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ABSTRACT
The aim of the study was to design and fabricate a LED based solar simulator to match the
full solar spectrum of natural light. The finding of this research can be applied in the field of
solar energy as it can be utilised in testing photovoltaic technology (PV). To achieve this
objective, the researcher focused on selecting appropriate LEDs to match the solar
spectrum and intensity, whilst also designing the LED solar fabricator and testing the
temporal drift of the simulator’s spectrum and power distribution. The key hardware
requirements were LEDs and LEDs drivers which were chosen based on their sizes and
dimensions in addition to the degree to which they could match the solar spectrum. In
selecting the driver, avoidance of Arduino was a key consideration. The software EasyEDA
was utilised in creating printed circuit boards (PCB) while wavelength was measured by
employing the Ocean view spectrometer. The results of the LED solar simulator were tested
against the solar simulator class A of the American Society for Testing Materials (ASTM).
The overall objective of the research to design and fabricate a LED solar simulator was
achieved as the solar simulator successfully simulated the full range of visible light in the
solar spectrum.
However, due to the limitations of the spectrometer, ultraviolet and infrared light was not
able to be simulated. Another principal discovery of the research conducted was that a
closer match to the solar spectrum was attained where there were sufficient LEDs to
maintain a small as possible gap between the light wavelengths. A further finding was that
the light concentrator designed and constructed by the researcher was crucial to achieve
the required mixture of light. In conclusion, the study highlights the fact that higher
iii

efficiency of LED solar simulators can be achieved through tuning the intensity,
classification, size and uniformity of the wavelengths to match the solar spectrums.
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CHAPTER 1
INTRODUCTION

1 GENERAL TOPIC
In 2018 the United Nations Intergovernmental Panel on Climate Change informed the
world that we have 12 years to limit catastrophic climate change and that urgent
changes are needed to reduce the risk of extreme heat, warming oceans, dying coral
reefs and extreme weather events. One of the urgent changes described and suggested
by the panel was the development and widespread use of sustainable and renewable
energy sources such as solar energy. This wakeup call has further fuelled the shift away
from fossil fuel usage to solar energy to supply the energy needs of the global population
in a sustainable manner [1]. For this shift to solar to be feasible and timely it is essential
that photovoltaic technology be as efficient and cost friendly as possible. Solar power is
a growing industry in Australia and around the world. In particular, Australia’s solar
potential exceeds the average solar radiation per square metre of Europe and North
America. “A massive solar energy boom is being predicted for 2018 after an
unprecedented number of industrial solar farms were approved by the New South
Wales and Queensland governments last year” [2]. According to Naaman Zhou of the
Guardian, these new large‐scale solar farm projects could possibly add between 2.5GW
and 3.5GW to the national grid [2]. According to the Smart Energy Council’s estimates,
an additional 1.3 GW will be added from rooftop installations. This signifies that the
nation’s solar energy capacity would essentially by doubled by the end of 2018 [2].
Whilst small‐scale solar on rooftops makes up 20.3% of Australia’s clean energy
generation in 2017 it only made up 3.4% of the total energy produced and consumed on
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the continent [3]. Like many countries around the world, Australia’s usage of
photovoltaic technology is held back by the major roadblock of cost. Therefore, making
the testing of photovoltaic technology with affordable LED solar simulators more
efficient and cost friendly could be one possible factor in reducing the manufacturing
expenses. This could ultimately assist in making solar a more attractive energy source
for more industries and consumers and assist in the shift towards solar for the world’s
energy needs.
Technological advancement in high power LED has opened the way for solar based
stimulators in the PV industry. PV are evaluated on the amount of power output when
subjected to certain conditions. These ambient conditions include irradiance,
temperature and the presence dirt and dust. It has a share of its advantages. For
industrial use, it has financial benefits and for scientific research, LED unique
characteristics will make it possible for tuneable spectrum and to modulate
wavelengths. Most PV manufacturers use solar based stimulators to test for
convenience and cost purposes [4]. Solar based simulators are devices that produce light
that is almost equivalent to natural sunlight under controlled laboratory testing. They
are majorly used to test solar modules and cells by quantifying electrical components. A
stable light source that almost has the conditions of the natural sunlight is usually
required when measuring solar cells [5]. Both the spectrum and the intensity must
match the standards. Features used to test electrical performances are its uniformity
within test plan, its temporal stability as well as its spectral output. The idyllic artificial
illumination source should have a spatial non‐uniformity as well as a variation of total
irradiance with the time that is less than 1%. Furthermore, the filtration for a given
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spectrum should have spectral mismatch error of less than 1%. All these requirements
are necessary for attaining superior accuracy.
Further uses of the technology are varied and extensive, and it has been broadly used in
the private sector as well as for medical research. Sun simulators can be utilised to test
how products react to sunlight, for example, the technology can be used to measure the
impact and durability of paint, coatings, plastics, and glass under outdoor conditions.
Sun

simulators

can

also

be utilised in

research

on

how

sunlight

affects

the circadian sleep rhythm of humans and can improve the treatment of seasonal
affective disorder and to measure the impact of natural light on productivity of workers
as well as the effect of sunlight as a source of vitamin D in the healing process during
recovery from surgery or illness. Furthermore, Sun simulating technology can be used in
fisheries to enhance yield as well as in agriculture to enhance the growth of crops.
Recently methodologies of sun simulator have been adopted in architectural lighting in
homes, restaurants, hotels and other entertainment venues.

1.1 SIGNIFICANCE OF LED SOLAR SIMULATORS
This research and thesis will focus on designing a LED solar simulator using different LED
colours to produce light similar to sunlight and its waveform on the spectrum. Solar
simulators based on the white light by Light Emitting Diodes (LEDs) is full of promise as
a substitute white light sources for indoor laboratory testing of photovoltaic (PV) cells,
and this makes it a significant improvement on traditional methods. However, extensive
homogeneous illumination that resembles suitable module measurements and large
cells is still a central challenge. In this project, we will develop a large‐scale LED solar
based stimulator that has numerous tapered light guides and focuses on attaining
measured spectral distribution that is narrowly harmonized to the sunlight [5]. A
3

numerical approach will be applied to determine central wavelengths and relative
intensity of the LED. This is to make sure that its cumulative spectrum can be almost the
same as the sunlight for accurate results. The spectral output, temporal stability, as well
as spatial uniformity, will be measured. The result will be compared to International
Electro‐technical Commission (IEC) standards on solar simulators as defined in ASTM
E927‐05 Standard. According to ASTM specifications, there are three standard reference
spectra for different conditions. These are direct (AM1.5D), global (AM1.5G) and extra‐
terrestrial (AM0). AM1 means one atmosphere, and represents the spectrum once it has
travelled through the atmosphere and reached sea level whilst the sun is directly
overhead. AM 1.5 represents the global standard spectrum where the sun is
approximately 41 above the horizon and includes the blue sky and the surrounding
ground. This spectrum is considered the global standard as it is representing the light
conditions on a tilted PV flat plate at noon on a clear day in the mid latitudes.
Usually, sun simulator illumination has been supplied by xenon short‐arc lamps and
metal halide discharge lamps. There have been significant recent advances in high‐
power LED technology which has resulted in a number of LED‐based sun
simulators being made available for sale in the marketplace. LED sources supply users
with a more significant chance to optimize their preferred spectrum and observe it in
real time. The optimisation of the preferred spectrum is of critical importance in an
experimental environment where exact spectral identical and controlled real‐time
power management can lead to higher industrialized manufacture and check
efficiencies. LED‐based sun simulators’ primary potency is that they can be considered
with finely tuned spectra with accurately controlled high‐speed modulation. [6]

4

1.2

AIMS AND OBJECTIVES

The main learning objectives of this project are to achieve better understanding of the
solar spectrum and to identify possible applications of solar simulators. The principal
aim of the research being undertaken is to design and fabricate a LED based solar
simulator to utilise in the testing of photovoltaic technology as well as for numerous
other applications in industry and medical research. The objectives of the research
project are listed below;
1. Select the appropriate set of LEDs to match the solar spectrum and light

intensity.
2. Select the optical lenses for beam shaping to ensure homogenous light

intensity distribution over the illumination area without hotspots.
3. Find proper optical fillters to remove some of the spectral components of LEDs

aiming to match the solar spectrum.
4. Assemble and mount all the optical components by making a final Solar

Simulator.
5. Tune the Solar Simulator’s spectra and light intensity distribution over the

beam area using the spectrometer.

1.3 THESIS OUTLINE
The work embodied in this thesis consists of five chapters as summarised below;


Chapter 1: Briefly describes the background of the utilisation of LEDs as solar
simulators. Furthermore, the main objectives of this thesis will be outlined and
ennumerated in this chapter.
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Chapter 2: Discusses the related literature review and illustrates the limitations
of the use of LEDs as solar simulators and the challenges faced in previous
research.



