.85 for the glass and 0.95 for the polymer
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backsheet, respeavely, if the angle of view is within 3050° (glass) and 9045°
(polymer)

2. Reflected temperature in order to compensate for the radiatreflected in the
object

3. Atmospheric temperature and humidity

There are infrared or thermographic cameras with cooled and uncooled detectors. The sensors of
cooled thermographic cameras are made from narrow band gap semiconductors and while
having very high sensitivity, are not commonly useBVWapplications due to the cost and
complexity of the associated cooling system.

Commonly used thermographic cameras are based on uncooled sensors that can work at
ambient temperatures. The mostommon sensor architecture is the micioolometer.

These styles of sensors can be guoed from a range of materiglesowevera common
architectue is the micrebolometer. This is seen in a range of consumer handheld
thermographic camerasThis style of uncooled sensor is an appropriate thermographic
camera type folPVapplications due to its simplicity and affordability. There are a broad
range ofthese styles of cameras available on the market.

Someimportant characteristics for an B&merasystemfor PVapplications are:

1. Detectorresolution, thehigher the resolution the highe the cost of the camera.
Pixels are the data acquisition points tbermal measuremerg and the data are
used to create a visual image from the thermal profile. The more pixels and data
points per investigatedarea the more accurate the thermal interpretation and
the higher the resolution of the thermal image. High resion is particularly
important because it allows identification of smaller image details and therefore
more accurate temperature measurements, for the safiedd of view[7].

2. Noise equivalent tmperature difference (NETD) drdrmal sensitivity is
considered to be of great importance for thegoess of evaluating and comparing
performances of thermal imagers which are essentially-oontact temperature
measurementeviced8].

3. Accuracy, including tools for entering emissivity and reflected temperature values.

Thos parameterswhen have been correctly insertedan produce accurate

temperature measurements

Intercompatibility of the generated photos

Screerresolution

6. Ergonomic features

a. Weight
b. Battery
c. Interactive controls
7. User Interface
a. Report generation
b. Connectvity
8. Warranty

o s
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Table2.1.1: Overview of camera characteristics

Detector Thermal [Accuracy

Manufacturer [Model Resolution lmage Display | Spectral Sensitivity |% of Battery Weight Focus Mode Warranty
(pixel) (pixels) range (Lm) (mK) reading (years)
Testo 875i-2DLX 160x120 320x240 8to 14 50 2%|4 hours +  [0.9kg Manual 2
Flir E6 160x120 320x240 NA 60 2%|4 hours 0.575kg |Auto 10
Satir GN 160x120 640x480 8to 14 80 2% |NA 0.5kg Manual NA
Fluke TiS45 160x120 320x240 7.510 14 90 2%|4 hours +  [0.72kg Manual 2
Trotec V Series 160x120 640x480 8to 14 80 2%|2-3 hours 0.5kg Manual NA
Testo 882 320x240 320x240 8to 14 50 2%|4 hours + 0.9kg Manual & Motor 2
Flir E8 320x240 320x240 NA 60 2%|4 hours 0.575kg |Auto 10
Fluke Ti450 320x240 640x480 7.510 14 50 2%|3-4 hours 1.04kg Manual & Auto 2
Satir Hotfind 384x288 640x480 8to 14 50 2% |NA 0.6kg Manual & Motor NA
Trotec LV Series 384x288 640x480 7.5t0 14 50 2%|2-3 hours 0.65kg Manual NA
1024x768
Infratec Variocam HD 900 |@30Hz 1280x800 7.5t0 14 20 1%2-3 hours 1.6kg Manual & Auto 2

An overview of the range of characteristics and specifications for IR cameras used in PV
applications is shown in

Table2.11. As can be seen, theisa broad variety of infrared cameras with a range of
specificationson the market The most suitable type of camera will depend on the
application at hand. For example, handheldnesas are suitable for field inspection of PV
modules however, there are recommendations on the minimum resolutiomogred as
described in section.2. However, the same range of specifications may not be available
for other applications such as airborfgdAV) surveys of PV plants due to the different
lenses and distances in use.

2.1.3 Evaluation of existing practice

A significant amount of published research studies have been reported in the literature
through the last decade, reflecting the increasing insran the application of infrared
thermography (IRT) measurements and their potential for fault diagnosis of PV installations
in the field[9].

In the early steps of such studig$0] first investigated the applicability and practicality of

IRT imaging of PV modules under outdoor conditidtts P\array-scaleapplications[11]

used IRT to assess the condition of adnog integrated, griecconnected PV array. The
investigated PV system presented abnormally low performamdech finally exhibited

abnormal temperature profiles through the acquired thermal images. These abnormalities

were due to either the panel materigself or the overall function. In terms of accuracy

YR LINFOQUAOFtAGE 2F Lwe¢ YSIadaNBYSylha 2F t+
studies[12], [13], [14] discussed the infrared reflection errors related to the glass coasr
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for different backsheet materials. In additior[,L5] presented a proceduréor accurae
measurement of IRmissivity of the glass surface, in the spectral range of the thermal
cameras that were used, proposing a necessary correction (offset) of the temperatures
measued by such bolometer detectors.

