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ABSTRACT

Photovoltaic (PV) panels started their long technological development journey at the
hands of legendary pioneers such as Edmond Bequerel. He discovered the key solar
energy principles in 1839 and following this Heinrich Hertz was credited with the
discovery of the photoelectric effect in 1887. Nikolas Tesla developed key patents in
1901 and Albert Einstein published a paper in 1905. This work in 1954 lead to Bell
Laboratories producing the first commercial PV cell and since then PV cells have

advanced to astronomical levels.

This project aimed to model the effects of degradation of photovoltaic panels. The goal
was to observe the effects that PV cell failure has on the cells internal resistance, and then
determine what effect this had on the performance of the panel’s output. Field trials were
also undertaken to detect this heating using an infrared thermograph and to also relate the

temperatures to the simulated results.

Results showed that any increase in panel temperature above 25°C caused the panel’s
output to reduce up to 63% at 90°C. The physical detection of heating or hot spots was
successful with six out of the thirty-six arrays having cells with increased temperatures.
Additionally, the maximum cell temperature scanned was 61°C which was a 24°C

increase from the nominal of the rest of the PV array.
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1 CHAPTER ONE: INTRODUCTION

1.1 INTRODUCTION

Photovoltaic arrays, which have long operational life of up to thirty-five years, have
inherent fatigue and degradation processes. Over time these processes cause the panels to
age and decrease efficiency. As a result, the production of electricity is reduced for some
PV panels in the system. These faster ageing PV panels can affect the whole series string
output. In terms of monitoring individual panel efficiency, many of the degradation
processes may not be visible to the naked eye. Currently performance monitoring is not
built into individual panels, which means the alternative of checking many panels
performance by voltage and hall-effect current monitoring is extremely labour intensive

and expensive for large PV arrays.
1.2 PROJECT AIM

This project’s aim is to simulate the effects of PV array degradation on panel output.
Using MATLAB and Simscape to determine if these models validate the real-world
observations of hot spots. Also, the project aims to contribute to the improvement of the
life cycle assessments of PV arrays and to provide details on the benefits of condition
monitoring of PV arrays.

1.3 OUTLINE OF STUDY

The outline of this study consists of research of the history and elements that make up a
photovoltaic panel and research of the effects of degradation on PV cells. Also, relevant
PV array data will be selected from the solar farm site to provide the expected values for

power loss due to heat emitted via calculations and/or modelling.
1.4 THE PROBLEM

This research project undertook a detailed literature search investigation to fully
comprehend the effects of degradation on large PV arrays. Each individual cell has an
internal resistance that depends on many components ranging from the cell physical
structure, current collectors and panel construction. As the PV cells degrade this
resistance will increase, with increased thermal loss being evident. This heat is lost
energy and can have series circuit impacts that can reduce a total array/strings output

performance.

W0093081 Page 17



1.5 RESEARCH OBJECTIVES

The project is separated into six principle segments. The principle sections will allow for
a full application of the research process and an in-depth understanding of PV array

degradation and impacts of peak power conditioning monitoring.
The principle sections are:

o Research background information regarding photovoltaic and thermography
technologies.

e Investigate how degradation of the substrate, connections or moisture ingress affects
the overall internal resistance of a PV cell and overall panel.

o Investigate expected thermal properties (hot spots) for degraded panels calculated at
daily solar peak.

e Model to predict simulation of PV panel degradation and thermal hot spots.

o Justify the benefits of condition monitoring for a large PV array.

o Compile all information (background information, results) into dissertation.

Fieldwork will also supplement this investigation by performing physical thermography
scans to detect/measure hot spots.
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1.6 BACKGROUND

1.6.1 Electrical

The unit of internal electrical resistance is a Ohm (). The laws of physics require that
resistance can only be a positive value as a material cannot add, assist or enhance current

flow without manipulating its own properties.

i

FixedValue FixedValue Variable Variable (LDR) Light
Resistor Resistor Resistor Resistor Dependant
(IEC Symbol) (IEEE Symbol) (Potentiometer) (Rheostat) Resistor

Figure 1.1 - Resistor symbol types (DC Circuit Theory, 2016).