Chapter 3: This chapter focuses on the materials and software that have been
utilised throughout this thesis as well as a description of the method used to
achieve the aim of the research project.



Chapter 4: This section of the thesis contains the collected results and a
discussion of the significance of the results obtained during the research project.



Chapter 5: Provides a discussion of the conclusions obtained as a result of the
research undertaken and also outlines recommendations for future research.
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CHAPTER 2
Literature Review

2 Literature Review on Solar Simulators
A solar simulator provides illumination that is similar to that given off by natural sunlight.
This device is used for laboratory tests as well as in industrial environments [7]. It is
utilised for solar cells, sunscreens, plastics, and other materials and devices which are
sensitive to sunlight [8]. They are generally used in measurements that can only be
performed indoors. Solar simulators may also be advantageous over outdoor testing,
since solar simulators are controllable, unlike natural conditions. A solar simulator
usually consists of three major components: a light source(s) and associated power
supply, any optics and filters used to modify the output beam to meet the requirements
and necessary controls to operate the simulator [8].

2.1 Factors that Influence Solar Simulators
There are many factors that affect the efficiency of a solar simulator and its ability to
accurately reproduce a match to natural light. These factors are often tied to the main
components of the simulator, that is, the light source is chosen, and the concentrator
chosen. Other factors also play a more indirect role. These include the size of the test
area, the distance of the light source from the test area. All of the factors described can
determine the qualities of the solar simulator by affecting the measured parameters, as
will be discussed in Section 1.2 below.
The light source determines the spectral qualities, uniformity of illumination,
collimation, the stability of flux, and the range of flux obtainable [8]. There are many
different options for light sources to choose from, the most popular being Xenon and
7

LEDs. Xenon arc lamps have been used in the last 15‐20 years [9], whereas LED
technology is a more recent advancement. The main difference between these types is
that there are a number of LEDs of different colours, together acting as the illuminating
source. Xenon‐based solar simulators or xenon light sources tend to have a small
working area, and the radiation intensity is not easily adjustable [10].

Furthermore, there are a few other types of light sources: tungsten, quartz, halogen,
sodium and mercury discharge lamps, that have been designed, each with their own
advantages and disadvantages [10]. The spectra of a few light sources are compared in
Figure 1. The light sources chosen to determine the intensity of the beam, and thus the
irradiance at varying parts of the spectral range, and these can be too low, too high or
approximately match the irradiance of natural light in that part of the spectrum.
Irradiance has an SI unit of the watt per square meter (W/m2).

Figure 1: Representation of the Spectra of Various Types of Light Sources (Lamps) Compared to the
AM1.5G [11]

Optical systems are usually applied for the purpose of obtaining the required flux
distribution on the testing area since most light sources used are approximate point
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sources or line sources [8]. The concentrator, as seen in Figure 2, is used for this reason.
Its main functions is to work as a collector to collect various direction light radiation
emitted by light source and project to the required direction and increasing the power
density of light flux to meet the requirement [8]. Types of concentrators include the
ellipsoidal reflector, a compound parabolic concentrator (CPC), light cone, hyperboloid
concentrator, parabolic dish concentrator and the Fresnel lens [8]. Like the light sources,
each of these types of concentrators have their own advantages and drawbacks and
affect the overall efficiency of the simulator depending on the intensity and quality of
the light once it passes through the concentrator.

Figure 2: Schematic Diagram of a Concentrator [8]

2.2 Solar Simulator Standards
There are a set of rules or parameters that are being used when measuring the
performance of steady‐state simulators as well as the flash simulators. Though there are
several organizations which publish the standards, there are two organizations which
are recognized globally, namely, the American Society for Testing and Materials (‘ASTM’)
which publishes the ATSM E927‐10 (2015), the Standard Specification for Solar
Simulation for Photovoltaic Testing and the International Electro‐technical Commission
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(‘IEC’), which publishes the IEC 60904‐9 Ed 2 Photovoltaic devices Part 9: Solar simulator
performance requirements [10].
There are three parameters that are normally being used to evaluate the simulator’s
irradiation performance. They are [11]:
i.

Spectral matching.

ii.

Temporal instability.

iii.

Irradiation non‐uniformity.

Moreover, then, solar simulators are categorized into three classes (A, B, and C) using
the criteria that are shown in Table 1 below.
Table 1: Classification of Simulator Performance [10]

Performance Parameter
Spectral Match
Class A
Class B
Class C
Irradiation Non‐
uniformity
Class A
Class B
Class C
Temporal Instability
Class A
Class B
Class C

Standards Organization
ASTM
IEC
0.75‐1.25
0.6‐1.4
0.4‐2.0

0.75‐1.25
0.6‐1.4
0.4‐2.0

≤ 3%
≤ 5%
≤ 10%

≤ 2%
≤ 5%
≤ 10%

≤ 2%
≤ 5%
≤ 10%

≤ 2%
≤ 5%
≤ 10%

The ratio between the percentage of the irradiance falling on the interval of concern and
the required percentage of irradiance is referred to as the spectral match [12] . It is
calculated as follows:
SM

(1)
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Table 2: Distribution of Irradiance Performance Requirements [10]

Wavelength

Percentage of Total Irradiance

[nm]

AM1.5D

A.M1.5G

AM 0

300‐400

No spec

No spec

8.0%

400‐500

16.9%

18.4%

16.4%

500‐600

19.7%

19.9%

16.3%

600‐700

18.5%

18.4%

13.9%

700‐800

15.2%

14.9%

11.2%

800‐900

12.9%

12.5%

9.0%

900‐1100

16.8%

15.9%

13.1%

1100‐1400

No spec

No spec

12.2%

2.3 The I‐V Characteristics Measurements
An important component is represented by current‐voltage characteristics (‘I‐V curve’)
[13]. This curve is most commonly represented as a graph or chart. It symbolises a
current of electricity that runs through a material such as a circuit or a device against
the potential difference or corresponding voltage across it.
Importantly, any photovoltaic cell will have a relationship (as shown in Figure 3 by an I‐
V curve) between the operating environment and the maximum power generated by
the cell. Moreover, is fill factor (‘FF’), refers to a parameter that characterizing the non‐
linear electrical activity of the cell. Analysts define FF as the ratio of solar cell maximum
power to the product of short‐circuit current (‘Isc’) and open circuit voltage (‘Voc’).
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Figure 3: Graph Illustrating an IV Curve of a Photovoltaic Cell [14]

There has been an increase in the number of LED systems available within the field of
solar spectrum simulators, which has laid a foundation for work in the area [15].
Recent advancements in photovoltaic technologies have led to an increase in the
complexity of indoor measurements and thus the need for improvement [16]. The
measurements are done based on the Standard Test Conditions (‘STC’) [13]. The test
conditions are:
 Temperature ~ 25⁰ C.
 AM1.5 Spectrum.
 An irradiance of 1000W/m2 [13].
There are two types of simulators that are used for tests. They are the flash simulators
and the steady‐state simulators [11]. Pulsed simulators can be either single‐pulse or
multi‐pulse. Each of these types of solar simulators come with their specific advantages
12

and disadvantages. For instance, despite the fact that steady‐state simulators have a
greater accuracy of measurements [7], they; however, are expensive to maintain and
also often faced by thermal control issues. In contrast, flash simulators are cheaper to
maintain but have capacitive effects which lead to inaccurate power ratings due to the
distortion in the I‐V curve [16].
Nonetheless, steady‐state simulators are more sophisticated and can help analysts to
achieve more accurate results. Steady‐state simulators can help achieve a longer
illumination time. The time to full power, or response time, is typically much longer with
steady‐state simulators. The capacitive effects of flash simulators can lead to short
illumination time which attracts errors. Figure 4 shows a graph which demonstrates how
longer illumination times reduce errors. When the I‐V curve moves in forward and
backward directions with increasing sweep time, the relative measurement errors are
plotted.

Figure 4: Relative Measurement Errors when the IV‐Curve is Swept in Both Backward and Forward
Directions in an Increasing Sweep Time [17]
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When measuring I‐V characteristics, a reference device which has to be placed at an
illuminated area while adjusting the irradiance levels to desirable levels [18], [19] is
needed. The reference device requires properties that are almost similar to those of the
test device, that is, the dimensions, spectral response as well as the packing should be
similar in the two devices so as to avoid mismatch phenomena that will subsequently
lead to measurement errors.
Another instrument is the test device. The device is required to be placed in an
illuminated section while connecting it to a measurement that is regarded as
appropriate. In most cases, one the test device and reference device are placed in close
proximity for easier monitoring and for accurate results.
However, there are times that one may be forced to put the two at separate places
depending on the illuminated area [20]. Once the two devices are well positioned, the
I‐V characteristic measurements and the test device’s temperature are noted. If it
happens that the temperature of the test device is not the desired one, then the I‐V
curve will have to be corrected based on the STC conditions (25⁰ C and 1000 W/m2).

