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Abstract
This report focuses on the design of an LED-based solar simulator, which is widely used in testing
Photovoltaic (PV) panels and other products. In recent years, solar power was used in almost
every industry, such as Photovoltaic systems installed on the rooftops for residential, small level
commercial, public lighting systems and large-scale Photovoltaic power generation.
Government launches incentives policies, awareness of environmental issues, plus the lower
consumer prices promoted the solar energy uses. However, due to limitations of present
technology, efficiency of Photovoltaic systems is unsaturated. Even if there is a small increase in
the efficiency, there will be a significant growth for the total energy. Therefore, testing the
efficiency and checking the quality of Photovoltaic panel is an extremely important step. The
aim of the project is to understand how to make a LED-based solar simulator, with high intensity,
can be continuously operated and is expected to meet the International Electrotechnical
Commission (IEC) standard: IEC 60904-9. Moreover, the personal motivation for making the LEDbased solar simulator is the conviction that solar power is a cleaner, safer and environmental
friendly energy. Under laboratory conditions, the solar simulator provides a controllable indoor
test facility for testing the PV panels and modules by continuously supporting illumination which
is similar to natural sunlight (AM1.5g as defined in ASTM G173-03 standard was used for
comparison). The comparison is mainly focused on the range of 360nm to 700nm wavelength.
The high intensity LEDs used in this project have wavelengths: 380-390 nm, 400-410 nm, 460475 nm, 520-535 nm, 584-596 nm, 619-624 nm, 700 nm and IR LEDs. The reason of another IR
LEDs used in this project is for expanding the application, it could test other products, not only
for PV panels. In addition, the characteristics of the solar simulator is compared with the
standard IEC 60904-9.
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1.0 Introduction
1.1 Background
1.1.1 Solar Energy
Solar energy is from the light and heat of the sun. When solar energy is converted into electricity
or used to heat water or other substances by some equipment, solar power is produced. Figure
1 shows the world map of direct normal irradiation, integrated over one year. From the graph,
Europe has almost the lowest average solar irradiation in the world, but Australia has the highest
average solar irradiation in the world (Figure 1) [1]. Large-scale solar electricity is rapidly
expanding in Australia, especially in Western Australia. Also, more than two million Australian
families currently have a stand-alone PV system in their house [2]. It is worth mentioning, there
are only 23.4 million people and 6 million households in Australia [3]. There are two main types
of solar energy technology: solar photovoltaic and solar thermal.

Figure 1 Global Direct Normal Irradiation [1]

Solar photovoltaic: Converts sunlight directly into electricity by PV cells. The PV cells are
combined in PV panels. They can be used put on rooftops, integrated into building design or
create large-scale solar power plants.
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Solar thermal: This technology converts sunlight into heat, which has been used for space
heating or solar hot water system. It has widespread availability, such as driving a refrigeration
cycle for solar based cooling, making steam for generating electricity by steam turbines and
other industrial processes that currently use gas or fossil fuel to produce heat. Also, heliostat
uses fields of sun-tracking mirrors for concentrating solar PV, it concentrates sunlight onto highly
efficiency PV cells located inside a receiver at the top of tower. Concentrating solar thermal
system harvest the heat from the sun to produce an efficient power generation.

Figure 2 Worldwide Growth of Photovoltaics [4]

Figure 2 shows the worldwide growth of photovoltaics from 2007 to 2017 [5] [6]. It has increased
more than 16 times within 10 years, from 2008 to 2017. Especially in Europe, there is no strong
irradiance, but the cumulative capacity of PV is one third of the world. Governments launched
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incentives policies, awareness of environmental issues, plus lower consumer prices promoted
solar energy uses. Therefore, the efficiency of PV panels and PV systems is significant. It will
bring significant result under the large amount PV systems. However, there is not enough
sunlight for testing in some region, and natural sunlight cannot exist 24*7. Hence, a solar
simulator is a great way to resolve this problem, which can test PV panels 24*7 and under
laboratory conditions.
1.1.2 Solar Panel Performance
The efficiency of a solar module usually termed solar model efficiency. It should be usually in
the ranges from 12% to 19% for a mono-crystalline or a poly-crystalline solar panel, but a thin
film solar panel efficiency is at around 10%. Solar panels or modules are tested for an industry
standard (Standard Test Conditions, STC) in laboratories. STC is set at 1000W/m2, a 25°C ambient
temperature and Air Mass (AM) of 1.5. These conditions are industry standard and they are not
standard conditions. The amount of irradiance per square metre and the ambient and the cell
temperature change greatly every day around the world, which all affects the power produced
by solar panels. Module efficiency is a great indicator of PV panel quality. If a panel with a high
efficiency, it indicates the solar manufacture have invested heavily in research and
development. [7]

1.2 Aim of the Thesis Project
The personal motivation for making the LED-based solar simulator is the conviction that solar
power is a cleaner, safer and environmental friendly energy. The scientific motivation of this
thesis is to understand how to make a LED-based solar simulator: design electronic circuits,
design and make PCBs, choose specific LEDs, test lights and adjust the spectrums. This thesis will
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help other researchers to make a proper solar simulator for testing PV panels and another
material. Understanding the process in each step of the solar simulator will assist in electronic
circuit, Arduino control, solar spectrum and LED technology.
The major focus of this thesis project is to simulate the Australia solar energy (with high
intensity). Solar power is a significant energy for Australia. Large-scale solar electricity is rapidly
expanding in Australia, especially in Western Australia. Also, more than two million Australian
families currently have a stand-alone PV system in their house. It is worth mentioning, there are
only 23.4 million people and 6 million households in Australia [7]. Therefore, the solar simulator
can assist Australian PV industry test and upgrade the PV panels or another production. It will
be a great growth for Solar industry.
The projects use data collected by the International Commission on Illumination (CIE), American
Society for Testing and Materials (ASTM), International Electrotechnical Commission (IEC),
Murdoch University and Clean Energy Council.