Resistance is defined as the ratio between the voltage across an element and the amount
of current passing through that same element (Ohm’s Law). Figurel.1l shows various
resistor representations. An element with a low resistance would have a resistance less
than 1Q. Examples of elements that are good conductors include metals such as gold,
silver, copper, aluminium or special non-metal forms like graphite and graphene.
Elements with large electrical resistivity (i.e. > 1MQ) are termed insulators, common
examples including glass, porcelain or plastic.

Certain elements have electrical properties that range between high and low conductivity
extremes; these extremes are known as semiconductors. Amorphous carbon (C) coke and
silicon (Si) are examples of semiconductors. Depending on the use of other dopants,
silicon can be made conductive or non-conductive under certain electrical conditions.
This has given rise to the major family of semiconductor electronic components such as
diodes, transistors, thyristors, mosfets, GTOs and IGBts. PV cells are made up of

semiconductor elements that contribute to a photosensitive diode junction.

1.6.2 Photovoltaic Effect

The photovoltaic effect is defined “...as the process in which two heterogeneous
materials in close proximity produce an electrical voltage when struck by light or other
radiant energy.” (Encyclopaedia Britannica, 2016). When the light in incident upon a
material, such as specially prepared germanium or silicon, the photon packets of light
energy provide the means for the electrons within the material to move and conduct. This

in turn results in an overall electric field voltage to develop. This process will continue as
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long as the light source continues to strike the material. The photovoltaic effect is the
process that makes up every PV system and can also be used for light level detection

purposes.
1.6.3 Photovoltaic History

Edmund Bequerel who discovered the key solar energy principles, noted in his work in
1839 that when specific materials were exposed to light they would produce an electric
current. The connection between the two has subsequently been developed over many
years. Heinrich Hertz is the physicist credited with the discovery of the photoelectric
effect during his projects with radio waves in 1887. Nikolas Tesla developed key patents
in 1901 as well as Albert Einstein, who published a paper in 1905 on the photoelectric
effect and won a Nobel Prize. In 1954 Bell Laboratories built the first PV module, which
was named a solar battery, however the high cost prevented the module from gaining

mainstream usage.

Space applications were the next advancement for the PV cells, as they required a
renewable source of power for space based vehicles and satellites. The predominant
demand for PV cells was the rising price of electricity from fossil fuel energy sources.
As development of PV cell technology continues, and manufacturing output increases
dramatically, the cost of PV cells have reduced drastically. This means they now serve as
competition with centralised fossil fuel generation sources. This has also made PV arrays
a viable investment for the average household and increasing large-scale solar farms.

1.6.4 Photovoltaic Array Construction and Operation

The construction of PV cells is shown in figure 1.2. Manufacturing is accomplished using
a semiconductor, material such as silicon. A thin wafer of the material is treated with a
dopant, which creates a layer of material that exhibits dielectric properties. The dopant
inclusion in the silicon determines whether it creates an ‘electron hole’ (i.e. a missing
electron in the crystal matrix which leaves an overall positive charge) or an excess

electron in the silicon crystal matrix resulting in a negative charge.
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Photon

. Front Metel Anti-refiective

n Type Semiconductor -

p Type Semiconductor —.

Figure 1.2 - PV effect basic diagram (Viridian, 2016).

As light hits this ‘dopant surface arranged’ silicon material, electrons are excited sufficiently
by the photon packets of energy to pass through the material towards the positively doped
material. Hence a DC electric current is produced in solar sensitive material that can be used
to do external work in a connected circuit. PV cells are the individual elements that convert
some of the light energy directly to electrical energy, which enables the resulting flow of
electricity. They can be connected in any number or configurations to make a panel module.
Panels can then be connected in any number of configurations to make a larger PV array.
Figure 1.3 illustrates these typical series and/or parallel arrangements that are implemented
depending on the current and voltage requirements. The current is always directly related to
the insolation level of light, which hits the array.