The importance of further interpretation fothe thermal imagesand the correlation
between performance degradation, fault types and thermal signatures of PV modules was
introduced in[16], [17]. In particular[16] showed that by the combination of several IRT
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measurement methods typical defects in crystalline silico®if PV modules and their
influence on the-V curve (e.g. the series resistanaetioe short circuit current) can be
explained. In particulant was found that in the case of sun illuminated thermography
several defects can be distinguished by varying the electrical load oR\tmeodule. In
another experimental study{17], daily profiles with one minuteV field measurements
were acquired from a range of defective PV modules. These were collected together with
additional continuous IR imaginand meteorological data sampling. A direct relation
between the power output (thus, energy yield) losses and the thermal differences was
observed; however, in order to quantify the effective loskWih/kWp per year further
evaluationis neededand & not published yet

Focusing on more particular mechanisms of abnormal heat development in PV modules, in
[18], [19], [20], the formation of hot spots and the early challenges upon their
guantification and detection by means of IRT were addressed. Being focused on indoor IRT
applications, the approach proposed (8] shows that, through sho+#time illumination

of ¢-Si PV modules at high irradiance (1000n?), the lo@ation, the geometry and the area

size of hot spots can be evaluated from raw IRT data. It was particularly concluded that hot
spots with smaller area or higher leakage current densities, are more critical for a hot spot
formation in a partially shaded PVoalule and present higher temperatures. On the other
hand, in[19], [20] field IRT measurements and basic thermal image analyses were
implemented toward the successful detection of hot spots corresponding to individual
defective cells or group of cells. For suckcatiedregions of interest (RGlassigned to hot

spot areas, the resultant increase of the operating temperatures was quantifiadast

and fairly accurate way.

As more and more PV plants are installed and the existing PV modules age further (and,
thus, mae faults evolve) there has been increased scientific interest in this research field
through thelastten years This is dded by the fact that IRT measurement equipment is
more readily available for PV inspection applications, in terms of cost setaility.

Recent studies focused not only on improving the alredelyeloped conceptdut also on:

Better understanding of the degradation/ageing mechanisms and their impact on
the thermal behaviour of PV modules.

Classification of different fault typeylzorrelating their thermal signature with the

I-V characteristics.

Implementation of wideareas measurement applications of IRT for lasgale PV
plants.

Eliminating sources of measurement errors or uncertainties; understanding all
characteristics of IRTeasurements and developing standards and technical
specifications).

Further experimental data and preliminary analysis techniques were added during recent
studies[21], [22], [23], validating and/or improving already suggested conceptR1hIRT

was provedto be a fitting way for fast detection of invisible defects that were
experimentally investigated in their first stages of development. Such an early detection of
occurring faults allows the time needed for assessing the risk of potential domino effects
from the evolving defects to adjacent parts of the installations and, thus, for adopting
preventive maintenance actions and planning for the whole PV installation. On the other
hand, in[22], [23], the use of basic thermal image analysis tools, such as temperature line
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profile and histograrbased statistical analysis of ROI, applied to both outdoor and indoor
IRT measurements, were proved easihplementable and efficient tools for qualitative
analysis of hot spots under shexircuit conditions.

In particular, thehermal signaturs of potential faults, such as hot spots, can be observed
as bt or multi-modalformed histograms, thusharacterized byigher variance, standard
deviation and skew values. Besides, line profiles have been proved useful to yield the
temperature fluctuation across the abnormal thermal signatures of planar defects in PV
module Figure 2-1). Such simple techniques provide complementary qualitative
information about the thermal signature of occurring faults in PV modules, wtdohbe
valuable for thermal modelling and classification of different failure modes in PV modules.

Line Profile
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Figure 2-1:. Example of a simple analysis based on temperature line praffld?Ols
corresponding to hot syis in a PV module under shaitcuit conditions

Experimental results and observations presented in several recent studies focused on the
need for better understanding of the degradation/ageing magisms and their
interrelation with the resultant thermal signatures of PV modules, obtained by field IRT
measurements. The degradation/ageing impact on the thermal signature can be
investigated following either redlme exposure to field conditionf24], [25], [26] or
acceleratediime ageing in an environmental chamber (étgermal cycling)[26], [27].
Particularly, if24], an IRT analysis was performedstudy thedegradation mechanisms

in a 2 KVWp ¢Si PV installation after 12 years of exposure. One of the most significant
findings following their analysis was the fact that all solar cells located close to the junction
boxes typically feature operatingmperatures about 3°C higher than the rest ones in the
same cell matrix. Consequently, it ch@ assumedhat the thermal degradation of these
cells evolves at a higher rate. Besides, sttmgtring mismatches were also observed in
several modules withhe help of IRT imaging. Surprisingly, despite the higher operating
temperatures of some cells, no visible defects were observed, while modules with visible
hot spot damage showed no abnormal thermal signatures. For such observations it was
assumed that onethe rupture of the cell occurs, the shunt resistance becomes sufficiently
low for the temperature to increase significantly. Moreover, IRT observations of aged PV
modules, after longer fielégéxposure periods (1282 years), were made if25], [26]. IR
thermography was proved an effective and reliable tool for diagnosis of occurring and
propagating defects, particularly revealing the existence of hot cells,spots on the
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busbars, ad optical degradation in the form of colder bubbles (delamination). Accelerated
ageing tests, by thermal cycling, were attempteddi], in order to study the propagation

of existing hot spots and the evolution of abnormal thermal atgres, through the
Y2Rdz SQ&a fAFSGAYSD ¢KS Lwe¢ AYIFIAy3d NBadzZ da
the initial temperature differences (corresponding to hot spot areas) were decreased. It

was concluded that such observations could be explasmd result of the expansion of

the dissipated heat to the defective areas and the allocation of such areas to the whole
surface of each defective module.

The classification of different fault types by correlating their thermal signature with-the |
characteristics is of utmost importance for assessing the expected power output losses and
scheduling the needed maintenance actions to prevent further failure or even safety risks
for the PV system[28] proposed hotspot evaluation procedures and well defined
acceptance/rejection criteria, on the basis of several observations (among them IRT
inspections) of 200 field exposed and defective modules. These evaluation procedures
address both the lifetime and the operational efficiency of the modules.