1.3 Structures of the Report
This thesis contains the following chapters:
Chapter 1 of the report explains the information and background information about solar energy
and solar panels.
Chapter 2 of the report describes the background of solar simulator and LED technology. It
includes a brief introduction about the solar spectrum and solar simulator. Then, it details the
standards used in commercial solar simulator. Last, a brief introduction about LEDs and a
comparison between LED-based solar simulator and Xenon-based simulator.
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Chapter 3 is the key of this thesis. It includes a description of how to make a LED-based solar
simulator for this project. The solar simulator was fully based on Light-emitting diodes (LEDs).
Also, discussed the choice of LEDs and a design of electronic circuits.
Chapter 4 discussed the characteristics of the solar simulator, what included characterization
methods, spectrums form the solar simulator, spatial homogeneity and finally a comparison with
commercial LED solar simulators.
Chapter 5 details some problem and issues during the design, manufacture and experimental
process.
Section 6 presents the conclusion of this thesis project and an outlook.
Section 7 provides information about potential future work. The information in it can be used
by others.
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2.0 Background of Solar Simulator and LED Technology
2.1 The Solar Spectrum
2.1.1 Air mass
The Air mass is a key word for defining the solar spectrum. The atmosphere does not only
change the overall intensity from the Sun to the Earth, but also the whole spectral distribution
[8]. For example, the majority of high-energy wavelengths which are stored in the sun light are
filtered out by the ozone layer, both absorption and scattering depend rather strongly on the
path length of sunlight through the atmosphere [9]. Usually, as the sun comes closer to the
horizon, the lighter passes through more air and it is means that more infrared light and a low
energy spectrum. A turbidity factor is able to express this filter effect. In order to test and
compare solar modules, standard test conditions have been designed. They include spectrum,
intensity and temperature. The standard spectrum is prefixed ‘AM’, what stands for ‘Air Mass’
and followed by a number, what means the length of the path through the atmosphere layer in
relation to the shortest length (the sun light from 90° above the horizon). It is expressed:

. The Committee Internationale d'Eclaraige (International
Commission on Illumination) (CIE) and the American Society for Testing and Materials (ASTM)
publish a number of spectra. The spectra are from actual measurements and they are declared
standard then. Also, the spectrum is able to be reproduced artificially [10].
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Figure 3 Air Mass [9]

Figure 3 shows: AM0, the spectrum outside the atmosphere or at entry point into atmosphere,
approximated by the 5800K black body. Therefore, it means that ‘zero atmospheres’. Solar cells
in space applications, like space stations and communications satellites, are generally
characterized using AM0 [11]. AM1, on horizontal surfaces with the sun at zenith. The spectrum
after traveling through the atmosphere layer to sea level with the sun directly overhead. It
means ‘one atmosphere’. Therefore, AM1 to AM1.1 is a very good range for estimating and
testing performance of solar cell in equatorial and tropical countries and regions. AM1.5, on the
tilted surface (37°) with zenith angle 48°. Solar panels and another solar applications will not
only operating under exactly one atmosphere’s thickness (AM1). Many of the solar installations
and industry are in China, America, and Europe and elsewhere which lie in temperate latitudes.
Therefore, An AM number representing the spectrum at mid-latitudes (AM1.5) is more common.
‘AM1.5’ means 1.5 atmosphere layer thickness and a solar zenith angle of 48.2°. Since 1970s,
the solar industry has been using AM1.5 for all standardized testing. The latest AM1.5 standards
pertaining to PV applications are IEC 60904 and ASTM G-173. All derived from simulations
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obtained with the Simple Model of the Atmospheric Radiative Transfer of Sunshine (SMARTS)
code. A comparison between AM0 and AM1.5 is showed below in figure 4.

Figure 4 the Wavelength of AM1.5g, AM1.5d and AM0 [7]

2.1.2 AM1.5
The global standard spectrum (AM1.5g), for making the standard spectrum [12][13]
representative to as many PV applications as possible around the world, it should not be derived
from a particular measured spectrum in a particular place, but it should be calculated from AM0
under representative atmospheric and geometric conditions [14] [15]. These conditions are
from an analysis in the US [16] and the details of them are as follows [15]:
• The air mass is 1.5 and the cell is tilted by 37° from horizon
• The cell has no optical concentration system; therefore, it faces a hemisphere including the
surrounding ground; a spectrum which includes the blue sky and the surrounding ground
(Global Spectrum).
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• The site is at sea level and under standard pressure.
• The atmospheric conditions are mostly from the US standard atmosphere
• The total irradiance is 100mW/cm2

Figure 5 Spectral Irradiance (left) and Photon Flux (right) of the AM1.5g Spectrum [13]

This is a good representative of the illumination conditions for a tilted PV flat plate array on a
clear sunny day in the geographical mid latitudes. It was calculated from AM0 by SMARTS [17].
Figure 5 shows spectral irradiance (left) and photon flux (right) of the AM1.5g spectrum.
The direct standard spectrum (AM1.5d) [13]. Concentrating systems have a much smaller
acceptance angle than a hemisphere one and cannot exploit the radiation from the blue sky. So,
the sunlight almost comes from a perpendicular angle on the system. As opposed to the AM1.5g
spectrum, radiation only comes from a small area surrounding the sun. Calculation with same
value and under same conditions as 1.5g spectrum, then the irradiance is 90 mW/cm2 [14]. The
main difference between 1.5d and 1.5g is blue sky. Figure 6 shows a comparison of the spectral
irradiance for AM1.5g and AM1.5d spectra.
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Figure 6 the Difference Between AM1.5g and AM1.5d [10]

2.2 Solar Simulator
A solar simulator can be used for two different applications: I-V measurement and Irradiance
exposure [14]. It is used to simulate the solar irradiance and spectrum. Solar simulators usually
consist of three main components: 1 light sources, associated power supply; 2 any optics and
filters required to modify the output beam to meet the requirements; 3 the control system for
operating the simulator [18].
Under the atmosphere, the radiation emitted from the sun can be divided into two parts: Direct
radiation, which directly comes from the sun; and scattered radiation coming from the sky and
a part reflected from the ground. Solar simulators are adjusted to imitate the natural solar
spectral distribution of sunlight for a variety of environments. Table 1 below gives the 1-sun
irradiance values for both of filter types at some common conditions that can be simulated. The
transmission values are relative to unfiltered light between 250-2500nm.
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Table 1 1 Sun Irradiance Values for Both of Filter Types [18]