CELL

\

MODULE

ARRAY

et )
feieieaiien)

Figure 1.3 - PV array deconstruction diagram (NASA Science, 2016).
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Referring to figure 1.4, PV cells use junctions that create the electric field in the
semiconductor. For example, a single junction array has a specific band gap and only
photons that have energy excitation which is greater or equal to this gap of the
semiconducting material, with the resultant displacement of the electrons producing a
current, which hence acts as an energy generation source. Therefore the cell only generates
energy for the light spectrum that is higher than the band gap of the material. The lower
energy photons are not absorbed, which is why modern cells have multi-junction cells which
allow a broader band gap and have a proven greater efficiency in light conversion. However
the high cost of manufacturing multiple junction arrays means that they are only used in
special areas like space applications where there is a requirement for a very small system

footprint.

Egl > Eg2 > Eg3

Call | {Eg1)

—

Cell 2 {Egz)

Call 3 {Eg3)

Figure 1.4 - Photovoltaic multi-junction layers (NASA Science, 2016).
Figure 1.5 shows an example of the layers in a multi-junction array. The top cell absorbs

the high-energy photons and allows the rest to pass and to be possibly captured at a lower

band gap. In comparison, a normal PV array only has one of these junctions.
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Figure 1.5 - Multi-junction stack example (NASA Science, 2016).
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1.6.5 Photovoltaic Price Trends

Figures 1.6 and 1.7 show the historical price reductions and the predicted continual price
reduction forecast of PV arrays. This will make any required replacements more feasible
due to reduced payback periods in the future.
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more than 85 percent
4
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. Soft Costs . Engineering, Equipment, Other Modules

Figure 1.6 - Future prediction for PV cells in $/W (Bloomberg, 2015).

W0093081 Page 23



|=

1977 price $76.67/watt

The Swanson effect
Price of crystalline silicon
photovoltaic cells,
§fwatt

s 1

|&

|=

1977 | S RIS S O T 000 0 0 0 1 000 G 0 00 (0 300 (S (S S 0000 (S OO S G N O O R O I SR BN SR ENENL
5 53 S % 3 5 55 5G5S 5D D VD R VS

1979 R S RS S R R s s s 1S s S B3 s 1) B B BE B RS BE
S S Y ) 3 D S MR FER Y B

1931 B EE EE SRR R I i EHE R mm

EEE
0 T
Illlli 2013 price $0.74/watt .
FORECAST
.-.....-__--
T T T
0 FHEEEEEEEEHEEENEEEEE RNl

Figure 1.7 - $/W history of PV cells (Bloomberg, 2015).

PV arrays are now a economically viable option for use both in domestic distributed
energy production, as well as commercial generation units, with significant cycle lives of
25 — 30 years. However to keep these arrays operating at maximum efficiency,
maintenance must be conducted. Therefore this research project will investigate the use of
thermal footprints of PV cell panels and electrical connections as a potential determining
factor as to when an intervention is necessary to improve or prolong the PV arrays

performance life.
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2 CHAPTER TWO: LITERATURE REVIEW

Degradation is an important factor when trying to accurately calculate the investment
return period for every solar project, currently all panels manufactured have a reduced
output over time. Kyocera Solar limited warranty (2016) stipulates that under controlled
conditions this reduction would be guaranteed at ten years to be above 90% rated output
and above 80% rated output at twenty-five years. Jordan C and Kurtz S (2012) show
results from a forty year study where they calculated 2000 different rates of degradation.
The reported results found a mean of 0.5%/year, average 5% reduction at ten years and