[29] presented an IRDbasedtemperature distribution analysis tanalysethree different
categories of faults in PV modules. The proposed methodology, which was validated by
both simulation and experimental test results, was proved to be effective in establishing
parameterbased eletrical/thermal models and developing an optimized global maximum
power point tracking (MPPT) algorithm. In their extensive experimental Wi, [30],
investigated numerous-8iPV modules from 16 different RMfants with a range of field
exposure times. The evaluated daternt IRT measurements, together with electrical
characterization and electroluminescence imaging, manifested various failure
mechanisms, such as cell fracture, deficient solder joints, stiartiited cells and bypassed
substrings. The impact of these frequily detected defects on the resulting temperature
was discussed and differing defects could be diagnosed by characteristic temperature
RAFFSNBEYOSad {dzOK RAFFSNBY (G GKSNX¥YIFT aLJ GGS
voltage (V) characteristics at €T and the resultant power output losses. In bothlihese

two studies, the high reliability and usefulness of KRapping for PV plants for fault
classificationwere the main conclusion.

Advances in the field of fault analysis and characteiopafior installed PV modules, based

on IRT imaging, were recently reported3i], [32]. The influence, in particular, of differing
ambient conditions on the characteristics and the temperature profile of defects in PV
modules is studied i[81]. All investigated faults were disginished by the authors as three
different types; areal/planar defects, cell defects (e.qg. cell fracture and shunted cells) where
an individual cell is heated up, and posttaped defects which are considered much
smaller (e.g. solder joints).

Fnite element analysis (FEMhd experimental measuremenisere evaluatedAs a result
areal cell defects behave linearly with the solar irradiance, while the temperature
develgment in pointshaped defects exhibits a less predictable behawvitue to the glass
cell temperature difference, the limited resolution and possible material changes.

The demonstrated reliability and effectiveness of IRT imaging also encourages the
implementation of widearea measurements (WAMS) for largeale PV plants, by means

of aerial IRT33], [34], [35], [36], [37], [38]. The general potential of aerial thermographic
inspections for operating PV installations are briefly addresse@4h In early though
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significant steps okuch largescale applications, ifi35], an experimental setip was
implemented, basedn a remotecontrolled drone, to investigate 60 different PV plants of

up to 1 MWp. With the proposed selp, the performed aerial IRT inspections had a typical
duration (net flight time) ranging from just few minutes to up to 1 hour, depending on the
sizeof the PV plant. As it was concluded in the same paper, defects like disconnected
strings, substrings, shunted cells, faulty soldering and cell fracture could be visualized and
distinguished. Moreover, the impact of such faults was further studied anénstobd by
means of electrical simulations. Furthermore,[86], a novel concept was proposed for
monitoring PV plants by using light unmanned aerial vehicles (UAVS) or systems (UASS)
during their operation and maintenance, providing additional experience and solutions in
the field of largescale IRT.

More recently, in33], the prelimnary results of an ongoing study were presented on an
application for detection, diagnosis and classification of faults in {acgée PV plants, by

means of both aerial IRT mapping and auxiliary diagnosis/characterization on the ground

(i.e. IRT -V chaacterization and EL). The developed IRT mapping technique was proven to

be efficient though practically limited to provide diagnosis only in qualitative terms and for
smallscale plants. As the authors noticed, the advantage of faogde applicability of

aerial IRT, should be evidently exploited in a more efficient. Whis can be achievday
implementing less complex qualitative diagnosis and by quantifying the radiometric data
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and quantitative fault diagnosis for PV plants is under development by the authors.

Towards the same research direction, in the field of thaved IRT npping of PV plants,

another two inprogress studies were also recently publisifi&d], [38]. In the study of37],

several diagnosed faults in a PV plant of more than ten thousand modules, were
quantitatively correlated with the generated currenof the associated strings, by means

of aerial IRT imaging and monitoring data respectively. The correlation analyses indicated

that one or more inactive suomaitt Sa & ¢Sttt a4 aS@OSNB OStft F
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same study, the authors also attempted a preliminary tecleeonomic analysis in order

to quantify the impat of such diagnosed module defects, in terms of energy yield and
consequential financial losses, which could be balanced or even avoided by proper
inspection/maintenance. As a general conclusion, coming out from all these preliminary

studies and results, #hin such recently opened research field, the strategy of utilizing
thermographic UAVs can be a cedtective and much less tirmeonsuming option for fault

diaghosis of largescale PV plants.

Considering that IRT is a relatively new method, especiatlyfafolt diagnosis of PV

modules, the need of reliable measurements and accurate interpretation of the inspected

thermal signatures becomes increasingly important, especially when dealing with large

scale PV plants and, thusigh PVinvestments. A missedatllt diagnosis, either as nen
RSGSOGSR FhrdAdG 2N a aaFrt€asS FEFNYé vyre €SI
maintenance decisions. For these reasons, the upcoming international standards and
technical specifications of IRT for PV applications (IEC 6IBOKEC 609644 and IEC

624463) should be established and followe@9]. Moreover, sources of possible
measurement uncertainties and incorrect interpretation of thermal image data should be

further investigated, as if40], and addressed in such technical specifications. Last but not
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least, careful analysis and thermal imgg®cessingcomprise key steps for efficient IRT
based diagnosis, especially for lasgmale measurements.

2.2 Test requirements
2.2.1 Camera requirements

There is a broad variety of different IR cameras available on the market. As to provide a
useful guidance in an appropriate selection of a specific IR camera product, we classified
typical parameters of different IR camerdable2.2.1 lists the main differences for each

of the four camera classes we distinguished. No matter what camera class, a calibration
certificate is a clear prerequisite. This prerequisite is therefore includetlie overview

given inTable2.2.1 for completeness. The recalibration of the camera should be carried
out on an annual basis.