Table 2 The Different Filter Has Various Value for Transmission Through Filter [18]

Table 2 shows that the different filter has various values for transmission through the filter. The
common one is AM1.5G, what has 58.5% transmission through filter.
There are three performance parameters of PV cell testing outlined in ASTM E927-05, IEC 609049 and JIS-C-8912. These parameters are listed as:

• Spectral Match to a Reference Spectral Irradiance
The output spectrum from a solar simulator is compared to natural sunlight (AM1.5G). Standards
are defined for solar simulators are that the range should be from 400nm up to 1100nm and
divided into 6 intervals. The deviation in radiation of each interval is measured and the worst
performing internal determines the solar simulators’ class for this parameter.
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• Non-uniformity of Spatial Irradiance
ASTM standards require that more than 36 intensity reading covering a minimum of 25% of the
total surface area be taken and in order to determine the non-uniformity. The uniformity is
classified as Class A, B and C.

• Temporal Instability of Irradiance
This represents the fluctuation of the measurement system during the interval required to fully
obtain a I-V curve.

2.3 Standards for Solar Simulator
There are three standards for solar simulators: 1) IEC 60904-9 [18]; 2) JIS-C-8912 and 3) ASTM
E927-05. Some features and parameters of solar simulators are discussed by those standards.
The IEC 60904-9 [18] will be discussed in detail in this thesis:
2.3.1 Solar simulator
A solar simulator should be used for these two different applications: a) I-V measurement. b)
Irradiance exposure. The solar simulator usually consists of three main part: (1) light source and
power supply, (2) any optics and filters and (3) the necessary controls to operate the simulator.
[18]

2.3.2 Spectral range
IEC 60904 defines the reference spectral distribution of sunlight at AM1.5G. For simulator
evaluation, this standard restricts the wavelength range from 400nm up to 1100nm. Table 3
shows that this wavelength range is divided in to 6 bands and each of them are contributing a
certain percentage to the integrated irradiance.
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Table 3 Global Reference Solar Spectral Irradiance Distribution Given in IEC 60904-9

2.3.3 Spectral match
Spectral match of a solar simulator is also divided into 6 wavelength bands parts. For 6
wavelength intervals of interest, the percentage of total irradiance is detailed in table 3.
Some available methods are the use of [12]:


Spectroradiometer comprising grating monochromators and a discrete detector.



A CCD or photodiode array spectrometer (CCD=Charge Couple Device)



A multiple detector assembly with band pass filters



A single detector with multiple band pass filters

The data comparison with the solar spectrum shall indicate the spectral match classification as
per the following (see table 4, page 18):


Class A: Spectral match within 0.75-1.25 for each wavelength interval, as specified in
Table 4



Class B: Spectral match within 0.60-1.40 for each wavelength interval, as specified in
Table 4
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Class C: Spectral match within 0.40-2.00 for each wavelength interval, as specified in
Table 4

2.3.4 Non-uniformity of irradiance
Spatial non-uniformity is determined using the following equation:

(1)

‘The irradiance non-uniformity in the test area of a large-area solar simulator for measuring PV
modules depends on reflection conditions inside the test chamber or test apparatus. Therefore,
no generalization can be made and non-uniformity is to be evaluated for each system.’ [18]

Methods for using the uniformity device, determine the irradiance in each of the test positions:


For a steady-state solar simulator: in each location, at least one measurement of the
irradiance should be made.



For a pulsed solar simulator, the total irradiance of the solar simulator may not be
constant during the process. So, the other PV device should be used for monitoring the
irradiance during the pulse. This should be placed at a fixed position outside of the
designated test area. Then, if the I-V curve is recorded during the single pulse, there
should be at least 10 readings during the part of the pulse in which the I-V measurement
is performed.

The uniformity device may be placed in the test positions inside the perimeter of the test area,
it should be placed close to the external edge of the test area for those test zone for those test
positions on the test area perimeter.
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A figure of the measured simulator irradiance pattern should be provided with the solar
simulator to assist the user in testing. Also, clearly define different areas with different
classifications and pick the best test position for different module sizes.

The class of the solar simulator for non-uniformity is given by:


Class A: Non-uniformity of spatial irradiance 2%, as specified in table 4



Class B: Non-uniformity of spatial irradiance 5%, as specified in table 4



Class C: Non-uniformity of spatial irradiance 10%, as specified in table 4

2.3.5 Temporal instability
Temporal instability is determined using the following equation:

(2)
Where the maximum and minimum irradiance depend on the application of the solar simulator.
For example, when the solar simulator is used for endurance irradiation tests, temporal
instability will be defined by the maximum and minimum irradiance which is measured with a
detector at any place on the test plane during the exposure time.
Temporal instability is defined by two parameters, and both of them need to be evaluated:


Short term instability (STI)

Short term instability relates to the data sampling time of a data set (voltage, current,
irradiance) during an I-V measurement. This data of temporal instability may be different
between data sets on the I-V curve. In that case, the STI is defined by the worst case.


Long term instability (LTI)

15

Long term instability is related to the period of interest: a) For I-V measurements, it is the
time for taking the whole I-V curve. b) For irradiation exposure tests, it is related to the
period of exposure.
For the evaluation of STI, the I-V data acquisition system and the solar simulator may be
considered as an entire system. If there is no data acquisition system in a solar simulator, then
the manufacturers of solar simulators shall specify the corresponding data sampling time as
related to the reported STI classification.
There are 2 different cases for pulsed solar simulator and 3 cases for steady-state solar
simulator:
Pulsed solar simulator:


Pulsed solar simulator determination of STI:

For a pulsed solar simulator, the data acquisition system is an integral part of the solar
simulator evaluation of STI. Two measurement concepts can relate it. a) When there are
three separate data input lines that simultaneously store values of voltage, irradiance and
current. The temporal instability is class A for STI. b) When each piece of data is recorded
sequentially (followed by irradiance, current, voltage), determine the temporal instability
(figure 7 and 8). 1) Determine the time for taking two successive data sets (irradiance,
current, voltage). 2) The worst case irradiance change between data sets are chosen for STI.
3) Determine the STI using the data from step 2 and equation (2).