2.4 Simulation Experimental Procedure
In an experiment, a photovoltaic test cell has to be irradiated by the LED light. From
there, its short circuit current is then measured. The irradiance measurement and short
circuit current measurement are used to calculate the discrete spectral response. The
discrete spectral response, DSR, is calculated using the following formula [21]:
DSR

∙

(2)

Where: ISC is the short circuit current, G(LED) is the irradiance of each LED and S is the area
of the test cell.
14

Spectral response of the entire range is calculated using the photocurrent theoretical
model of the crystalline silicon solar cell [21]. The equation used in this calculation is as
follows [21]:
f λ

1

(3)

Where: a is the rate of change the wavelength is undergoing, 𝞴 is the wavelength and
𝞴0 is the centre of the wavelength of absorption.
What follows are the calculations which involve the division of the discrete spectral
responses by the monochromatic incidence at illuminating light’s wavelength. The other
thing that has to be calculated is the SR’s curve of the PV test cell. When the SR curve
and the reference solar spectral distribution are multiplied together, the result is the
photocurrent under the STC [21].

2.5 Evaluation and Comparison of Different Designs
Over the years, there have been advancements in all types of solar simulators in order
to make them low cost and more efficient. Researchers have experimented with various
light sources, or a combination of a few types, in order to achieve satisfactory levels of
uniformity and quality of light.
As seen in Figure 5, Codd et al. [22] created a low cost, high flux, large area solar
simulator which was designed specifically so as to study optical melting and light
absorption behaviour of molten salts. The choice for using metal halide lamps was due
to the significant price difference between those and xenon arc lamps. In this design,
seven 1500 W metal halide lights were used. So as to boost the flux available at the
output aperture a simplified secondary concentrator was utilised [22]. The simulator
remained low cost since the total for all the direct materials was under $5000. In terms
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of efficiency, when tested for spectral intensity match, the simulator was a reasonable
approximation but not a perfect match. Above 800 nm, the NIR intensity peaks typical
of metal halide lights were visible. The following Figure 5 indicates the MIT Metal‐Halide
CSP Solar Simulator: 10.5 kW; £38 cm Hexagonal Output Aperture; 2.1 m 2.1 m 2.6 m
(L  W  H) Overall Size. Subassemblies: (1) Frame; (2) Light Mounting Frame; (3) MH
Light; (4) Pivot Tube; (5) lifting winch; (6) Tilt Adjustment Plate; (7) Secondary
Concentrator [18].

Figure 5: MIT Metal‐Halide CSP Solar Simulator [22]

Hussain et al. [23] outlines the fabrication and testing of a low‐cost solar simulator for
the indoor testing of solar collectors, as seen in Figure 6. The simulator used tungsten
halogen lamps as a light source due to the high cost of Xenon lamps. The lamps were
arranged at a distance of 30 cm apart as seen in Figure 7. The simulator’s design to test
a solar collector of size 120 cm  53 cm with the lamps positioned at a distance of 160
cm away from the test area. Irradiance was set to 466, 580, 686, and 804 W/m2 in order
to test the parameters at each value. Uniformity at 466 W/m2 is 8.9%, 580 W/m2 is 7.6%,
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686 W/m2 is 6.9%, and at 804 W/m2 is 7.8%. Air was flowed over the test area to remove
the infrared radiation that was produced by the lamps. The requirements for a
fabricated solar simulator are as follows: 1) the maximum performance of a solar
collector tested at the minimum range of irradiance shall be at least 790 W/m2, 2) the
ambient temperature during the measurement is specified to be between 15 degrees C
and 30 degrees C, 3) during the test period, the ambient temperature shall not vary
more than 1.5 degrees C and the uniformity of the irradiance shall not be more than
10%, and 4) the air flow 150 mm above the collector shall be maintained at the speed
of 3.5 m/s. The solar simulator successfully met all the requirements and is therefore fit
to test a solar collector. However, due to its simplicity and low cost, there are further
improvements that can be made to fulfil its intended purpose.

Figure 6: Fabricated Solar Simulator [23]
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Figure 7: Block Diagram of the Lamps (Identified in Numbers) Arrangement in the Array [23]

Meng et al. [24] describes a solar simulator that makes use of an array of metal halide
gas discharge lamps, referred to as Reflector Sunlight Dysprosium Lamps (RSDL). Like
Codd et al. [22], the main goal of this design is to create a solar simulator that is large‐
scale and economical. Metal Halide lamps were also chosen in this design because they
are suitable for applications requiring the full spectrum. The design uses 188 lamps, a
steel frame, and four variable speed elevators. The design succeeded in being low cost
as each of the lamps cost approximately $60. Other important factors were irradiance,
non‐uniformity, and spectral match. Irradiance was tested to ensure an average
irradiance reading of 1000 W/m2. When the lamp is 2 m away from the test area, this
reading is received for a 2 × 1.5 m rectangular test area. When the lamp is 1.75 m away,
this reading is received for a 2.3 × 2 m test area. Non‐uniformity for a 2 × 1.5 m
rectangular test area received a Class B classification, whereas, for a smaller 2 m × 1 m
area, it easily qualified as Class A. Due to their higher energy output in the infrared range
and their lower energy output than natural light in the visible range, the spectral match
was not exact, but it gave a good approximation to the solar spectrum as seen in Figure
18

8. In the spectrum interval 400 nm – 1100 nm, the solar simulator received a Class B
qualification, but in the narrower 600 nm – 900 nm region, it received a Class A
qualification.

Figure 8: Comparison of the Spectrum Energy Distribution of the RSDL [24]

With the development of LED technology and its cost effectiveness, these have been
used as the primary light source for many new solar simulator designs. The schematic
for a typical LED‐based solar simulator is seen in Figure 9. Many people have attempted
production of the solar simulator in different ways in order to increase efficiency.
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Figure 9: Schematic of a Typical LED Solar Simulator [8]

Some of these designs, their associated qualifications, advantages, and drawbacks are
discussed chronologically in the sections below.
Kohraku and Korukawa [19] was one of the earliest works produced related to the use
of LEDs in solar simulators. Their experiments and measurements focused on two
specific parameters: light unevenness and absolute spectral response. This paper was
written prior to the creation of ASTM standards for solar simulators. Therefore, this
design’s parameters were not classified based on such. Unevenness was measured as a
function of the light source area and distance between the operating area and the light
source. Furthermore, the number of LED colours were varied from 4 to 6 to see if there
was a difference in the amount of unevenness. Examples of the LED arrangements are
seen in Figure 10. Unevenness reduced at the further distance between the light source
and the operating area. It was concluded that the LED could illuminate an object evenly.
The spectral response using LED was measured, and the results illustrated that the
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photocurrent of solar cells is estimated with a bright line spectrum. While this paper
leaves many questions unanswered, and seems extremely preliminary given what we
know now, as one of the earliest experiments regarding LED as a light source, Kohraku
and Korukawa [19] demonstrated the potential in LED technology.

Figure 10: (a) The Examples of LED Arrangement (Using LED of 4 Colors) (b) The Examples of LED
Arrangement (Using LED of 6 Colors) [19]

Tsuno et al. [21] was another fairly early experiment related to replacing Xe lamps with
LEDs in solar simulators. This experiment made use of the work done by Kohraku and
Korukawa [19]. The LED solar simulator used within this paper consists of 2304 high
brightness LEDs, comprising of 576 blue LEDs at 473 nm, 576 red LEDs at 643 nm and
1152 infrared LEDs at 845 nm. The light source area is 334 mm × 335 mm. Spectral
irradiance of each LED is compared to standard solar irradiance in Figure 11 and Table 3
below. The spectral response of the whole range was calculated from a theoretical
model of crystalline silicon solar cell. Results showed that the measured spectral
response and the calculated spectral response agreed. Irradiance testing was done, and
the measurements were repeated 15 times. The average was then found and used for
analysis. It was observed that spectral irradiance of each LED was higher than that of
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standard solar irradiance, but total irradiance was lower than standard solar irradiance.
While the current design is already usable, particularly for a one‐cell module of 100 mm
× 100 mm of single crystalline silicon, there are possible adjustments in order to make
the design more efficient, accurate and applicable to a variety of uses. One such
adjustment could be to reduce the number of LEDs being utilised or use more powerful
LEDs.