The stated temperature ranges listed Tiable2.2.1 are lept in italic letters, since these

values are not reflding actual prerequisites of IRQuality assurance services of PV
applications directly: It is clear that listed temperature ranges of up to 2000 °C are not
needed for any type of PV application. HoBeME dat NP FSaaA 2yl dzLILISNJI
KAIKfe aSyaridrodsS AyFNINBR RSGSO0 G2 I ff
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The following paragraphs briefummarize each parameter that is relevant foirtRRging
tasks of PV systems, listedTinble2.2.1.

Table2.2.1: General camera requirements

Camera Lower class Medium class |Professional clajProfessional
parameter upper class
Calibration Yes

Certificate

Temperature -HAXbHpPpAFHAXbepnan-HnXbMHA-N AN XbHA
Range

Resolution 160 x 120 320 x 240 320 x 240 640 x 480
(Super (640 x 480) (1280 x 960)
Resolution*)

Thermal <0.1K <0.05 K <0.04 K <0.002 K
Sensitivity
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Accuracy +/-2 °C +/-1°C
Focus Fix focus Manual Manual and auto

Digital Camera | - 2 Megapixels |3 Megapixels |5 Megapixels
Adjustable nonmxwm

Emissivity

Voice Recording | - Yes (short) Yes

Interchangeable | - Yes (telephotfYes (telephoto, wide ang
Lens and wide angle)macro)

GPS Recording | - - Yes Yes

External Wireles] - - Yes Yes
Sensor**

Function

* Some cameras are equipped with an additional function that will increase the available
resolution bycombining multiple images.

** Wireless current clamp, humidity or temperature sensor
Resolution

Pictures taken with an infrared camera have a specific resolution. Depending on the
thermal abnormality of a PV module, a higher resolution hhilge necessary. Higher
resolution images also allow pictures to be taken from a further distance and thus capturing
a greater number of modules per image.

Thermal Sensitivity

Infrared detectors have their intrinsic thermal sensitivity. This thermal seitgitorrelates
with temperatures differences that can be detected. This parameter therefore directly
reflects the ability of the camera to detect a particular minimum temperature difference.

Accuracy

This parameter includes all errors for the internatheical process and calculations
performed within the camera to identify the temperature value listed for each pixel in the
obtainedIRimages.

Focus
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Each infrared camera is equipped with a focus unit, used to set the appropriate focus of
the camera lensg in order to ob&in sharp images. In cheaperd&meras, only a fixed or

a manual focus mode may bavailable. For professional iEameras, the autdocus
function is a given function.

Digital Camera

Many infrared cameras are often equipped with thetiga of providing a regular, visible

light, digital image, in addition to the IR Y 3S® { dzOK AaNBIf ¢ AYLl 3
information, which can be highly valuable in cas@lonormalities found in the IRnhages.

This feature is greatly beneficial for donentation and reporting purposes.

Adjustable emissivity

For different applications, the emissivity of the infrared camera must be manually adjusted.
Only a manual adjustment allows the exact determination of the temperature next to the

thermal abnormality It also may be possible to adjust effective emissivity in post

processing using software provided by the manufacturer. This allows the operator to
determine the sensitivity of the temperature readings to the emissivity used as input. The
ability for mawual adjustment of the emissivity is important for PV applications.

Voice Recording

Infrared cameras can be equipped with an additional function for the storage of audio
comments. The option for technical personnel to append audio comments to every IR
image can be greatly beneficial for handa work and can help to speed up the process of
time needed per MWp of IRsted modules. These comments may include for example a
short description of the abnormality, a serial number or any other information deemed
relevant.

Interchangeable Lens

Different applications of infrared thermography require the usage of interchangeable
lenses. These interchangeable lenses are used for the documentation process of the
spotted abnormality. Typical interchangeable lenses aregkample, awide angle or a
telephoto lens.

GPS Recording

Another feature of the IRamera is the internal storage of geographical coordinates for
each infrared image. These GPS coordinates will be used for the additional documentation
regarding the posion of the detected abnormalities.

External Wireless Sensor Function

IRcameras using this function can be connected to external sensors. These external sensors
are used for the record of surrounding weather conditions or other important parameters
like ambient temperature, relative humidity or current flow through the modules or string.

Some additional camera requirements can be defined as well. The additional requirements
are listed inTable2.2.2.

25



Table2.2.2: Additional camera requirements

Camera parameter | Lower class|Medium class |Professional clajProfessional
upper class

Viewfinder - Yes

Measurement modes| 3 3 4 6

Camera Software fg Yes

update and inspdon

reports

ColourPalettes 4 6 6

Display 0Xpé |0XZpé noé¢ G2qn>o0é¢ 02

Operating Time 4h 4h 4h 4h

BatteryCharging Inside Inside and with external charging unit

camera only
Additional - Yes
Accumulators

Viewfinder

Many infrared cameras aregaipped with an externally mounted display. Installation sites

often exhibit very bight environmental conditionsmaking it very hard to see what is

RAaALI F@SR® ¢KS WwWIA22R 2fR GASHGTFTAYRSND 2FFSNE
camera.