16

Figure 7 Evaluation of STI for a Long Pulse Solar Simulator [18]

Figure 8 Evaluation of STI for a Short Pulse Solar Simulator [18]



Pulsed solar simulator determination of LTI:
a) For long pulse solar simulators, the LTI is related to the irradiance change of
measured data sets during data acquisition time.
b) For multi-flash system, the LTI is related to the maximum irradiance change which
is measured between all the data sets used to determine the whole I-V curve.

Steady-state solar simulator for I-V measurement:
a) When there are three separate data input lines that simultaneously store values of
irradiance, current and voltage, the STI is class A.
b) If a steady state solar simulator is without simultaneous measurement of irradiance,
current and voltage, then these procedures are used to determine STI: 1) Determine the
time for taking two successive data sets (irradiance, current, voltage). 2) The worst case
irradiance change between successive data sets are chosen for STI. 3) Calculate the STI.
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c) The continuous measurement of irradiance at stabilised operating conditions is
evaluated from the maximum and minimum in that time period. For this case, there is
no LTI.
2.3.6 Solar simulator classification
The light from a solar simulator is controlled in three dimensions: spectral content, spatial
uniformity and temporal stability. Each dimension is classified as A, B or C (table 4). For example:
Class AAA.
2.3.7 Solar simulator requirements
The specifications required for each class are defined in Table 4. A sun simulator meeting Class
A specifications in all three dimensions is referred to as a Class A sun simulator or sometimes a
Class AAA.
For the spectral match, all six intervals shown in Table 3 shall agree with ratios in Table 4 to
obtain the respective classes. If the solar simulator is going to be used for STC measurement, it
should be capable of producing an effective irradiance of 1000W/m2 (100mW/m2) at the test
plane. Higher or lower irradiance levels may also be required.
Table 4 Standards Class Specifications for Sun Simulators [18]

Here is an example for solar simulator rating measurements (table 5).
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Table 5 Example For Solar Simulator Rating Measurements [18]

From table 5, the classification of this solar simulator is CBB (as specified in table 4). The first
section is a spectral match to all intervals (specified in table 3). As it shows, in the region of 400500nm, the spectra match is 0.81 which is between 0.75-1.25, therefore, it is class A in this
interval. Then, it got class B in 500-600nm, 600-700nm and 700-800nm intervals, and got class
C in 800-900 and 900- 1100 intervals. The standard will choose the worst case for defining the
classification. The second section is that non-uniformity of irradiance for a specific module size.
The simulator got 2.8 % which is below 5% (see table 4) for this section. Therefore, the
classification of this is B. The last section is temporal instability of irradiance. Within that time
less than 0.5% change of irradiance which means class A in short term instability of irradiance
(STI). For long term instability of irradiance (LTI), the interval equals 3.5% which means it is in
class B. So, the worst case classification is B.
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2.4 LED Technology
LED are the latest technology in energy efficient lighting. LED stands for ‘Light Emitting Diode’,
a semiconductor device that coverts electricity into light [19]. LEDs are tiny, solid light bulbs
which are extremely energy efficient, using approximately 85% less energy than halogen or
incandescent lighting-meaning significant savings on power bills [20]. Also, it has a much longer
lifespan than other types of lighting. They operate in a different way, if compared with
traditional incandescent light bulbs. Therefore, it is far more durable and rugged than traditional
one. LED technology also has many additional advantages over neon, xenon, and incandescent
lighting devices. Such as an exceptionally longer lifespan (up to 60000 hours), enormously lower
energy usage. It also reduces maintenance costs and is safer. An LEDs are solid state lighting
devices. It utilizes semiconductor instead of a neon or filament gas. LED is a tiny chip
encapsulated in an epoxy resin enclosure, which means LEDs are far sturdier than traditional
light bulbs or fluorescent tubes. LEDs are able to withstand vibration, shock and extreme
temperature or conditions, as they do not use fragile components, such as traditional lights’
glass and filaments. Also, because it generates virtually no heat, they are cool to the touch and
no consequence incident if touched. In comparison, incandescent lighting emits 90% of the
energy via heat. It will make the bulbs extremely hot to the touch. Therefore, LEDs reduce the
potential for safety risks such as fires or burns. On the environment, all LEDs are made from nontoxic materials, so it will not be like fluorescent lighting which uses mercury that may pollute the
environment. It is also recyclable and Earth-friendly [21].
Traditional incandescent light bulbs use filters to produce colours, so they are very inefficient.
However, LED lights are offered in a variety of case colours such as blue green, red and amber.
Therefore, LEDs can be blended together to produce millions of colour options and that’s why
they are used in various application [22]. Here is a good example for LED applications: before
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the LED technology was widely used, vehicles usually used halogen lamps for lighting systems.
The halogen lamps not only consume too much energy, but also are not that bright. Therefore,
it is not that safe for driving in an extremely dark situation. Nowadays, the latest vehicle uses
LED as the lighting system. They consume less energy but with high brightness. LEDs are
currently being used for a wide variety of applications such as architectural lighting, aerospace,
residential lighting, aviation, automotive, entertainment and gaming, industrial automation and
controls, the military, traffic and so on [21].