Table 3: Datasheet of LEDs used in The Simulator [21]

Colour
Blue
Red
Infrared

Peak
Wavelength
(nm)
473
643
845

Angle Of
Beam Spread
(deg)
40
40
30

Forward
Current
(mA)
30
30
60

Forward
Voltage
(V)
3.6
2.3
1.7

Number OF
LEDs
576
576
1152

Figure 11: Spectral Irradiance of Each LED and Standard Solar Irradiance [21]

Bliss et al. [16] developed a LED‐based solar simulator with adjustable flash speed and
spectrum, as seen in Figure 12. The light can be produced at varying flash speeds or as a
continuous source. The light intensity can also be adjusted via full control of all the light
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sources. This simulator consists of hundreds of LEDs of eight different colours, covering
the electromagnetic spectrum from ultraviolet at 375nm to red at 680nm. In order to
incorporate the infrared part of the spectrum, this design makes use of halogen lights.
The design, after a 24‐hour stability test, proved to be Class A stability, with intensity
stabilising after 15 minutes. The spectral output was tested at two conditions: full
intensity with all sources at maximum output, and optimized for matching the global
standard (AM1.5G) spectrum. The simulator achieved Class C in the former and Class B
in the latter. Although the goal of the simulator was to achieve class AAA qualification,
Class B was achieved due to the shortcomings of the halogen illumination used.
However, the potential for achieving Class AAA is there, as all issues can be further
controlled with continuous development of LED technology.

Figure 12: Schematic Diagram of an LED Based Solar Simulator [16]

Kolberg et al. [25] experimented with the creation of a tuneable LED solar simulator.
Like Bliss et al. (2009), this design is intended to cover the spectral range from ultraviolet
to infrared, but without the use of halogen illumination, in hopes of avoiding some of
the drawbacks. The target spectrum is seen in Figure 13. This paper is a summary of the
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findings in their journey to creating an efficient solar simulator to be used in institutes
and industry. Like Bliss et al. [16], their aim is to produce a class AAA solar simulator.
Kolberg et al. [25] hope to achieve a spectral range of 350 nm to 1100 nm. Thus far, in
their pursuit of this range, they have encountered issues regarding a gap in the range
when a certain combination of LEDs is used. Also, testing has been done for temporal
stability and homogeneity. Upon experimentation with temporal stability, the intensity
remains stable over time. Nonetheless, homogeneity needs further attention if a Class
AAA qualification is to be achieved. As can be seen from Figure 13 thin lines represent
the spectral distributions for each chosen wavelength; the bold black line is the
simulated spectrum; the amber line is AM1.5G. [25]

Figure 13: The Target Spectrum of Solar Simulator [25]

Grandi and Ienina [10] proposed the development of a low‐cost hybrid solar simulator,
which combines LEDs with a low voltage halogen lamp in order to match the solar
spectrum. In this design, high power LEDs were used in order to reduce the number of
LEDs required. In total, 20 LEDs of varying wavelengths and multiple pin‐halogen based
lamps were used in each module. Several modules can be used to create the operating
area. The spectral matching achieved a Class C qualification. The irradiance and
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uniformity within the test plane were studied at three distances: 20 cm, 13.5 cm, and
6.5 cm. Figure 14 shows the irradiance at these three distances. The results showed non‐
uniformity at less than 5%, less than 6%, and 17% respectively. This meets a Class C
qualification for uniformity. No mention was made of the tests done for stability or the
simulator’s instability qualification. Overall, after analysis, the experimental tests
showed the possibility of reaching Class B for a single module, which covers a 12.5 cm ×
12.5 cm area. Like Bliss et al. [16], the use of the halogen illumination has drawbacks,
which affect the stability and uniformity of the simulator. There are a number of
significant disadvantages of using halogen illumination, halogen bulbs have a short life
span, produce excessive heat as a side product and there is a risk of explosion. These
disadvantages can be solved using infrared and ultraviolet LEDs, which can increase
uniformity and distribution, though these LEDs are more expensive.

Figure 14: Optimized Theoretical Spectrum and Measured Spectra at Three Different Instances [10]

25

Plyta et al. [18] evaluated an LED solar simulator for its capability to generate a light field
of the appropriate spectrum with sufficient uniformity. The goals of this research are to
obtain a close spectral match to the global standard (AM1.5G) spectrum from 350 nm
to 1300 nm, while also achieving a non‐uniformity parameter of equal to or less than
1%. The illumination area measured 32 cm × 32 cm and a variety of high power LEDs
were used. In attempting to achieve these goals, different optical layouts were
evaluated extensively, using FRED, an optical engineering software. A distance of 1
metre was used to compare the results of the different optical layouts. Irradiance and
non‐uniformity calculations were performed using Matlab. It was observed that
irradiance decreases and uniformity increases with the distance between the light
source and the illuminating area. Results showed that a Class A spectral match can be
achieved by using 32 different wavelengths across the desired range, as seen in Figure
15. The best non‐uniformity parameter was 1.5% over the 32 cm × 32 cm illuminated
area but only using lamp sizes greater than 700 cm × 700 cm for a distance of 1 mm
between LEDs. Primary and secondary optics were necessary in order to maximize the
collection efficiency and increase uniformity respectively.
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Figure 15: Class A Spectral Match is Achieved with 32 LEDs of Different Wavelengths across the 350nm‐
1300nm Range [18]

Mohan et al. [20] produced two similar articles relating to a LED‐based solar simulator,
which is similar in some ways to the simulators mentioned previously. This research
focused on optimizing the intensity and placement of the LEDs in order to achieve a
specific standard. High power LEDs were used in order to provide irradiance levels
required by the global standard (AM1.5G) spectrum. However, since the high‐power
LEDs in the infrared region are significantly more expensive, a halogen lamp was used,
similar to other previously described designs. For the spectral matching parameter, Class
A qualification was attained in the visible region of the spectrum by using the LEDs.
However, due to the halogen lamp, spectral matching was poor in the infrared region,
and therefore the overall qualification for spectral matching was Class B. This spectrum
is seen in Figure 16. Other parameters tested were temporal instability and spatial non‐
uniformity. It was noted in order for uniformity to be achieved, that the height from the
operating area had to be increased for the halogen lamp in comparison to the LEDs. In
addition, the viewing angle of the colour LEDs and white LEDs were 125 degrees and 120
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degrees respectively, while that of the halogen lamp was only 50 degrees, which reduces
uniformity as well.

Figure 16: The Overall Spectrum of the Light Source Plotted along with the AM1.5G Spectrum [20]

Stuckelberger et al. [7] designed a LED‐based solar simulator, like Kolberg et al. [25], but
the main difference is that this design was capable of mixing the light effectively and
steady‐state measurements specifically for silicon solar cells. As LED technology
advanced, it became feasible to create a fully LED‐based solar simulator. This design
incorporated eleven (11) types of LEDs and comprises a spectrum from 400 to 750 nm.
The spectrum can be adapted to any other, including the global standard (AM1.5G)
spectrum. A comparison of these spectra is seen in Figure 17. Since LEDs are known for
light emission stability over time, the use of LEDs only allowed for excellent light
intensity stability and the simulator achieved a Class A+++ qualification. The
inhomogeneity parameter meets a Class A qualification for the largest part of the
surface, meaning that the intrinsic homogeneity of the reactor is high. This simulator
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was able to achieve a Class AAA qualification for an operating area of 18 cm × 18 cm.
There is still room for improvement of this design, such as the extension into the
ultraviolet and infrared parts of the spectral range by incorporating other types of LEDs
or using halogen lamps. Besides, the size of the design itself can be decreased by
increasing the power of the LEDs and thus reducing the number of LEDs required, as
seen in the design by Grandi and Ienina [10].

Figure 17: (a) The Deviation of the Solar Spectrum Simulator at AM1.5G. (b) Regulated Solar Simulator
Spectra of all 11 Different Types of LED between 400 and 750 nm [7]

Plyta [26] discusses in his doctoral thesis, a simulated optical design for a fully LED‐based
solar simulator. The solar simulator was analysed based on the spectral match, non‐
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uniformity of irradiance, collection efficiency and spectral non‐uniformity. The spectral
match received a class A+ qualification across the 400 nm‐ 110 nm spectral range. Across
a 350 nm – 1300 nm spectral range, the design received a Class B qualification since
there is a lack of available LEDs in the 1100 nm ‐100 nm area, as seen in Figure 18. This
design uses a total internal reflector of 13.5 mm as primary optics mounted on LEDs.
This was used to increase collection efficiency and ensure high beam directionality. For
secondary optics, an imaging homogeniser was used in order to get a highly uninformed
illuminated test area. The non‐uniformity for a 32 cm × 32 cm area was 0.29%. Overall,
this design made major strides in the development of fully LED‐based solar simulators.
Prior to Plyta’s [26] design, LED solar simulators incorporated other light sources in order
to expand the spectral range but these compromised other parameters. Additionally, a
more extensive investigation is needed on the spectral uniformity. Lastly, as this was a
simulated optical design, this product should be manufactured in order to validate all
the work conducted.