Measuremen Modes

Infrared cameras are equipped with different measurement methods, such as for example
WAA2O0KSNNXYQE WLRAYG YSIFadz2NBYSy (i fovidg Mdriodst NS Q 1
options to analys the present abnormalities and temperature variations. Tifgerent

Y2RSa O2yuUNRf (GKS AYF3IS LINRPOS&daAy3d RSLISYyRAy3
YSIFadz2NBYSyiQ Y2RS lftft2ga (GKS dzaSNJ 2 asStSoi
mode allows the user to measure the temperature at a particular fpoithe field of view

2F GKS OFYSNI 2NJ AYF3Sd ¢KS WINBIFIQ Fdzy QlAzy
and the camera calculates the temperature statistics for the area. Typittallyincludes

the calculation of maximum, minimum and average targiure within the selected area.
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In addition to these two measurement modes the colour palette used to display the image

can be user selected. This is often based on user preference but can be useful in visualising
regions of the image within a narrowYeLJS NI G dzZNB NI y3ISd ¢KS WA a2
mode displays areas of the image with the same temperature in the samarcolo

Colaur Palettes

Each infrared camera is equipped with various aolmalettes. These palettes are used for
the easier visualizatioaf the present abnormality. Selecting differestdlourpalettes can
allow the use of isothermal measurements as mentioned above.

Camera Software for update and inspection reports

For the evaluation and presentation of infrared images, evaluation softwangsually
provided by the manufacturer of cameras. In addition to the evaluation of IR images, this
software is typically also used for the preparation of an inspection report and to perform
software updates on the camera.

Display

Each infrared camera equipped with a display. This display is used ff@r presentation
of the taken IRimage. Depending on the class of camera, this screen is larger and is
equipped with a touchable human interface.

Operating Time

Estimated time for the usage of the infrareamera before the accumulator has to be
changed.

Battery Charging and Additional Accumulators

Batteries of each camera need to be recharged. An external charging unit is highly
advisable, because otherwise the camera itself needs to be connected to agéauip unit

and thus cannot be used during the time of the recharge for any inspection task. Additional
accumulators can be very helpful for inspection tasks that last all day long.

Which class of camera to use or purchase?

An appropriate selection of ardaquate class of IBamera for use or purchase depends on
the various possible use cases for that camera. It is impossible to give a straightforward
decision matrix (above paragraphs highlighted that it depends very much on the specific
project case, theamera is used in).

On a general note, one may distinguish a tendency of smaller PV power plants
(e.g.<100kWp) and their related DC and AC zones and mesized PV power plants (e.g.
multiple 100kWp) and their related DC and AC zones to fit the mediuch@ofessional
class cameras, respectively.

Despite higher initial costs, the reasons for the selection of a professional class camera may
outweigh the purchase of a medium class#fera:

1 The auto focus functionality
1 The GPS recording function
1 The posdile higher resolution of the IR picture
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1 The feature to connect external wireless sensors

In case of many themal abnormalities during the IRspection, manual focusing of IR
pictures can impose large time penalties, which is both inconvenient for thenteal
personnel and costly in terms d¢dbour costs. The GPS recording function will assist to
identify the exact location of the spotted thermal abnormity, which eases the creation of
detailed inspection reports once the egite part of the PV plant inggtion routines are
finished. Since reports include GPS coordinates processed by machines and software, there
is also little risk of errors induced by manual interaction. Last but not least, some thermal
abnormalities demand a more detailed analysis. Tinges resolution function will help to

get the required, more detailed IR pictures. The possibility to connect specific external
wireless sensors to the IR camera will provide more possibilities for the analysis of detected
thermal abnormalities. With thesaspects considered, we would in principle advice the
professional class over the medium class, however, with acknowledging at the same time
that for a number of IRspection cases medium ckasameras are fully sufficient.
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However, the high cost for such cameras is significant. So the decision of choosing the
WdzLJLISND LINRPFSaaAirzylt Oflraa 2F Lw OF YSNIXa RS
potential supplementaryasks) and, last but not least, the available budget.

2.2.2 Environmental conditions

Stable environmental conditions are crucial for high quality outdoor IR imaging of PV
modules and arrays. Weather fluctuations must be much slower than the thermal time
cons@nt of the PVmodule. The thermal time constant of the module is a function of its
thermal resistance and capacitance. A typical PV module takes 5 to 15 minutes to thermally
stabilize for new environmental conditions such as change of global irradiatiemsity,
temperature, or wind speefft1]. A common environmental change that affects IR imaging

of PV arrays are clouds passing in front of the sun, which results in rapid chainges
irradiance.Clouds also can produce thermal reflections on the PV modules which may
distort the evaluation of the IR image. For this reason, thermal reflections of clouds,
buildings, trees, or other objects should be avoided or minimized. This is usually done by
either waiting for more stable conditions or moving the position of the IR camera to avoid
specific reflections, if possible.

One importantparameter derived from IRRnages is the temperature difference between
different parts of the module or between modwend/or strings of modules. Inactive areas

of a module or string usually appear hotter than surrounding active areas. This occurs
because a portion of the radiation hitting a functioning PV module is converted to DC
power, which flows to the inverter anldbads on the grid. When a PV module or string is
not functioning, this energy is not converted to DC power and therefore remains as excess
heat, which raises the temperature of the module or string. Inactive modules often suffer
from one of the followinglefect types: disconnected PV modules or strings,affizts or
shunted cells, and shedircuited bypass diodes. These types of failures cause only a slight
temperature increase between active and inactive parts, and this difference is often
proportiond to the irradiance. Thus it is more difficult or even impossible to detect these
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types of failures under low irradiance conditiotfat spotsthat arise from poor electrical
connections osevere mismatch within a moduége another important type of faire that
is usually easily detectable using IR

The temperature differences of these failures define the minimum requirements for the
weather condition, where a module failure can still be detected. The difference can be
calculated if the electrical convaon efficiency of the module is known as showkigure

2-2. The radiation power flu: heats up the PV module. A part pfis converted by the