2.5 LED Solar Simulator VS Xenon’s

Figure 9 Xenon simulator's spectrum and AM1.5G [27]

Traditionally, xenon short-arc lamps and metal halide discharge lamps supply solar simulator
illumination. However, recent advances in high-power LED technology have resulted in a
number of LED-based solar simulators coming to market. Using LEDs as sources provides users
with a better opportunity to optimize their designed spectrum and monitor it in real time. LED
based solar simulators’ principal strength is that they can designed with wonderfully tuned
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spectra with controlled high-speed modulation [23].
Firstly, xenon and metal halide lamps both have short lifetimes (<10,000 hours) requiring
frequent replacement. They would not be good device for lifetime-measurement applications.
In addition, these lamps are not ‘instant on’, which means that they need a couple of minutes
to warm up and cool down. This would be added to the operating cost. Therefore, while the upfront cost of them is cheap, the cost of total operation is high when you count running costs,
maintenance and safe disposal.
LED based solar simulators have been developed to work continuously over a long period, or to
be flashed for shorts periods. LED technologies allow for easy manipulation and control of the
intensities, flashed frequencies and shapes. Thus, LED based solar simulators provide control
and high intensity, offering a superior technology for many applications. Due to the wide
utilization of LEDs in other markets, lots of LED wavelengths are available, from UV to IR, at
various power configurations. These devices can be used into various form factors via a number
of packaging methods, allowing much better design flexibility (table 6) and bring a greater
spectrum accuracy and uniformity.

Table 6 LED Types [23]
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From an electrical standpoint, LEDs are also more energy efficient than arc lamps, as they
operate on low voltages which make them simpler and safer. The most important is that they
are instantly on, without any warm-up time, and can be configured to output light in continuous,
flashed or pulsed modes across wide dynamic ranges. An LED based system, even with
thousands of devices, can be much easier to service than traditional arc lamps. The fitted
Ethernet controls allow remote monitoring, control and software updates. LEDs also can tolerate
more extreme operating conditions than traditional technology one. Consistent output over the
operating life of a solar simulator can be maintained using software resulting in a long lifetime
(10000-40000 hours).
A LED technology solar simulator also has a cost benefit in comparison to a traditional one.
Compared with a traditional lamp solar simulator, LED systems offer significant benefits over
the life of the simulator [23]. Operating costs will be lower due to instant on/off. Maintenance
costs will be lower because of longer lifetime of LEDs. Operating efficiency or research results
are improved, as it is unique in its control of light uniformity, speed of flash and precise spectral
output.
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3.0 Description of the Solar Simulator
3.1 Design and construction
This solar simulator is designed as 4 parts: a printed circuit board (PCB) with all 15 LEDs, a PCB
with 15 MOSFETs, Arduino controller and a PC for controlling the entire system.
3.1.1 PCB with LEDs
The size of the 15 LEDs’ PCB is 50mm*50mm and it is made from an entire copper board. The
electrical drawing of PCB is designed using PCB designer (figure 10). The wavelengths of 15 LEDs
is from 380nm to 1300nm. Left and right side of PCB have 20 terminals, which can connect with
the power source, LEDs and also the MOSFET-PCB. The left top pin is connected with the positive
of power source, the left bottom 3 pins and right bottom pin are connected with the ground.
Then, another 15 terminals are going to connect with MOSFET-PCB via wires.

Figure 10 the Design of PCB with LEDs

To easy install, update and allow for up-scalability, the power supply of the LEDs is connected to
the terminal through wire; LEDs are not soldered directly to the PCB, but via a header (figure
11), what means LEDs can be changed at any time for any situation. The same solution was used
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on the MOSFET-PCB as well. Due to the small size of the solar simulator, there is no much heat
from the simulator. Therefore, cooling system is not necessary in this design.

Figure 11 Headers and Completed LEDs-PCB (a) and (b)

Figure 11 shows a completed PCB with 20 terminals and 30 headers (b). It will be connected with
LEDs, power source and MOSFETs later.

3.1.2 PCB with MOSFETs
The size of the MOSFETs PCB is 5 times that of the LEDs PCB. It is also made from an entire
copper board by etching machine. Figure 12 shows a design of the electronic circuit of the PCB
that controls the LEDs on a second PCB in total 73 terminals (36 for resistors, 18 for LEDs, 18 for
Arduino and 1 for ground). The electrical drawing of PCB is designed using PCB designer (figure
13). Left side has 19 terminals, the bottom one is to ground, another 18 are connected with LEDs
from left side and resistors from right side. All resistors are 470Ω. There are only 15 MOSFETs
which will be used, another 3 extra terminals are for backup. The right side terminals of the PCB
are going to the Arduino controller.

25

Figure 12 Electronic Circuit of the Second PCB

Figure 13 Electronic Circuit of the Second PCB and Copper Board

Figure 14 shows a completed PCB with 73 terminals (36 for resistors, 18 for LEDs, 18 for Arduino
and 1 for ground). It will be connected with resisters, ground, MOSFETs and Arduino controller
later.
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Figure 14 Completed Second PCB

Figure 15 an Overview of The system

3.1.3 Arduino
The introduction of Arduino
Arduino is an open-source electronics platform based on easy-to-use hardware and software
[24]. Arduino boards are able to read input (e.g. light on a sensor) and turn it into an output (e.g.
activating a motor, turning on an LED). The board can do so many things by sending a set of
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instructions to the microcontroller on the board. The Arduino programming language and the
Arduino Software (IDE), based on processing will be used for controlling system.
The Arduino platform has become so popular with people just starting out with electronics.
Because unlike the major previous programmable circuit boards, the Arduino does not need a
program in order to load new code into the system. It can be transferred via USB cable simply.
Moreover, the Arduino IDE (software) uses a simplified version C++, which means it is easy to
understand a program [25].
A worldwide community of makers- students, hackers, hobbyists and artists has gathered
around this open source platform and their programs and productions can be of great help to
novices. Arduino was born at the Ivrea Interaction Design Institute as an easy and simple tool
for fast prototyping. Therefore, it is aimed at students who are without any background in
electronics and programming. All Arduino controllers are completely open source and empower
users to build their particular needs. The software is open source as well and it is growing
significantly through the contributions and programs of users around the world.
The Arduino for solar simulator
The MEGA 2560 (figure 16) is one of the most popular boards in the Arduino family and a good,
powerful choice for beginners. It was 54 digital I/O pins (15 can be used as PWM outputs), 16
analog inputs and a 16 MHz crystal oscillator. Operating voltage is 5V, DC current per I/O pin is
20 mA and DC current for 3.3V pin is 50mA. It has everything needed to support the
microcontroller and gives projects plenty of space and opportunities.
Every Arduino board needs a way to be connected with a power source, to get started with it,
just need to power it with a AC-to-DC adapter or connect it to a computer with a USB cable. The
power source is selected automatically. The solar simulator was controlled by a laptop via
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Arduino controller. For Pulse Width Modulation PWM (see 3.3), 2 to 13 and 44 to 46 pins are
available. It provides 8-bit PWM output with the ‘analogWrite’ function.