Figure 18: Spectral Mismatch between the Spectrum of 84 LEDs and the AM1.5G Spectrum [26]
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Gonzalez [15] looked at the design of an LED solar simulator specifically for use in
student labs. The prototype is seen in Figure 19. Since the requirements are relatively
non‐stringent for student labs, halogen lamps often suffice as the source. However,
Gonzalez (2017) suggests a cost‐effective LED‐based solar simulator by comparing LED
to sunlight and halogen using the following parameters: irradiance and uniformity. The
halogen produced higher irradiance than the LED for a given distance due to higher
power consumption. As expected, the LED showed good uniformity for all distances
while the halogen showed good uniformity at large distances. The characteristic curves
of a student PV module were measured. At a given irradiance level, the PV module
output was similar for LED and the sun, while the halogen performed poorly due to its
richness in high wavelength, low energy photons.

Figure 19: Prototype of the LED Solar Simulator [15]

As observed, there have been many significant advancements in LED technology and the
use of LEDs in solar simulators between Kohraku and Korukawa [19] and Gonzalez [15].
Each design focuses on perfecting different aspects or parameters related to the overall
efficiency of the solar simulator. Some researchers have done a better job than others.
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Generally, each design has contributed to the development of this technology by adding
new useful information. There is the ability to learn from their errors and successes in
order to perfect the LED‐based solar simulator.

2.6 Concluding Remarks
In summary, each of the aforementioned designs have their advantages and
disadvantages. There is a balance to be struck with regard to the power of LEDs used,
the number of LEDs used and additional materials such as halogen illumination. Each of
these factors can affect the temporal stability, spectral range, uniformity and spectral
matching achieved by the simulator, as well as its cost and size. Depending on the
specific use of the simulator, some of these factors may be prioritized over others. As
seen in the designs discussed, there are many different ways in which a solar simulator
can be created using LEDs. Still, there is definitely room for further advancements in this
area, as the ideal Class AAA solar simulator with a UV to IR range is yet to be achieved.
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CHAPTER 3
METHODOLOGY
3 Introduction
This chapter covers the methodology for the project design and the implementation of
the solar simulator. Here, the data collection methods, the materials utilised, and the
steps undertaken in order to achieve the completion and functioning of the design will
be discussed in detail. The flow chart depicted in Figure 20 illustrates the methodology
chosen for this project, which is modelled after the ‘System Development Life Cycle’
framework. As clearly exhibited Figure 20, there are five key steps; planning, analysis,
design and implementation.

Figure 20: The System Development Life Cycle.

The System Development Life Cycle was adapted to suit the project needs. As a result,
the two important phases were pulled out and arranged to suit. These are planning and
implementing. The steps under each of these categories are outlined in Figure 21.
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Figure 21: Outline of Project Methodology

3.1 Planning
The planning phase is essential to any project methodology as it reduces any potential
challenges and risks. Planning can make the execution of any project safer, more cost‐
effective, and ultimately more efficient. The planning phase of this project consists of
two aspects; firstly, the data collection followed by the hardware and software
requirements. Additional discussions of these aspects are provided in the subsections
below.

3.2 Data Collection
The first aspect of the data collection is a literature review, which was done using
secondary sources in order to gain insight into the research topic. These sources include
research articles and textbooks on the related topics, which was collected from
Murdoch’s digital libraries and prestigious journals. The literature review included an
evaluation of past designs and testing work conducted on solar simulators, including
failures and successes to be used as a guide in the design of this project. Furthermore,
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an assessment was conducted on various related hardware and software that may be
necessary, in order to assist when choosing the equipment to be used.

3.3 Hardware and Software Requirements
After conducting the extensive literature review, informed decisions were made
regarding the hardware and software requirements for the solar simulator. These are
presented below;

3.3.1 Hardware Requirements
The two important hardware requirements for the solar simulator in this project are
light emitting diodes (LEDs) and a LEDs driver. The specification for both these pieces of
equipment was chosen based on the needs of the project.
3.3.1.1

LEDs and Seclection

Based on the information obtained from the previous research as well as the results
calculated by equation 7, and whilst considering the main goals of the research, the
decision was made that the various LEDs will be used in combination. This decision was
taken in order to produce the spectrum that matches to the highest degree the sun’s
spectrum as depicted in Table 4. Since the spectrum consists of a wide range of
wavelengths spanning from ultra violet to infrared, including the visible region, it was a
challenge to study such a wide array of frequency due to the lack of allocations and
resources. The dimensions of the LED are illustrated in Table 4 below. Figure 22 presents
a diagram for the Size and Dimensions of the LEDs.


The irradiance of the light 1000



Assume the wavelength required from 300 nm to 2300 nm
𝜆

𝜆

𝜆

(4)
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𝜆

2300

300

𝑃𝑜𝑤𝑒𝑟


.

(5)

For each LED if it can cover 100 nm
.



2000 𝑛𝑚

100𝑛𝑚

50

(6)

0.005

(7)

For this thesis the area in 𝑐𝑚
50

Figure 22: The Size and Dimensions of the LEDs [27]

From Table 4, it can be clearly observed our studied wavelengths spans from 365 nm to
940 nm.
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Table 4: The Datasheet for the LEDs.

Item

power (Watt)

Wavelength (nm)

Chip Brand

Chip size (mil)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt

380‐840
365‐370
370‐375
375‐380
380‐385
385‐390
390‐395
395‐400
400‐410
410‐420
420‐430
430‐440
440‐450
450‐460
460‐470
470‐475
490‐500
500‐505
520‐530
585‐590
590‐595
600‐605
620‐630
660
730
740
850
940

Birdgelux
EPILEDS
EPILEDS
EPILEDS
EPILEDS
EPILEDS
EPILEDS
EPILEDS
EPILEDS
EPILEDS
EPILEDS
EPILEDS
EPILEDS
EPILEDS
EPILEDS
EPILEDS
EPILEDS
EPILEDS
EPILEDS
EPILEDS
EPILEDS
EPILEDS
EPILEDS
EPILEDS
EPILEDS
EPILEDS
EPILEDS
EPILEDS

45x45
45x45
45x45
45x45
45x45
45x45
45x45
45x45
45x45
45x45
45x45
45x45
45x45
45x45
45x45
45x45
45x45
45x45
45x45
45x45
45x45
45x45
45x45
45x45
45x45
45x45
45x45
45x45

Voltage
(V)
3.2‐3.8
3.2‐3.8
3.2‐3.8
3.2‐3.8
3.2‐3.8
3.2‐3.8
3.2‐3.8
3.2‐3.8
3.2‐3.8
3.2‐3.8
3.2‐3.8
3.2‐3.8
3.0‐3.6
3.0‐3.6
3.0‐3.6
3.0‐3.6
3.0‐3.6
3.0‐3.6
3.0‐3.6
2.0‐2.6
2.0‐2.6
2.0‐2.6
2.0‐2.6
2.0‐2.6
1.6‐2.2
2.6‐2.2
1.6‐2.0
1.3‐1.6

Current
(mA)
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700

3.3.1.2 LEDs Driver
Based on previous research and the project supervisors request, an essential factor
when choosing the LED driver was the avoidance of Arduino. This was due to the fact
that Arduino has to be connected continuously to a computer, an important objective
was to ensure that computer connection was not needed in the solar simulator’s design.
The project supervisor requested that Arduino not be utilised as it had previously been
utilised in past student research and the project supervisor wished to attempt a different
method for this design.
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The LEDs driver is an essential and crucial piece of equipment in this design as it serves
the purpose of keeping power constant by adjusting the voltage appropriately when
there are changes in the current. The LEDs are very sensitive to changes in voltage and
current and can become too hot and degraded if too high of a voltage or current is
supplied. This is because their P‐V junctions do not behave in a linear manner. In fact,
after the forward voltage is reached, the current increases significantly when the voltage
is also increased [28]. Therefore, it is important to have the LED driver as an adjustment
tool.

Figure 23: Specifications of the LEDs Driver [29]

The specifications and features of the LED driver are seen in Figure 23 above and Table5.
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Table 5: Features and Specifications of the LEDs Driver [29].

In+:
In-:
Out+:
Out-:
Weight:
Dimensions:
Input voltage:
Output voltage:
Output current:
Ripple frequency:
Ripple peak to peak value :

Input positive
Input negative
Output positive
Output negative
33g
56 *38 *23mm(length*width*height)
5‐30V(maximum input voltage 32V)
1.25‐26V (step‐down mode, Inputs must be higher than the
output above 2 v)
0.15‐2A Adjustable output(maximum output current 2.6A
About 52 KHz
50mv (typical value)

3.3.2 Current and voltage reader
The Current and Voltage Reader is essentially a live multimeter which presents the
current in blue whilst the voltage is presented in red at all time as it is shown in Figure
24. Instead of checking the output of each driver using a multimeter and potentially
spending too much time monitoring each driver, this reader measured any change in
each driver output in less than 300ms as per the specification is shown in Table 6. This
allowed for the monitoring of the output in real time, making it easier to identify quickly
and efficiently any changes in the output.
Table 6: Specification of Current and Voltage Display [30]

Display
operating Voltage
Measure Voltage
Measure Current
Refresh Rate
Measure Accuracy
Operating Current
Operating Temperature

0.28" Digital LED
4‐30V DC
0‐100V DC
0‐10A
less than 300ms/time
1mA
more than 20mA
‐10 – 65 C degree
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Figure 24: Current and Voltage Display. [30]

3.3.3 Software Requirements
3.3.3.1 EasyEDA
The software used on this design is EasyEDA software. EasyEDA comprises tools mainly
used in electronic design, in the creation of electronic prints for printed circuit boards
(PCB), for electronic schematics and diagrams and in simulations [31]. It is accessible
online, and its primary customers include electronic design engineers and electronic
technicians. The LED solar simulator PCB used in this project is seen in Figure 25, Figure
26 and for final product refer to Appendix C

Figure 25: Schematic Diagram of LEDs Solar Simulator Printed Circuit Board.
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Figure 26: 3D View of the Printed Circuit Boards of Both Sides.