12.5% reduction at twenty-five years.
2.1 SHOCKLEY QUEISSER EFFICIENCY LIMIT

Shockley and Queisser (1960) discovered that all p/n junctions have the critical limits for
energy conversion. Referring to figure 2.1, this limit is defined as the Shockley-Queisser
efficiency limit or detailed balance limit of efficiency. As the name defines the maximum
energy that can be theoretically converted to electrical form. For a single p/n junction this
efficiency is 33.7%. The breakdown is 46.3% transferred to thermal energy (heat), 33.7%
is successfully transferred to electrical energy, 18% of photons travel straight through the
panel and 2% is lost during the local recombination of the electrons and new creations of
holes in the material.
Efficiency

359
Shockley-Queisser Limit

25%

15%

5% °

0.5 2.5

1 1.5 2
Semiconductor band gap - Electron Volts

Figure 2.1 - Panel type efficiencies and Skockley-Queisser limit for a single junction cell (Solar
Central, 2016).

This theoretical efficiency is raised using multiple junctions, theoretical maximum
efficiency for a two-layer cell is 42% and 49% for a three layer junction, however current
manufacturing process are unable to attain these theoretical figures. A Solar Central
(2016) article referenced that UNSW have had success with a five-layer cell, which
recorded 43% efficiency however, this cell is very complex and therefor is also

expensive.
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Figure 2.2 - Electromagnetic spectrum (Science UK, 2016).

Figure 2.2 provides a visual on the whole electromagnetic spectrum. It must be noted that
the shorter the wave the more powerful the ray. This means gamma rays are the strongest
while radio waves are the weakest. For the electron in the semi-conductor element to be
transferred to the circuit, it must be excited above its normal valence level, to a greater
energy conduction level. In terms of wavelengths, particular wavelengths of infrared
waves, all microwaves, and all radio waves are not strong enough to create this electron
transfer as they continue to travel through the panel preventing 100% efficiency to be
achieved. Figure 2.3 shows the area in blue of the solar spectrum, which is converted by a
crystalline silicon cell.
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& O solar spectrum (AM 1.5-G, 1000 W/m?2)
1.2 | ‘ converted by crystalline silicon cell
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Figure 2.3 - Typical crystalline silicon cell wavelength conversion spectrum (Viridian, 2016).
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2.2 THERMOGRAPHY

Infrared thermography (IRT) is the process of transforming the infrared energy emitted
from an object into temperature data. The equipment typically converts this infrared
energy to an image, which is displayed on a screen. This new image provides greater
detail of the objects temperature and distribution. Fluke Ti25 defines its thermograph to
have an accuracy of £2°C or 2% (whichever is larger). It also has a combined digital
image to allow for easy identification once both images are overlayed, as shown in figure
2.5. Figure 2.5 is a typical example of the type of digital image with the scale for the false
colour image to show temperature gradients that may exist on a PV panel.

HI LO

“aagd. 336 —

— —

20/08/2015 02:01:54PM

Figure 2.4 - Infrared thermography of PV panels at Townsville RSL Stadium Solar Farm.

A review paper by Bagavathappan Pan et.al (2013) provided background into industry
usage of infrared thermography for conditioning monitoring. The paper exhibited
excellent results with detection of faulty machines, electrical connection degradation, all
which created abnormal distribution and/or increase of temperature. The paper
documented corrosion and degradation are fault types that will cause a rise of temperature

from the normal operational temperature.
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2.2.1 Thermography Fault Detection

Tsanakas et.al (2016) provides a very detailed paper on the faults associated with PV
modules. Research found three classes of faults being; optical degradation, electrical
degradation and miscellaneous faults. Firstly, optical degradation includes faults with
covering bubbling, delamination, discolouring and cracks or damage to the glass.
Secondly, electrical degradation concerns cell cracking, ribbon damage, faulty solder
connections, shunts or shorted cells. Lastly mismatches and non-classified faults
including broken/shorted/failed diodes or open circuited cells. Figures 2.5 to 2.7 show the

different visual and thermography indications.

Figure 2.5 - Solder/ribbon degradation small hotspot (left) visual degradation (right) (Tsanakas
20186).

Figure 2.6 - Single cell thermograph hot spot (left) multiple cells failed shown in thermograph hot
spot (right) (Tsanakas 2016).
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Figure 2.7 - Failed bypass diode, Thermography 1/3 of panel failed (Tsanakas 2016).