Figure 16 Arduino Board

3.1.4 PC with Software and Code

Figure 17 Code for Arduino
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The software is called Arduino IDE. It is an open-source Arduino software and it is easy to write
code and upload it to the Arduino board. It is able to run on Windows, Mac OS X and Linux. The
Arduino IDE can be used with any Arduino board.
Figure 17 is the code of the solar simulator. As it shows, ‘int()’ can converts a value to the int
data type. It can be marked as any word for later work. This is an easier way to check the code
after.
The ‘setup()’ function is called sketch starts. It is used to initialize variables, pin modes, etc. The
‘setup()’ function will only run once after each power up, therefore, it is good enough for the
solar simulator project.
After creating a ‘setup()’ function, the ‘loop()’ function is what its name suggests. The loop allows
program to change settings and get feedback. It is usually used to actively control the Arduino
board. Due to that, there is no need a loop in this solar simulator program, therefore, the code
of void loop is empty.
‘analogWrite’ (writes an analog value to a pin) is a significant part in this program. It can be used
to light a LED at varying brightness, which is the key of this project. After a call to analogWrite(),
the pin will generate a steady square wave of the specified duty cycle until the next call to
analogWrite() on the same pin [26]. On the Arduino MEGA 2560, it works on pins 2-13 and 4446. The duty cycle is between 0 (all the way off) and 255 (all the way on). Therefore, the
brightness of LEDs is between 0 (off)-255(brightest light). Changing the intensity of LEDs and
spectrum of light is based on the variation of brightness, in other words, changing duty cycle.
‘analogWrite()’ can change the PWM value very fast
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3.1.5 Power source

Figure 18 DC Power Source

Instead of buying expensive LED drivers for all LEDs, this solar simulator is powered by a 240 ACto- 50DC adapter (figure 18) that can commonly found in any electronic shop (this one is from
Altronics). The maximum current is 3A which is enough for the solar simulator project.

3.1.6 Overview
Figure 19 gives an overview of the solar simulator. The system has four parts: 1) power source;
2) PCB with 15 LEDs; 3) PCB with 15 MOSFETs and 15 470Ω resistors; 4) Arduino controller. The
240AC-50DC power source is from an electronic shop; all the PCB were designed by myself
through PCB designer, printed, etched and assembly by Murdoch University workshop. The
soldering of terminals and MOSFETs was processed by Murdoch University workshop.
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Figure 19 An Overview of Entire project

3.2 Optics
Figure 20 shows a design of the electronic circuit of the PCB that powers the LEDs with 15
channels at 5 V. 15 LEDs were mounted in one PCB (figure 20), they are arranged in 3 lines and
5 rows. Due to different viewing angle for different LEDs, LEDs with narrow viewing angle (<20⁰)
were soldered in the centre area to improve homogeneity. There are not any concentrator optics
used for this project. The illuminated surface is parallel to the same size of LEDs-PCB.
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Figure 20 LEDs On The Board and Completed Light Source

This project is all using high intensity T-pack LEDs (Figure 21). They are two pins, the longer one
is positive and shorter one is negative. As it shows, the two pins of a T-pack LED are very long, it
should be cut parts down before use.

Figure 21 T-Pack LEDs

An overview of LEDs’ main characteristics is given in Table 7. The solar simulator spectrum is
from 380nm to 1300nm. The types, size and intensity of LED were chosen to simulate the
AM1.5g solar spectrum (see 2.1.2).
Channels 1 and 2 are Ultraviolet (UV) Light, it is a type of electromagnetic (EM) radiation that
makes black-light poster glow. Also, it is the reason for summer tans and sunburns. It will
damage living tissue if exposed too much to UV radiation. Electromagnetic radiation is from the
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sun and transmitted at different wavelength and frequencies [27]. UV light is in the range of the
EM spectrum between visible light and X-rays. The wavelength of it is from 10nm to 380nm.
According to the U.S. Navy’s ‘Ultraviolet Radiation Guide’ [28], UV has three sub-bands: UVA, or
near UV is from 315nm to 400nm; UVB, or middle UV is from 280nm to 315nm; UVC, or far UV
is from 180nm to 280nm. According to the standard, this solar simulator chooses the LED with
380nm wavelength which is in the UVA region. The majority of the natural UV light comes from
the sun, but only 10% of sun light is in UV region, and only 1/3 of this goes through the
atmosphere to reach the earth, according to the Nation Toxicology Program (NTP) [29]. 95
percent is UVA and 5 percent is UVB. Therefore, this project only chooses 2 channels for UV light
[29].
Visible light is a form of EM radiation. Generally, visible light is defined as the wavelengths that
can be seen to most human eyes. Visible light is in the range of the EM spectrum between UV
and IR. The wavelength of it is from 380nm to 740nm. Light at the upper end of the visible
spectrum, with a wavelength of 380nm, is seen as violet; in the middle of spectrum is seen as
green; at the lower end of the spectrum, with a wavelength of 740nm, is seen as red. All other
colours can be perceived as mixtures of these colours. By the way, the energy of this visible
region (380nm-740nm) from the sun can be obtained by silicon.
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Table 7 LEDs used in This Project

Channel
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

wavelength(nm)
380-390
400-410
460-475
520-535
584-596
619-624
700
850
880
940
1050
1070
1085
1200
1300

#LED/PCB
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

FC
(mA)
30
30
20
20
20
20
20
60
60
50
100
100
100
100
100

FV
(V)
3
3
3.2
3.2
2.1
2.1
2.2
1.8
1.7
1.2
1.4
1.4
1.3
1.4
1.3

Viewing
angle(deg)
30
15
15
15
15
30
15
40
40
40
30
30
30
30
30

LED Names
VAOL-5GUV8T4
VAOL-3EUV0Y4
C503B-BAS
C503B-GAS
C503B-AAS
C503B-RCS
LNJ297RKRACS
IR
QED223A4R0
EL-IR928-6C
LED1050L
LED1070L
LED1085L
LED1200L
LED1300L