3.3.3.2 Spectrometer (Ocean View)
This device and software were utilised to measure the wavelength of the LED lights as
shown in Figure 27. The software, was provided by Murdoch University to quantify as
accurately as possible the wavelength and intensity of the lights. However, a limitation
of the device in terms of its ability to measure the wavelength of visible light from 380‐
750 nm was noticed. This signifies that the device is unable to accurately measure the
full spectrum of light from infrared to ultraviolet.
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Figure 27: Ocean Optics QE65 Pro [32]

3.4 Implementation
The implementation phase is the next important aspect of the methodology. In this step,
the design is constructed. This proposed phase for this project consists of the project
layout, checking of equipment and testing and tuning of the design.

3.5 Modification part:
In this project, the light concentrator was designed and constructed to ensure a high
mixture of all lights to one specific spot. The design of the light concentrator consists of
two separate components that work together as shown in Figure 28. The first
component of the design corresponds to the seat where the lens is positioned.
Underneath the seat, the spectrometer sensor is located. The second component
resembles the pyramid shape structure with mirrors placed inside to allow for increased
reflection of the lights and wood walls from outside. These components measurements
are 15cm x 15cm from the top to 36 cm x 36 cm from the bottom once being situated
42

on the seat. Unfortunately, due to time constraints and commitments to other projects,
the current design was not able to be accomplished by the technician. Consequently,
future research work is recommended towards achieving a better understanding of the
effect of utilising a light concentrator.

Figure 28: Design of the light concentrator.

3.6 Project Layout
Firstly, the schematic circuits of the design were arranged as mentioned in the software
requirements. Hereafter, the layout is designed in order to maximise space and safety.
The design of the layout follows a few chronological steps, and the final design can be
seen in appendix A. Firstly, all the LEDs are mounted on the printed circuit board as seen
in Figure 29. Then the LED drivers are all organised, and each driver is linked to one of
the LEDs circuits. The LED drivers are all connected with the power supply in parallel,
and then the PCB is then placed on the top of the light gaudiness. Figure 30 illustrate the
final setup of the experiment. Refer to Appendix C which illustrates printed circuit board.
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Figure 29: Sketch of the circuit board with LED drivers’ connection

Figure 30: Final setup of the design after using different Concentrator.

3.7 Checking of Circuit
After the design was assembled, it was crucial to check the equipment in order to ensure
functionality and continuity in the circuit track. A tool used in this aspect of the
implementation phase is a buzzer multimeter, which is used to test the continuity,
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specifically along the circuit tracks, and at the points of soldering. All points of failed
continuity were addressed.

3.8 Testing and Tuning
1. The voltage and current outputs of all LED drivers are checked before
connections are made.
2. Due to differences in the LEDs’ operating voltage (3.6 V to 1.2 V), it was ensured
that drivers were connected to correct circuits on the PCB.
3. The PCB was then placed on the top of the light gaudiness, and the spectrometer
was placed on the other side.
4. After turning on the power, the reading on the spectrometer was compared to
that of the solar spectrum.
5. The LEDs were tuned accordingly until a similar spectrum was obtained.
Note: As mentioned previously the light concentrator was not able to be successfully
completed for this project due to the time constraints and work load of the technician
and will have to be completed in future research. Therefore, a smaller and simple
concentrator was designed and constructed out of the laboratory by the researcher as
it is a significant primary component in order to achieve results and monitor the
effectiveness of the rest of the design.

3.9 Conclusion Remarks
In conclusion, the methodology is extremely important to the success of any project.
Depending on the main objectives and constraints with regard to budget, time and other
resources, different methodologies may be more applicable. Due to the technical
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requirements of this solar simulator design project, the methodology was divided into
three parts: planning, implementation, and analysis.
In the planning phase, research was done based on past literature and projects in order
to determine a preliminary route for this design. The hardware and software
requirements were chosen, and its specifications were explicitly stated.
In the implementation phase, the printed circuit board was created. The design was then
assembled by constructing the circuit and other electronic components. As a part of the
implementation phase, it was ensured that all components were properly functioning,
and appropriate tuning was done to rectify any issues with regard to the set‐up.
In the analysis phase, the performance of the solar simulator was tested in order to
determine classification, using ASTM standards. The three parameters, i.e., spectral
match, irradiance spatial non‐uniformity, and temporal instability, were tested using
appropriate measures.
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CHAPTER 4
Result and Discussion
4 Introduction
This chapter highlights the collected results of the conducted experiments. The results
have been demonstrated using graphical illustrations. In the discussion section, further
interpretation of the findings is provided. As indicated in the previous chapter, the
design was not fully implemented, and for this reason, there were several issues which
were resolved or justified.

There is a limited set of the LED wavelengths that are in existence. Similarly, each
wavelength has limited and different power levels. Therefore, it is an essential
requirement for a feasible combination of the wavelength and a set of LEDs in an
attempt to work within a limited budget and achieve an optimum performance. The
process of system design is not only called for the accurate control of the numerous
LEDs, but it also is required the integration of sophisticated software structures with
L.E.D drivers. Furthermore, in the case of not having an optimal designing, the system
implementation could have experienced cost overrun. In addition, it was of great
importance that the proposed solution took into consideration the upfront costs as well
as the lifetime cost.
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4.1 Result and Discussion:
Solar Spectrum Vs. LEDs Spectrum Simulator Class A
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Figure 31: AM 1.5 G Solar Spectrum Vs. LEDs Solar Simulator Class A [33]

It is well known that solar Irradiation energy is transmitted through electromagnetic
waves. Therefore, the longer the wavelengths, the less energy that they possess and
vice versa with short wavelengths possessing greater energy. For example, visible light
or UV has a shorter wavelength but possesses greater energy, whilst infrared having a
longer wavelength yet contains less energy. The Figure 31 represents the expected
spectrum of the LEDs light compared to solar spectrum. However, there is considerable
amounts of longer as well as shorter wavelengths that are still present. The project was
restricted to the visible wavelength since the spectrometer could analyse visible
wavelength only.
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Table 7: LightWave of solar spectrum used by Solar Panels.

When the solar radiation permeates the earth’s atmosphere only a fraction of it is
reflected while the rest reaches the earth’s surface. Usually, the radiation of the sun
consists of electromagnetic energy with different wavelengths. The ozone layer filters
out the more harmful rays of the sun so that only 46% of visible light and only 7% of
ultraviolet light reaches as demonstrated in Table 7 [34]. The air molecules interact with
the molecules of the incoming solar radiation which is scattered to absorb the more
harmful rays. The energy infers the experienced, and seen part that is termed as
sunshine [35].

The P‐type and the n‐type semiconductors are the basic elements that are used in the
construction of the solar cells. The solar cells absorb the visible light in a bid to produce
electrical energy. Usually, solar radiation strikes materials to dislodge electrons from the
weak bonds hence generating electric current. The ultraviolet and the infrared
wavelengths remain entirely unused. This is on account that they do not have threshold
energy to extricate electrons and for this reason, they are absorbed in the form of heat
[35].
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Table 8: Current and Voltage Input to Each LED.