Figures 2.5 to 2.7 each show effective detection using infrared thermography. They also
provide three basic fault types and are good visual references for real world comparison

during physical testing.
2.3 SOLAR RADIATION

Global solar exposure is the total amount of solar energy hitting the ground on a
horizontal surface, as defined by the Bureau of Meteorology (BOM, 2016). The solar
insolation incident to the ground over a whole day is the daily solar exposure and is
typically of the order of 1-36 MJ/m?.

Diffused solar exposure is the solar energy from all parts of the sky except for the energy
produced directly from the sun (BOM, 2016). The maximum values expected in cloudy
conditions and minimum during clear conditions is always less than global solar
exposure. Solar energy is delivered in two ways to Earth. (BOM, 2016) informs these

two are modelled mathematically by:
Eg = Eq + Epcos(z) (1)

Where E, = global irradiance at horizontal surface,
E4 = diffuse irradiance,

E, = direct beam irradiance on a surface perpendicular to
the direct beam,

z = Sun's zenith angle.

Irradiance levels are especially important when selecting the location for a solar farm. For
example the same solar installation would generally perform better in Australia then it
would in the UK due to the solar density as shown by figure 2.8. However selecting an
appropriate location is less relevant in domestic use as homeowners are obviously
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restricted by the existing location of their house roof. Although, even in Australia, as
shown in figure 2.8, this variation will mean that each site will give different results, as
well as differing throughout the year. Therefore comparable data will be difficult to
obtain as irradiance and temperature have dynamic effects on output.

Solar irradiance is a major factor affecting output of PV panels. For example, if a 135W
panel has a rated output measured at 25°C and 1000kWh/m? irradiance, then an increase
in irradiance above 1000kWh/m? would increase the panels output (assuming temperature

is maintained at 25°C).

24 TEMPERATURE AND IRRADIANCE CORRELATION

Generally areas of increased irradiance will have temperatures above 25°C. Krismadinata
et.al (2012) shows there will be efficiency losses in the panel due to heat increase
Comparing figure 2.8 and 2.9 it is clearly visible that the average global temperature map

correlates directly to solar irradiance average map.

solar irradiamnce

2

in KWh/m

o
.

Figure 2.8 - World solar irradiance map (Solary Energy, 2016).
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Figure 2.9 - Map of annual average world temperature (Solar Energy, 2016).

In most cases the panel will continue to be limited by the invertor output i.e. if there is

5kW of panels connected to a 5kW invertor the output will not be more than 5kW output.

Figure 2.10 and 2.11 shows that irradiance dose not remain a constant value throughout

the entire twenty-four hours in a day. In fact, it changes on a seasonal cycle also. Figure

2.10 indicates how cloud cover and other weather elements can cause the irradiance to

fluctuate throughout the day. Figure 2.11 illustrates how the output will vary throughout

the year, with the peak occurring generally after midday and insignificant irradiance at

night.

Furthermore, if the irradiance is above the 1,000kWh/m? then this maximum

invertor output will be obtained faster during the day. It will also be maintained for longer

as more irradiance is present. Also notable is each month has different irradiance levels.
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Figure 2.10 - Example of weather effects on irradiance (Thekaekara, 1976).
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Figure 2.11 - Example of average hour solar irradiation over 12 months (Ekren, 2011).

The NASA image in figure 2.12 shows that the average variation over the past fifty years
is within the range of 2W/m?. This is only a 0.146% variation, with most panels expecting
10-20% output reduction over a twenty-five year period due to this small variation in the
sun’s cycle. As such this variation can be disregarded.

Composite Total Solar Irradiance (Frohlich and Lean)
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Figure 2.12 - Fifty year irradiance cycle example (NASA, 2009).