Channel
Names
UV2
UV3
blue
green
amber
red
red
infrared1
infrared2
infrared3
infrared4
infrared5
infrared6
infrared7
infrared8

The standards show that the wavelength of a solar simulator should be between 400nm to 1100nm.
But for some other applications, this project is going to expand the wavelength up to 1300nm. Infrared
has some effect, although it cannot be used for silicon. The wavelength of Infrared (IR) radiation is
from 760nm to 1mm, and it is subdivided into three parts of increasing wavelength: IR-A is from
760nm to 1400nm; IR-B is from 1400nm to 3000nm; IR-C is from 3000nm to 1mm [30]. IR-A is covered
in this project. Actually, almost half of the energy from the sun reaching the earth surface is in IR
range. That is the reason that there are 8 channels in the IR region. Because LEDs are not soldered in
to PCB directly, it connects with PCB via headers, the IR LEDs can be changed at any time for those
with more spectrum in the visible region.
There are not any concentrator optics used in this project. The illuminated surface (testing area) is
parallel to and of a similar size (50mm*50mm) to the LED-PCB. The minimum distance between them
is 180mm. At the borders, there can be some reflecting foils, which serve as mirrors to reduce intensity
losses and also to improve homogeneity.
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3.3 Electronic Circuits for LED control
Based on project design, there are 15 channels in LEDs-PCB. Therefore, for maximum flexibility in
tuning the spectrum and homogeneity, all channels should be controlled individually. Buying a not
cheap LED driver for each channel is one of the solutions. However, the cheaper way is to use a power
supply commonly found in any electronic shop, which has a 5V output, in combination with simple
control electronics built in workshop. The LEDs are powered by a 5V circuit (figure22) Schematic of
the current control circuit of the LEDs). 15 LEDs are connected with 15 470Ω resistors, and then
connected with MOSFETs (N-Channel). Last, the Arduino controller and ground are connected to
MOSFETs.

Figure 22 Electronic Circuit

The LEDs are serially interconnected with a MOSFET and a small ohmic resistance R. The function of R
is proportional to the current flowing through the LEDs. Pulse Width Modulation (PWM) is used in this
project, it is a method for generating an analog signal using a digital source and it is also an easy way
to control the circuit. A common way people used it is to control the direction and speed of motors
and dimming of LEDs [31]. While the signal can only be high (5V for this project) or low (ground) at
any time, the proportion of time can be changed. A PWM signal has two main components: a duty
cycle and a frequency. The duty cycle is about the amount of time the signal is in a high state as a
percentage of the time it finished a cycle (figure 23). The frequency describes how fast the PWM can
finishe a cycle, and also how fast it can switch from high state to low state. When a digital signal cycles
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off and on at a very fast speed, with a certain duty cycle, the output is like a constant voltage analog
signal [32].

Figure 23 PWM [33]

For example, a digital signal spends half of the time in a high state, and half of the time in a low state,
the digital signal of it has a duty cycle of 50%. Therefore, if the percentage is higher than 50%, the
digital signal spends more time in the high stage than low stage. Figure 23 shows those three
scenarios.
By adjusting the duty cycle of the circuit, the brightness of LEDs can be changed. The spectrum of solar
simulator can be controlled by dimming the LEDs. That is the key of this project, chapter 4.2 will show
the spectrum from the simulator. Matching the spectrum as close as AM1.5g is based on adjustics the
current through the LEDs.
PWM can be implemented on the Arduino in many ways. The benefits of using Arduino are that the
Arduino program language lets PWM be very easy to use. Call analogWrite (pin, dutyCycle), where
dutyCycle is a number from 0 to 255 (brightness is also from 0 to 255), and the pin is one of the PWM
pins (2-13 and 44-46 can be used in the Arduino MEGA 2560).
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Figure 24 Electronic Circuit for Whole System

Practically, an individually dedicated PCB with the electronic control circuit is connected to the LEDsPCB. Each unit consisting of a LED-PCB and a control PCB works independently, they are connected by
wires via terminals. In this solar simulator project, they are powered in a different way. A 5-V power
source for the LEDs-PCB and a USB source for the control circuit. The design of the control PCB and
schema is shown in figure 24.
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4.0 Characteristics of the Solar Simulator
4.1 Characterization Methods
For characterization of the spectrum and light intensity of the solar simulator, a spectrometer and
silicon photodiode were used. Both of them (figure 25) are from Murdoch university physics
laboratory. Light intensity measurements are important for a solar simulator, but essential for solar
cell characterization. Light intensity is usually measured by one of two methods: 1) by measuring the
spectral irradiance followed by integration over the full spectrum [21]. In this method, a spectrometer
is needed with a time-consuming calibration of the spectrometer with a calibrated light source. 2) By
measuring the photocurrent or voltage generated in photodiodes or thermopiles, this is the method
which I used in this project. The second method is more convenient in most laboratories, which is why
I selected this method for calibration of the solar simulator based on LEDs. However, this method is
limited for measuring intensity, which means it often has an error of 2%.

Figure 25 Spectrometer and Armored Fiber Patch Cable

The spectrometer is called QE65 Pro and is from Ocean Optics. It provides enhanced response in the
UV shortwave NIR regions. The QE65 Pro includes the linear CCD-array optics bench, and of course
circuits for operation. It is a compact, flexible system with no moving parts [34]. When measuring the
spectrum from LEDs, the spectrometer is connected with an armored fiber patch cable. It makes the
measurement procedure easier because the cable is more flexible than QE65 Pro. During
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development, relative irradiance measurements were performed using the QE 65 Pro spectrometer
which was also used to measure the single-LED spectra (figure 26) and also the multichannel spectrum
(figure 27). Only for the UV-VIS channel, the QE65 Pro spectrometer was used for this measurement
with a 10 µm slit size. An IR spectrometer was used for 800 to 1300 nm wavelength.
For measuring light intensity from LEDs, a keithley 2450 Sourcemeter and a standard silicon
photodiode preamplifier were used. The silicon photodiode is a high speed and high sensitive pin
photodiode with a small armored fiber cable (figure 25). The keithley 2450 Sourcemeter enhanced
sensitively with 20mV and 10nA measure ranges.