Item

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Standard
Wavelength
for each
colour

LED
Used
For
each
colour

380‐450

380‐460

450‐495

440‐505

495‐570

500‐590

590‐620

585‐630

620‐750

620‐740

Available
Wavelength (nm)
380‐395
395‐400
400‐410
410‐420
420‐430
430‐440
440‐450
450‐460
460‐470
470‐475
490‐500
500‐505
520‐530
585‐590
590‐595
600‐605
620‐630
660
730
740

Current Voltage Forward Maximum
used
used
Voltage
Current
(mA)
(V)
(V)
(mA)
83mA
15mA
25mA
18mA
27mA
7mA
20mA
37mA
48mA
78mA
94mA
4mA
188mA
256mA
541mA
272mA
108mA
244mA
53mA
13mA

3.4V
3.4V
3.4V
3.4V
3.4
3.4V
3.2V
3.2V
3.2V
3.2V
3.2V
3.2V
3.2V
2.2V
2.2V
2.2V
2.2V
2.2V
1.8V
1.8V

3.2‐3.8
3.2‐3.8
3.2‐3.8
3.2‐3.8
3.2‐3.8
3.2‐3.8
3.0‐3.6
3.0‐3.6
3.0‐3.6
3.0‐3.6
3.0‐3.6
3.0‐3.6
3.0‐3.6
2.0‐2.6
2.0‐2.6
2.0‐2.6
2.0‐2.6
2.0‐2.6
1.6‐2.2
1.6‐2.2

700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700

Based on Table 7, which clearly shows the standard wavelength of the solar spectrum in
each region, the experiment was conducted using specific LEDs to produce each colour
wavelength as depicted in Table 8. Furthermore, Table 8 illustrates the current and the
voltage utilised for each LED in order to achieve the closest matching wavelength of the
solar spectrum. Further evidence of the light outcome can be found in Appendix B
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INDIVIDUAL SPECTRA OF 20 LEDS
IRRADIANCE (W*M^‐2*NM^‐1)
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Figure 32: The Result of Individual Spectra of 20 LEDs.

Figure 32 exhibits the results of different spectra at specific individual wavelengths, as
also reported in Table 10. These results indicate that the presence of adequate numbers
of LEDs may produce better results via filling the gaps between each wavelength. The
violet colour for instance used 8 different wavelengths of LEDs compared to the green
which used 3 types only.
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COMPARISON OF THE SOLAR SPECTRUM AND
COMBINED COLOUR OF THE SIMULATOR
Solar Spectrum

All colour combined
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Figure 33: The Result of Combined 20 LEDs Vs. Solar Spectrum.

High power LEDs allow for the full coverage of the visible wavelength range. When a
combination of green, blue and red are utilised to produce white light, they are unable
to cover the full visible spectrum from 380‐750 nm. The spectrum depicted in Figure 33
illustrates this large gap. The large gap existing between the green and yellow light
whose wavelengths are 525 nm and 590 nm respectively is covered without the
necessity of using the white LEDs. Therefore, in this spectral region, there are a couple
of tuning options that can be done without using extra LEDs.
To increase how accurately the LED simulator matches the natural sunlight spectrum, it
is critical to increase the number of different wavelengths being utilised. As shown in
Figure 31 more than 35 wavelengths can be more precisely to match the solar spectrum
compared to 20 wavelengths as shown in Figure 33. However, in future research, it is
recommended to increase again the number of wavelengths being used. This is due to
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many advantages of using a higher number of wavelengths as they permit the
simulations of a greater range of scenarios through the adjustment of the intensity of
the wavelengths. This includes the ability of replicating sunlight conditions at various
time during a day and simulate different colour as shown in Figure 32. Another
advantage is that a greater range of conditions can be simulated including the impact of
shade on the target whilst it is being tested [35].

The selection of the LEDs wavelength to be used in the production of the sun’s spectrum
is crucial. In a bid to produce an accurate spectrum of the sun, it becomes necessary to
choose the LED wavelength spectra. Uncharacteristic troughs and peaks are probably
produced if the selected colour was adjacent to violet and green. Since the LED
wavelengths may change depending on temperatures emanated by the resultant power,
it becomes necessary for the sun simulator to incorporate software controls that can
manage such changes like Arduino or LED driver in this case. Incorporation of such
drivers assists in the maintenance of a precise sun’s spectrum.

One challenge faced by this research was the green gap which is a common issue in LEDs.
The green gap contributes to the low efficiency of the green LEDs [36]. Thus, a number
of the green LEDs might be required to match the intensity prerequisites of the sun
simulator. In a bid to resolve such an issue, it becomes necessary to use effective white
LED. The White LEDs are essential to emit green wavelengths spectrum and to cover the
green gap. Nevertheless, the white LEDs can be used to release other wavelengths such
as green and blue as the White LEDs produce the full spectrum of colour. Due to this
problem, it is recommended to select the wavelength of LED and its corresponding
intensity figures by taking into consideration the white LED contribution. The overall
number of LEDs in sun simulator is determined by the specification of the output. The
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more the number of the LEDs in a sun simulator, the greater the need for the LED
controls as they are required to regulate the intensity, classification, size, and
uniformity.

During the manufacturing process, LEDs changing in colour, the forward voltage, and
flux [37]. This happens regardless of whether the LEDs were in one batch or not [37].
Hence, LEDs are measured after being launched to the market in groups of bins. The
spectral features of specific bins usually have a direct effect on the sun simulator. For
instance, the output of a LED can be compromised if the LEDs of a particular bin do not
strictly adhere to the specified tolerance [37]. The characterisation of the bin,
wavelength choice, placement as well as quantity are essential elements for
consideration before the design of a sun simulator.

Selection of the wavelength is an important factor as it aims to attain uniform light which
represents a key component in sun simulator. It becomes challenging for the sun
simulator devises to determine core issues on their targets. Furthermore, the
experimental results become unreliable if the light is non‐uniform. As such, different
tools such as mirrors, lenses, and reflectors are used in achieving the requisite
uniformity. Different configurations might be required depending on the working
distance, the intensity of the light, and the targeted areas. On the other hand, it is worth
mentioning that changing the lenses may achieve a specific requirement. The lens can
be regulated through its front and its back curvature, the refractive index, the size of its
aperture, scattering characteristics and alignment tolerance.

As elaborated, it is necessary to achieve a full light mix up which is attained using the
minimum possible LEDs for each wavelength. Additionally, the LEDs should be
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appropriately distributed by use of the light concentrator. LED power requirement
determines the LED number for each wavelength.

LED drivers are the major part of the sun simulator. LEDs with different wavelengths
operate at different voltages. Additionally, they have varied operational efficiencies,
heat up and become degraded at different times. Therefore, an output which is uniform
comprising of an accurate intensity mix of the wavelengths is achievable through proper
electronic control of every LED.

It is necessary to consider that the sun simulator affords great differences as
demonstrated by the optical outputs that they deliver. Furthermore, their differences
are depicted by their durability and performance. Therefore, the performance and the
durability of the sun simulator is solely dependent on how properly the simulator was
designed. Some of the crucial factors that need to be considered when designing the
sun simulator are; size, power, uniformity, size and the electronic controls. In addition
to evaluating the area in which the system is operated. The system may necessitate a
cooling device such as a fan. It is noteworthy that the LED can operate at high
temperatures. However, high temperatures lower their lifetime span, and efficiency
[38]. For this reason, a temperature management system embodies a vital element of
sun simulator.

Another crucial element to focus on during the design of the sun simulator corresponds
to its form factor as well as its effect on optical design technique. Sun simulator can be
classified depending on the form factors. For instance, the large‐scale lab‐based
simulators, the medium‐sized and the compact modular types of simulators are
differentiated by the form factor. The optic design technique is implemented based on
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the form factor characteristics. A feasible solution can be accomplished considering the
secondary options such as the bulk lenses, the diffusers, systems’ micro‐lenses and the
optics for total internal reflection.
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CHAPTER 5
Conclusion
5 Conclusion
Overall, the main aim of the study, to achieve a better understanding of the solar
spectrum and gaining insights into some of its potential applications, was realised. The
study focused on designing and fabricating a LED based solar simulator to be used
testing photovoltaic technology. Based on the developed research design and the
implementation of the LED based solar simulator fabrication procedure, the research
objectives were met. However, it is crucial to point out the results were attained despite
some key limitations relating to the use of an alternative, smaller light concentrator. This
provided some key insights into understanding the nature of the solar spectrum and
considerations on how to effectively attain optimal simulation. Primarily, solar
spectrums are used on solar cells, sunscreen, and plastics among other essential
materials which demonstrate sensitivity to light. As a result, the ability to develop an
effective solar simulator would imply that it can be used under more controlled
environment in contrasts to their unpredictable natural environment. This positive
outcome would be beneficial by optimising its application with respective
manufacturing plants that require the solar spectrum in their designs.
Through the experiments implemented in the study, some key lessons emerged with
regards to the solar spectrum and how solar simulators should be designed to achieve
high efficiency. It was established the higher the wavelengths the lower the energy
provided hence the need to increase the number of LED simulators. The presence of a
sufficient number of LED simulators significantly improves the results of simulating the
57