PV module efficiency into electrical eggrand conveyed away from the P\bdule. The
ambient temperature Tamp and the wind speedwwing cause further heat flux to the
surrounding environment. Other heat fluxes (frame conduction, radiation flux to the sky
and ground) are neglected in this sim@di energy flux diagram dfigure2-2. A more
detailed heat flux diagram is given in the review of SkoXi

The electrical conversion efficiency ofreodule —soc can be taken from the datasheet of
the PV module or calculated by the Aréa(m?) and the peak powePvpr (Wp) of the
module:

—5c = Pypp/ (1000NV/m?2 x A) (ETA25)

The electrical convemsin efficiency—secis given for standard test conditions at 26. To
calculate the efficiency-for another PV module temperaturBnod the following equation
is applicable:

—= (1- (Tmod § 25°C) wcT) W—25C (ETA)

The power temperature coefficiertt can be found in the module data sheet. The vaitie
is the same for the module power and efficiency. However, one should be aware of
deviating definitions focr.

Figure2-2: Heat flux scheme of a PV module outdoors

For various module mounting conditions and module tydd&] collected module
temperature models. The easiest equation to calculate the module tentpes§Tmod) for
practical use is:

Tmod = Ta + (G /Gnoc)(TnoctTanoc)(1- 5 € F(Mwing). (MODT)
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With Tarepresent the ambient temperature in °Gythe global irradiation intensity on the
module plane Guoctthe global irradiation intensity othe module plane used to measure
the nominal operating cell temperaturBocrat the ambient temperaturda;noct

All parameters should be available from the PV module data sheet and the weather
forecast, except for the functioh of wind speedvwing. PV nodule datasheets typically
provide the standardized valu€uoctfor 800 W/m2 andTanocs20 °C. Eq. (MODT) is
together with Eqg. (ETA) an implicit equation, which can easily be solved e.g. by a data
calculation sheet.

For PV modules certifieatcording tahe new standard IEC612P52016 the temperture
is given in terms of the laan model for a module working at the maximum power point.
For the parameters of the new standaetjuation (MODTgannot be applied.

An active PV module behaves exactly likereattive module except that a portion of the
irradiation is converted into electrical power. Therefore, the difference in module
temperaturenT for active and inactive module parts is:

NT= (G/Gnoc)(TnoctTaNnoc)—. (TDIFF)

The parameteMNOCTS typically given in the datasheet for a free standing PV module. For
other installation situation te TNOCThas to be exchanged by the NOCT temperature of a
built-in solar moduleTINNOCTTheTINNOCTan be estimated by the values given in

Table2.2.3.

Table 2.2.3: Estimation of koctbased on Roct[43]. h* is standoff, entrance, or exit
height/width, whichever is minimum. ¢hannelled4°C is added

PV array mount type TINOCT [°C]
Rack mount NOCT + 3°C
Direct mount NOCT + 18°C
Sandoff/integral NOCT + X

h* [cm] X [°C]

2.5 +11

7.5 +2

15 -1
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Figure2-3 shows tle temperature difference for a typical multi crystalline silicon module
with an efficiency of 1586 for various mounting situations given in

Table2.23. Eq.TDIFF can be used to estimate the expected temipee difference for a
given PV module, mounting situation and weather conditions. Modafesigh module
efficiency such as 2 will have a 1 K higher temperature difference for active and inactive
parts compared to 156 efficiency and are therefore easito detect. It is recommended

to use weather conditions which lead to temperature differengdshigher than 2.5 K.
Temperature differences of up to 8 K may be found in a PV module caused by natural
inhomogeneous temperature fieldg4]. These natural inhomogeneities are almost seen
as a gradient on the module. Defect features can be distinguished from thesesdiffect
showing cell or string or module wise temperature steps. The temperature gracent
modules and arraysncreaselinearly with the global irradiation. So the temperature
gradients at 1000V/mz2 global irradiation are higher than @&00W/m2. The natural
temperature gradients are highest at the edges of the array.

| ==AT free standing
AT rack mount

I AT direct mount

[T standoff integral 2,5 cm

AT standoff integral 7,5 cm

AT standoffintegral 15cm

[=)]

un

[¥X)

Temperature difference ["C]
.

[

500 700 900 1100
Global irradiance intensity [W,/m7]

Figure2-3: Example of temperature differengel’ calculated with Eq. (TDIFF) for a%
efficient PV module withnéce60°C, an ambient temperatures ©f 20°C, for variou:
installation situations and no wind having an active and an inactive part of the moduli
red line represents a minimum teewature difference needed to assure thiais not an
artificial effect

Actually, the estimation of temperature differenpd for an inactive modulgartis a rough
approximation. However, the estimation for practical use only is based on easily atzessib
parameters, such as datasheet values. The temperature difference helps assessing the
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observed temperature variation and gives a decision support for taking IR images for a
given weather forecast. For most practical cases an irradiané@@¥/m2 is enaigh to
detect failures in PV modules with inactive module parts. Equation (TDIFF) shows no
dependence of the temperature difference of active and inactive parts in the module on
the wind. Howeverwind should be avoided because the wind adds inhomogeneous
temperature fields to the PV array which makes it more difficult to identify the temperature
differences caused by inactive module parts. Cell crackssguais or other additional heat
sources in the module can also be identified at lower irradiance deumcause they
generate local heat accumulationd/ith thesekinds of defects the temperature is higher
comparedto normal active module parts.

2.2.3 Recording procedures

PV fields, especially largeale ones, comprise a complicated target for monitoring and
performance evaluatiofi28], [45], [46]. With the aim of establishg reliable and efficient
IRFbased inspection services for PV installations in the near future, recording procedures
should feature largescale applicability and/or provide complete and accurate diagnosis
(i.e. qualitative and quantitative) of occurrifgilure modes.