The solar exposer varies at every location across the world. Many weather sites such as
BOM provide users with daily total irradiance values and yearly averages as shown in
figure 2.13. Typically in MJ/m?, which can be converted to kWh/m?, using the following
conversion factor:

MJ/m? = 3.6 xkWh/m?
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Figure 2.13 - Australia average global horizontal irradiation — (SolarGIS, 2013).

In summary all weather and solar extremes between night and day, as well as seasonally
and year to year, are fatigue impacts on the PV panels. Additionally external and internal
heat sources and then cooling, frost, rain and other weather events will impact on the
construction and assembly viability of a large PV arrays. These extremes provide the
continuous thermal expansion and contraction cycles that during the panel’s lifetime can

degrade:

e Weather seals that protect the PV cells and their current collectors and electrical
connectors;

e Promote corrosion of panel framing;

e Promote any edge crack propagation through each PV cell silicon wafer and also top

surface current collectors.

All of these fatigue mechanisms impact on the individual panel performance, as well as

possibly within the series strings of such panels.
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2.5 INTRODUCTION OF LIFE CYCLE ASSESSMENT

It is expected for PV arrays that after twenty to thirty years installation, removal and
recycling will become a major decision processes within the life cycle. During this later
phase, it is not uncommon for issues to arise, as foresight is rarely employed during the

initial developments.

As an example to biased life cycle analysis (LCA) most electric vehicle (EV) life cycle
assessments exclude the battery recycling, which is also a new expanding market
whereby suppliers emphasise the positives of the technology. An article in Cleaner Cars
from Cradle to Grave (2015) reported that EVs, when compared to a fossil fuel powered
car over their lifetime will contribute half the amount of pollution to the environment
which potentially benefits in global warming targets. However when comparing this
directly with the EV, the safe environment re-cycling and disposal of the electrical car’s
battery components was not taken into consideration. This is a false and short sighted
attempt at using an incomplete LCA to support a new technology solution with a
marketing segment push.

Furthermore the life cycle assessment for large PV arrays can be quite detailed.
Considerations include the manufacturing procedure, the sustainability of such
procedures, transportation methods, durability of the products, installation requirements,
methods and locations. Inverter technology has a different LCA cycle of only ten to
fifteen years, noting that component drift in the later period of this can also cause reduced
output and/or output failure. However the de-commissioning and recycling of all PV
array technology components require consideration for initial safe design from cradle to

disposal or reuse.

2.6 INTERNAL PV CELL ELECTRICAL RESISTANCE

Odden et.al (2014) reports the ageing process is a link to a higher value of resistivity in
the material, which may lower the peak output. They recorded values for base optimal
resistivity of 0.4 — 0.5 Q / cell. Ageing of both the base silicon material formation for
ESS™-pased polymorphous silicon cells could result increasing the shunt resistance (Rh).

Figure 2.14 shows the reduced output due to this increase.
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Figure 2.14 - Resistance effects on the |-V curve. (J.0.0dden, 2014).

Figure 2.14 demonstrates the effects on the output from a PV cell due to a change in
internal electrical resistance. It is evident from the I-V curve that by increasing the series
resistance and decreasing shunt resistance, there will be a decrease in the fill factor (FF).
This will gradually decrease the output efficiency of the PV cell. To achieve the
maximum efficiency, the value of shunt resistance should tend to infinity and the value of

the series resistance should tend to zero.

Research from Acta Universities Upaliensis Uppsala (2008) states that although infinite
shunt resistance is desired for maximum power output of the PV cell, it is never achieved
due to the manufacturing process. Upon production of the PV cell, an alternate
conducting path is formed between p-type and n-type semiconductor layers and this
results in decreased shunt resistance. The most important characterisation technique for
PV cells is the current voltage I-V characterisation. This is used as a routine measurement
applied to nearly all cells made in a manufacturing or laboratory environment. It is

acquired using a solar simulator.