solar spectrum. This implies that the gaps between each wavelength can be effectively
reduced through increasing the number of LED simulators and subsequently energy
levels. Additionally, a high number of varying wavelengths increases the chances of
accurately matching the sunlight spectrum. Another key lesson learned from the
experiments was the need for automation of the process through the use of computer
software. In the process of simulating the solar spectrum, using many different
wavelengths is considered a keys strategy to attaining accurate results despite the
challenge of adjusting the intensity of the wide scope of wavelengths. As a result, it is
imperative that solar simulators should leverage the use of computer software to cope
with the persistent need to adjust the intensity of varying wavelengths. Similarly,
another key rationale for the practice is tendency of LED wavelengths to change based
on the temperature emanated by the resultant power, further creating the need to
progressively manage the changes. This includes the management and regulations of
key facets such as intensity, classification, size and uniformity.
In retrospect, the most complex part with regards to designing and developing the LED
solar similar was the Green Gap. The challenge provided a key learning with regards to
how to effectively optimise wavelengths to realise an accurate match with the solar
spectrum. The green gap is considered a conventionally problem among most LEDs
because the high wavelength often results in low energy efficiency. Consequently,
despite the use of many LEDs to achieve an accurate match with the sun simulator, an
unrealistic number of green LEDs would have to be utilised. To address the challenge,
white light was used which has the ability to produce green and blue light wavelength
spectrums hence filling the gap. The main lesson learned from this section of the
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experiment was the need to factor in the potential contribution of white light in
attaining accurate solar spectrum simulation.
In the context of the limitations of the study, time and resources were perhaps the main
issues of concern. Prior to initiating the process of fabricating the LED solar simulator,
the researcher failed to attain a key milestone which was to develop a light
concentrator. The task was to be implemented in collaboration between the researcher
and the laboratory technician, but to the increased workload on the technician and time
constraints, the researcher managed to develop a smaller version which was used in this
study. By doing so the researcher demonstrated the ability to be proactive and versatile
by coping with emerging challenges to meet project objectives. However, the
significance of the limitations on the outcomes of the results are considerably minimal
since the small light concentrator managed to achieve relevant results during the
experimentation phase. Additionally, a key lesson that emerged with regards to the
limitations was the need for adequate resources in developing highly efficient LED solar
simulators. LED solar simulators are resource intensive to fabricate ranging from the
light concentrators and computer software required for light intensity management. As
result, adequate short term and long‐term resource particularly financial should be
considered to ensure that the LED solar simulator developed can be effectively and
sustainably used to match the solar spectrum.

5.1 Future work and recommendations
Based on the research design considered in this study in addition to the outcomes
realised, there are number of key implications for future studies that can be
recommended. The number of wavelengths used should be significantly increased to
improve the prospects of LED solar simulators in efficiently matching the solar spectrum.
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This was a key insight in this research that should set precedence for future studies in
the area. Similarly, future studies should place more emphasis on incorporating
adequate LED controls to facilitate the process of managing the intensity of wavelengths
based on changes in temperature. Achieving a control environment, a primary objective
of all LED solar simulators hence the need to incorporate reliable software control
systems to regulate intensity, classification, size and uniformity. Additionally, it is
recommended that future research studies should allocate adequate time in its research
designs for developing an effective LED solar simulator. This is based on the evidence
from this study which highlighted the potential time‐consuming nature in the fabrication
stages. The researcher was subjected to significant pressure to complete the project
despite the limited time available to deliver some of the time intensive project
milestones such as fabricating the light concentrator. As a result, there is need to
accommodate adequate time in future research designs to avoid the prospects of
compromising on the quality of the experimentation process. Additionally, the
outcomes of the results have the potential to contribute towards the development of a
tuneable close match LED simulator.
Another key recommendation for future research involves the analysis phase which is
the final major phase of the solar simulator design methodology. In this phase, the
performance of the solar simulator is analysed in order to give the solar simulator a
classification based on the American Society for Testing and Materials (ASTM) class
specifications. This specification rates solar simulators from Class A to Class C. Other
popular class specifications are the International Electro‐technical Commission (IEC) and
the Japanese Industrial Standards (JIS).
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5.1.1 Performance Analysis
In order to determine the performance, and thus the classification, of the solar
simulator, tests are done on three parameters: spectral match, irradiance spatial non‐
uniformity, and temporal instability. The class is determined by the lowest rating
achieved across these three categories. Table 9 below shows the thresholds for each
class rating in each parameter.

Table 9: ASTM Class Specifications [39]

Spectral Match (each

Irradiance Spatial Non-

interval)

Uniformity

Class A

0.75–1.25

2%

2%

Class B

0.6–1.4

5%

5%

Class C

0.4–2.0

10%

10%

Classification

Temporal Instability

5.1.2 Spectral Match
The spectral match refers to the similarity to a reference spectrum. This is determined
by ‘measuring the distribution irradiance as a percentage of the total irradiance across
specific wavebands’ [40]. According to ASTM specifications, there are three standard
reference spectra for different conditions. These are direct (AM1.5D), global (AM1.5G)
and extra‐terrestrial (AM0). The distribution of the irradiance performance
requirements is seen in Table 10 below.
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Table 10: Distribution of Irradiance Performance Requirements [41]

Wavelength (nm)

Percentage of Total Irradiance (AM1.5G)

400‐500

18.4%

500‐600

19.9%

600‐700

18.4%

700‐800

14.9%

800‐900

12.5%

900‐1100

15.9%

𝐴𝑐𝑡𝑢𝑎𝑙 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒

.

(8)

.

Where; [41]
𝑆 𝜆 Is the spectral irradiance of the light source.
𝜆

Is the ending point of a wavelength band.

𝜆 Is the starting point of a wavelength band.
It is essential for the design and construction of a solar simulator to be capable of
simulating the expected irradiance as the spectral match depends on the spectral
irradiance of the specific light source being utilised. The uniformity of the light intensity
distribution across the test plane can be measured by Spatial Non‐Uniformity. There are
different standards in how many uniformly spaced test positions are necessary so as to
calculate spatial non‐uniformity with the IEC standards requiring the use of 64 test
positions. However, the ASTM specifies only 36 test positions. [41]

𝑆𝑝𝑎𝑡𝑖𝑎𝑙 𝑁𝑜𝑛

𝑈𝑛𝑖𝑓𝑜𝑟𝑚𝑖𝑡𝑦

(9)
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Where; [41]
𝐸
𝐸

Is the maximum irradiance in the test plane.
Is the mean irradiance in the test plane.

5.1.3 Spatial Non‐Uniformity
In order to test non‐uniformity, the irradiance is mapped over the test area. The test
area is divided into smaller test positions to measure the uniformity value. For the ASTM
specifications, it is recommended that the test area is divided into 36 smaller test
positions [42]. The values for these smaller test positions are compared in order to
determine the non‐uniformity across the entire test area, using Equation 1 below:

𝑁𝑜𝑛

𝑢𝑛𝑖𝑓𝑜𝑟𝑚𝑖𝑡𝑦 %

100% (10)

5.1.4 Temporal Instability
In measuring the temporal instability, it was necessary to measure both the short‐term
instability (STI) and long‐term instability (LTI). It is calculated using Equation 2 below
after measuring ‘the irradiance of the simulator beam over a specified time period’ [43].

𝑇𝑒𝑚𝑝𝑜𝑟𝑎𝑙 𝑖𝑛𝑠𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 %

100% (11)
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7 Appendices
7.1 Appendix A (producing white light by turning all the LEDs ON)
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7.2 Appendix B ( colour of individual region of the visible spectrum)
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7.3 Appendix C ( PCB final result )
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7.4 Appendix D ( Current and Voltage input to LEDs)
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7.5 Appendix E ( modification for installing LED Drivers and Current&
Voltage Reader)
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7.6

Appendix F ( LEDs Used in the Experment)

Item

power
(Watt)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt
3 Watt

Available
Current Voltage Forward
Wavelength
Condition
used
used
Voltage
(nm)
(mA)
(V)
(V)
380‐840
Burned
3.2‐3.8
365‐370
3.2‐3.8
Out range of
370‐375
3.2‐3.8
spectrometer
375‐380
3.2‐3.8
380‐385
3.2‐3.8
NOT USED
385‐390
3.2‐3.8
390‐395
83mA
3.4V
3.2‐3.8
395‐400
15mA
3.4V
3.2‐3.8
400‐410
25mA
3.4V
3.2‐3.8
410‐420
18mA
3.4V
3.2‐3.8
420‐430
27mA
3.4
3.2‐3.8
430‐440
7mA
3.4V
3.2‐3.8
440‐450
20mA
3.2V
3.0‐3.6
450‐460
37mA
3.2V
3.0‐3.6
460‐470
48mA
3.2V
3.0‐3.6
470‐475
78mA
3.2V
3.0‐3.6
USED
490‐500
94mA
3.2V
3.0‐3.6
500‐505
4mA
3.2V
3.0‐3.6
520‐530
188mA
3.2V
3.0‐3.6
585‐590
256mA
2.2V
2.0‐2.6
590‐595
541mA
2.2V
2.0‐2.6
600‐605
272mA
2.2V
2.0‐2.6
620‐630
108mA
2.2V
2.0‐2.6
660
244mA
2.2V
2.0‐2.6
730
53mA
1.8V
1.6‐2.2
740
13mA
1.8V
1.6‐2.2
850
1.6‐2.0
Out range of
940
spectrometer
1.3‐1.6

Maximum
Current
(mA)
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
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