Recent ideas on how to accelerate IRT inspection of PV plants and recording processes are
focusedonoperd 2 dzZNOS Ff eAy 3 LI FGF2NXVas (y26y | a YA
[47], [48]. Indeed, given the development of new, safer platforms and effective sensors, as
well as the improvement of data acquisition devices and automatic flight control systems,
advanced aerial inspections are becoming sensationally easy, fast and feasialgays.

Such rapidly growing technological trenp@onsequently widens the employment of UAVs

for proximal sensing for both quantitative and qualitative imaging investigatjdas

Based on early studies and recent feedback from experience, net inspection times (raw
aerial IRT imaging) can reach an impressive ratehd\® or even 3MWp (typically up to
~12000 modules) per hour, depaimg on the desired detail in the recorded d§&8], [33],

[30].

On the other hand, conventional IRT recording procedoreshe ground, although being
time-consuming compared can provide auxiliary information on the thermal signature of
operating PV modules, especially when combined with-igderencing techniquefs0].

AllIRT recordings, either aerial or terrestrial, which are taken into account for gunaditat

and quantitative analysis of operating PV modules, should be ideally performed in
compliance with recommended specifications. Such recommendations, in experimental
(e.g. hardware features, distance to target, angle of view) and environmental conditions
(e.g. irradiance, cloud coverage, wind speed) are set to optimize the quality of acquired
GKSNXYIFEf aA3IYylFidz2NBAT YAYAYAT S YAAAYGSNIINBGE GA
profiles and, ultimately, maximize the reliability of the recorded datatHeurdetails on
recommended experimental and environmental conditions for IR recording procedures,
based on forthcoming IEC staards, are given in SubsectioB®.1and 2.2.2 Figure2-4

gives a brief overview of involved actions before, during and after the IR inspection of a PV
plant.
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* Contact with customer; gathering technical information (PV modules type and
specifications, plan view of the installation, PV arrays and strings arrangement, etc)

* Follow-up and confirm suitable experimental and environmental conditions; compliance
with recommended specifications

* Checklist for all involved equipment; compliance recommended specifications

Preparation

* On-site check of topology and validation of plan view (map); definition of flight paths
(aerial IR) or measurement positions (ground IR)

* IR camera set-up optimization

*» Validation = (if necessary) additional |-V measurements to targeted modules/strings
and visual inspection = preliminary diagnosis and/or on-site repair (if possible)

*» Detailed analysis and validation of IR video/image data; “suspect” modulesidentification
* Post-treatment / thermal image processing = identification resulting AT and size of
abnormal temperature zones: size
Post- *» Diagnosis based on thermal pattern; correlation with measured |-V pattern and/or visual
analysis inspectionimage = estimation of performance losses

Figure2-4: Overviewof involved actions before, during and after IR inspection of a PV, plant

An important factor for any outdoor IRT recording procedure, is the distance between the
camera lens and the target (surface of PV module or array). In principledisiagce
measirements involve unwanted variations of the atmospheric transmission and
directional emissivity40]. The latter and, most importantly, the limited spatial and lateral
resolution at longdistance measurements have a negative impact on the accuracy and,
thus, the reliability 6 quantitative results, compared to shedistance measurements. In
both aerial and ground measements, the future IEC 609Blstandard is oriented to
recommend a distancéo-target limit where the thermal signature of a single cell of an
inspected modulés depicted with ideall$ x5 pixels.

In order to respect this empirical rule and to find the allowed maximum distamtarget
(dmay), @ simple lens calculation should be performed, prior to recording and interpreting
thermal images. For such analydise most important parameters to consider, are: i) the
optical resolution of the output thermal image, ii) the fieddtview (FOV) of the thermal
camera, as well as the instantaneous FOV (IFOV or spatial resolution) and the measurement
FOV (MFQOV) and)ithe physical surface dimensions of the target. For instance, we assume
a typical thermal camera with a lens of FO§2°x49°, optical (radiometric) resolution of
382 x 288 pixels and temperature resolution of 0.8@; and a PV module with solar cekesiz

of 160x 160 mm, to be inspected. In this case, the % pixels/cell recommendation, is
respected when the pixel size (i.e. the IFOV) is not more tharbE82 mm. Such cell size
and resulting IFOV correspond to typicat@dl PV module dimensionsgi ~16@ x 1000

mm). Given thesefigure2-5, presents a lens calculation examfd] where the allowed
dmaxis identified, for optimum IR recordings of operaiRV modules. Thus, on the basis of
the recommended IEC specifications, a distadegx =10.19m is calculated for the
mentioned module and camarparameters, as shown Kigure2-5. Similar l&s calculator
example can be also found [52].
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Lens Distance

ws

p A PR
0.19m y
p P
% s 9.18m

32.01 mm

Field of view at object surface
12.22 m (HFOV)
9.18 m (WVFOW)
15.27 m (DFOV)
32.01 mm (IFOV)

96.03 mm (MFON)

Figure2-5: Example of lens calculati¢fl] and identification of gaxfor an example case
where IFOVKo mm.

However, recording of thermal images a0ty 6S SFFAOASY G Fa ¢St >
detection of abnormal temperatures (possibly defective modules); especially where
prStAYAYLEFNE YSIadaNBYSyida O2dzZ R ARSYdGATeEe LINR2N
fact, it is highly recommended to obtain-salled "IR overviews" of a PV installation, even

under lower image resolution, for a good orientation and visualizatiolamgfe extended

defects on string level, which might otherwise be undetected.