As seen in figure 2.15(a) the test apparatus typically consists of a light source with
sample stages, temperature control, an external source measuring unit (SMU) or a
variable load with all outcomes recorded by a data recorder. The measurements are
almost always made at a reference temperature of 25°C. The source illumination is
configured so it complies with a reference spectrum, with a typical value of AM1.5G. The
measurements most importantly record the four PV cell parameters, used to characterize
the device. These are short circuit current (JSC), open circuit voltage (Voc), FF and h.
These constitute basic tools for evaluation of cell performance, with the short circuit

current, JSC, indicating the transfer of photons and gathering of the carriers.
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The open circuit voltage, Voc, is due to the band gap that material has absorbed, and the
number of junctions that the cells have. The JSC and the Voc parameters are simply the
current and voltage at the two points where the J-V curve intersects the current and
voltage axes, respectively. These points are shown confirmed with the red box on the
curve in figure 2.15(b). The ratio maximum output power to the product of Jsc and Vo is
the FF. This is a measure of the output J-V curve in the 4" quadrant indicating the
squareness. These parameters are used to further study the device operation, with
components like series resistance, photo generated current, shunt conductance and the
junction characteristics itself. This illustrates how a PV arrays performance depends on
both the voltage and current and how sensitive the optimum point is to physical

parameters such as clouds, dirt and other ingress.
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Figure 2.15 - (a) A schematic drawing of a typical J-V measurement set up (solar simulator); (b) and
a typical illuminated J-V characteristics. (Acta Universatis Upaliensis Uppsala, 2008).

Eitner et.al (2010) details how a thin semiconductor wafer or layer when struck by a light
source can convert the photons to electrons using the photoelectric effect. It also
indicates how to model a PV panel using a single diode with series and parallel resistance
as shown in figure 2.16. This will be an appropriate model for the simulation and
calculations. Based on equation (2) it is possible to simulate the array with an equivalent
model using the series resistance and single diode method. This model will obtain the

predicted power value due to the panel heating and degradation.

ISC + Ki x AT

= [exp (Vov XXK&CX AT) B 1] @)
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Figure 2.16 - Circuit model, using a series and parallel resistance and a single diode (Eitner et.al
2010).

It is necessary to calculate the effect on the internal heating generated. To determine this,
a term was designated by ‘a’ which is called the thermal voltage, or the identity factor.
This is used to investigate how closely a diode characteristic follows the ideal diode
equation. It is considered a constant and is chosen according to the technology of the PV
cell. The thermal voltage ‘a’ is generally described by equation (3).

_ NgxAxkx T,
q

a

(3

Table 2.1 - Model figures of temperature effects on example array (Pan, 2011).

Trial 1 2 3

Temperature (K) — 313 328 343
Vip (V) 26.52 | 23.68 | 20.13
Tnp (A) 8.297 | 8.049 | 7.97
P (W)
From I-V Characteristics | 220.03 | 190.6 | 160.4
(calculated)
Py
Frof":;?-\/ characteristics 2203 | 191.8 | 160.8
Fill Factor 0.74 0.71 0.67
Efficiency (%) 13.4 11.6 | 9.79

The research by Pan et.al (2011) is summarised in table 2.1, and supports the increase in
panel resistance due to degradation. The first major contributions to the degradation was
identified as the temperature difference between the minimum and maximum, which
created a larger thermal gradient stress. The second contribution to degradation was
expansion of the internal circuits and all the panel elements. This increased the series
resistance and created more losses, resulting in an increase in panel heating that
ultimately reduced power output. It was also reported that the higher temperatures
resulted in reduced solder strengths in the PV which can create a break or open circuit.
This open circuit will lead to total output loss. The major failure identified from
temperature variations was by the bypass diode failures, which were attributed to the

increase in temperature experienced.
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2.7 TEMPERATURE EFFECTS ON PV CELL

Krismadinata et.al (2012) model the effects of temperature on performance in
figure 2.17 (Right) and (Left). This clearly supports the claim that an increase in

temperature above 25°C will result in a decrease in the PV panels output.
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Figure 2.17 - (Left) I-V plots at set temperatures and allocated irradiance (Right) P-V plots Module’s
P-V plots at set temperatures and allocated irradiance (Krismadinata et.al, 2012).