Another significant issue to be considered, during a recording procedure in real field, is to
accurately identify the exact location of each thermal signature. Such task caerype v
challenging, especially when dealing with numerous measurements andrpaginent of
thermal imagery of largscale PV plants, which consist of thousands of strings and
modules. Towards tackling this challenge, IR recordings of PV plants may inepipiegn
techniques based on geographical information and/or photogrammetry, depending on the
application (ground or aerial inspection).

Two typical examples of IRT recording procedures, i.e. aerial triangulation and
georeferencing, were presented in a ragework [50].

2.2.4 Comments and recommaeadations

Infraredthermography as an analysis method enables the detection ofatis and other
defects that cannot be detected by visual inspection due to the absence of optical effects.
Thermography displays temperature differences that, depending oair timtensity,
indicate acute defects or cause performance degradation over the opernadingd.

The aim of a thermographic inspection is to detect errors before yield reduction or serious
material damagewill occur. Because outlined damages often havedeveloped yet, the
objective interpretation of thermographic scans is not trivial. Furthermore, defects found
during a thermographic investigation do not inevitably lead to performance degradation.
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However, these defects have the potential to cause podegradations in subsequent
years. Hotspots with strong local heat gradients can affect the performance of the PV
modules significantly and even, in extreme cases, leahtoulderindfires.

IRimaging is a valuablmethod to detect power relevant, malfustioning R/ modules,
module strirgs, and certain devices in a BNay if the presence of artefacts, like partial
shading, dirt, can be excluded.i$ recommended to take the IRhages at high solar
irradiance(>600W/m2), constant ambient conditions (ndouds, low wind speed, stable
ambient tempeature). The knowledge of the Rafray data (inclination of the modules,
orientation, string configuration, variations within the generatol§ obligatory of
evaluation of IRmages. If monitoring data are awdile, they can be helpful for data
interpretation within the accuracy of the inverter. However, when the installations are
rather complex, e. g. on factory roofs with different roof installations, varying string
lengths, different orientation, different iclination angle, the monitoring data tend to
scatter and do not prevent clear indigans for defective devices. iRiages do. Modules
with high local temperatures are visible clearly and indicate strong power losses and
technical risks. In general, higkmperature differences indicate strong power loss and low
ones correspond to low power losses.

IRimages provide an overview of the solar park quality during operating conditions by
checking easily 100 percent of tR&/modules with respect to the presenoé defects that
can reducehe power output.

2.3 Classification and evaluation
2.3.1 Sample patterns with abnormalities

PV modules can be tested using a thermal imaging camera without any operational
interruption of the PV power plant. Using the InfraRed (IR) anggthering method,
temperature sequences within a module or within a larger module field can be made
visible. Damaged modules, such as for example hot spot effects on crystalline silicon
modules, can be easily identified. Also other phenomena can be w@ektesuch as active
bypass diodes in the module junction box, in@etstrings and similar effects.

The main thermal abnormalities in PV power plants are:

1. Hotcellsformally named as dt spots by
a. Breakage of front glazing
b. External shading
c. Internal cell prblems
2. Heated bypass diodes inside the PV module junction box
3. Heated string fuses in combiner box
4. Heated DC and AC cables and connections points

The IR patterns presented in the following section include examples for specific thermal
abnormalities of P\power plants. For a better understanding, some of theniRgesare
shown together with thecorrespondingligital pictures.
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Figure2-6 through Figure2-9 show breakages of the front glass, caused by heavy impacts
such as hail or other extreme mechanical stress onto the module frame, causing the front
glass of the PV module to be damaged. The damage of the front glass often tnexies

hot cells in the dmaged PV module.

Figure2-8: Breakage of front glass
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Figure2-9: Breakage of front glass

2312t +*Y2 RdzB B 2KOSNK S I (&ER2 10 Sad BIA Aay0d SNy | f
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The sample pictures presented in this category depict PV modules with overheated cells.
These cells are overheated due to failures in the cell and module manufacturing process.
Some example®r failures during these production processes are inaccurate cell sorting,
local short circuits within the solar cell or an insufficient electrical contact. Most of the
overheated cells derive from internal cell problems.

Figure2-10: On the left side front view and on the right hand sidar sideview of a PV
module with overheated cell caused by internal cell problems
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Figure2-11. Rear side view of PV module with overheated cell caused by internal cell
problems

Figure2-12: Hot Spot > 2K

2313t tY2RdzBE K& ga 2 @S NK IGEILSEZRR aBSS i #4S N/ |
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The previous sulshapter showed IR patterns of overheated cells due to internal cell

problems. In this subchapter, similar pattsraf overheated cellsare shown, whichare

caused by external shading. The IR pattern that can be observed strongly depends on the

exact external shading source, which is usually distinguished into local shaditey@ad

scale shading. Local shading sesrare for example bird droppings, small crops and small

trees.Largescale shading sources are high buildjdigtning rods, masts (pylons) trees

next to the PV power plant.

When the operating current of the overall series string of cells approatigeshortcircuit
current of the shaded cell, the overall current of the string becomes limited by the shaded
cell. The extra current produced by the good cells then forward biases the good solar cells
If the series string is shedircuited, then the foward bias across all of these cells reverse
biases the shaded cell. Hgpot occurs when a number of series connected cells cause a
reverse bias across the shaded cell, causing the dissipation of power in the shaded cell.
Essentially the entire generatingapacity of all theunshaded cells in the stringelts is
dissipated in the shaded cell.
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Figure2-14: PVmodule shows overheated cells doweshadingby plants

Figure2-15: PV module shows overheated cells due to shadaygthe medium voltage
overhead lines and its pylon
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