Paggi et.al (2015) reinforces that panel resistance is the parallel resistance measurement
often referred to as shunt resistance. R, is used to model the effect of impurities of the
p/n junction, this value will increase due to old age and degradation. Additionally this
supports the theory proposed in this paper, that deterioration should cause heating that
would be detectable using an infrared camera. The thermal images may reveal micro
cracked cells and cells with degrading collector contacts or failed circuit connection. It
will also show any increase in the functional temperature that should manifest as thermal
hotspots or total heating of the panels. This would indicate decreasing performance if

panel is above 25°C.

Il et.al (2012) reinforces the Paggi statement discussed previously that as temperature and
light strength changes, so will the maximum power point. This supports the suggestion

that any increase in panel temperature over 25°C will reduce the power output.

Salmi et.al (2012) supports the papers proposed theory that any added heat will reduce
the arrays output once above 25°C. This is evident in the plot in figure 2.18. For a given
solar intensity, if the arrays temperature increases this results in the open circuit voltage
decreasing. This does not however increase the current for short circuit conditions. But
as shown in the P-V curve, there is an overall output efficiency will decrease as

temperature increases.
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Figure 2.18 - Temperature effects on PV output (Salmi, 2012).

The model developed by Savitha et.al (2014) provided calculations on the impact of
temperature increase. It also supports the claim that increased heat will decrease
performance once above 25°C. Figures 2.19 and 2.20 show how the PV cell will decrease
its efficiency when the temperature increases. This will be further amplified if the panel
starts to self-heat due to internal failure mechanics resulting from internal PV cell

resistance increases.
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Figure 2.19 - Temperature effects on |-V curve (Savitha, 2014).
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Figure 2.20 - Temperature effects on P-V curve (Savitha, 2014).

2.8 DEGRADATION AND CONDITIONING MONITORING

Bonkoungou et.al (2013) highlights the current process of implementation of a software
based monitoring in most invertor’s. Their statement supports the methods that are
currently used being that “...Conditioning monitoring can be supported by max point
tracking by incremental conductance method or Hill Climbing (Perturbation and
Observation)” therefore by constantly varying the V-I it is possible to find the optimum

power point.

GSES (2015) technical paper provided information on micro fractures which are typically
caused by either excessive mechanical stress being applied to PV modules or by
manufacturing defects. Excessive mechanical stress can usually be attributed to
environmental conditions or to mechanical damage caused during manufacturing,
transportation or installation. It was determined that losses of up to an additional 2.5%
can be experienced in a module with a large number of cracks that do not isolate parts of
the cell. Larger losses can be experienced for a module with micro fractures that isolate
parts of the cell. Micro fractures also have the potential to produce hot spots. These occur
when the internal resistance of the damaged cell rises and causes an increase in cell
temperature as the current passes through a reduced cross-section of the material. Hot
spots can cause further damage to a cell by ongoing cascade thermal effect, that

perpetuates further degradation of that material through continuing crack propagation.

Research by Ando et.al (2015) supports the assumptions proposed in this paper on the

importance of continuous online monitoring of the entire PV string and detection of
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which array, module or component is the problem. It is essential to have an effective
monitoring system in order to provide efficient identification of faults. This proposed
research supports the method of thermal hot spot detection by suggesting that an array
can only be monitored individually with a permanent infrared camera to provide check
and comparisons to previous data. This would replace the manual infrared scan to be
trialled in the field to establish if temperature differences are measurable.

Kolodenny et.al (2008) identifies another method of monitoring, using a technician to
manually analyse the data. Although this is an extremely time consuming process, once
there is a sufficient data analysis tool or method for data graphing, this would provide
suitable information to perform the diagnostics. Figure 2.21 is an example of a current
monitoring alarm. This would provide the technician with a possible cause that could act
as a starting point for the actual failure. A complex system would require detailed
schematics and wiring layouts when the panel strings are in large-scale systems in order

to reference against this data effectively.
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