4.2 Spectrum
Figure 26 shows the measured spectra of 7 types of LEDs included in the Solar simulator between 370
to 760nm and a AM1.5g spectrum (Orange line). The measurement of the spectrum was performed
using a QE65 Pro with an armored fiber patch cable and 470Ω resistors. Another 8 channels of this
simulator are in infrared region, and were measured by an IR spectrometer. From figure 26, each of
the thin lines shows the spectral distribution for one chosen wavelength.

Figure 26 AM1.5g VS Solar Simulator Spectrum (7 Types)
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Figure 27 AM1.5g VS Solar Simulator Spectrum (Combined)

Figure 27 shows a comparison of a combination spectrum of 7 types of LEDs and a AM1.5g spectrum.
In the simulation of the full spectrum (blue line), each LED’s forward current is optimized by Arduino
controller in order to fulfil the requirements of international standard for AM1.5g (orange line). As it
shows, due to limited number of LEDs, the spectrum is not perfectly matched with AM1.5g. However,
the advantages of using LED as the light source is that it allows the users to match the spectrum to
almost any spectral distribution demanded by the user specific application. Especially in this simulator
project, because the LEDs are not soldered on the PCB directly, but connected PCB via headers. The
user can change LEDs for their specific application, such as using LEDs between 400 to 700nm instead
of all IR LEDs for testing PV panels or using IR LEDs instead of all visible LEDs for IR testing. By further
optimizing the 7 LEDs contributions, a better match can be obtained.
High intensity LEDs can easily cover the visible wavelength range. They can be chosen from a large
number of LED packages and intensities. However, the reason for choosing visible LEDs (red, green
and blue) is because they are often used for producing white light as perceived by human eyes,
however this will leave a large gap in the region around 570nm and 610nm. It is worth noting that in
previous solar simulator projects, people used lots white LEDs for supplying enough light intensity
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[33]. All solar simulators could narrow the spectral range from 360 to 700nm. The range between 360
to 700nm leads to the specific spectrum for silicon. It will need additional energy consumption and
cooling capacities. Further, removing the IR range is great for PV panels, and will enhance the
maximum intensity.

4.3 Spatial Homogeneity
A keithley 2450 Sourcemeter and a standard silicon photodiode preamplifier were used to measure
the light intensity over a 50×50 mm2 at 10×10 mm2 resolution, the test area and LEDs are in parallel.
One more thing, there is no warm-up time recorded. As figure 28 shows, the non-uniformity of all light
source at 70% power over the full area of 50×50 mm2 is ±15%, which is outside of the standard
classification. Reducing the area to 30×30 mm2, the non-uniformity to ±8%, which is class C under IEC
60904 standard [18]. Further, more LEDs and PCBs can be used for the solar simulator for better
homogenity. Also, during the operation of the simulator, the uniformity can increase to the needed
level by increasing the LED’s current in the corners.

Figure 28 Relative intensity field of all light sources at full power
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4.4 Light Intensity
Intensity is one of the characteristic of a beam of light. A keithley 2450 Sourcemeter and a standard
silicon photodiode preamplifier were used for measuring the light intensity from this simulator. The
intensity of an LED varies linearly with current being used to drive it. Data from figure 29 gathered was
by pointing an LED at a silicon photodiode and increasing the LED drive current linearly from 0-25mA
[35]. The Arduino controller is going to control the current through LEDs via PWM. Based on Arduino
PWM, the brightness of LEDs is defined as 0 to 255, which is a 100% duty cycle. The total irradiance
has been measured with the keithley 2450 from 360 to 1300 nm. At full power output of the simulator,
2.0 Suns irradiance has been measured in the centre area. Adjusting the spectrum for matching the
AM1.5g reduces it to 1.5 Suns.

Figure 29 The LED Drive Current
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4.5 Commercial LED Solar Simulators
LSH-7320 & VeraSol-2 & Hyperion solar simulator [37] & WSLED-100SC; 160; 500 [38]
Table 8 Commercial LED Solar Simulators [36][37][38]

Table 8 shows specifications of 6 popular commercial LED solar simulators from Newport, Dyesol and
Walcom. The LSH-7320 LED solar simulator is designed for researching market for PVs in the field. It is
certified class ABA under IEC 60906-9, specifically, A class for Temporal stability, B class for uniformity
classification and A class for spectral match. The system of LSH-7320 provides a variable output from
0.1 sun to 1.1 sun over 51*51mm illumination area and at a working distance of 305mm. It is able to
drive multiple wavelengths of LEDs spaced over the spectrum of 400 nm to 1100 nm to ensure a
spectral match of AM1.5G meeting Class A requirements. [36] It was a completely independent head,
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which includes LEDs, controls and optics allowing people flexible mounting and orientation options.
The typical lifetime (over 10000 hours) of LEDs removes the need to change not only expensive, but
also hazardous bulbs. Additionally, it can come up to a stable operating power in 5 minutes (warm
up).
The VeraSol-2 is made up of the LSS-7120 LED controller and the LSH-7520 LED Head. The VeraSol-2 is
certified class AAA under IEC 60904-9, JIS C8912, and ASTM E 927-05, specifically, A class for both
temporal stability, uniformity classification and spectral match. The system provides a variable output
from 0.1 sun to 1.0 sun over 51*51mm area at a working distance of 203mm. It is also able to drive
multiple wavelengths of LED’s spaced over the spectrum of 400 nm to 1100 nm to ensure a spectral
match of AM1.5G meeting Class A requirements. Each LED wavelength has an independent control
and it allows the user to tune the output to the specific requirements of their test or research. The
user can adjust wavelengths for intensity through the USB port and the spectral modifications can be
saved in the controller through the USB as well. It also has a quick warm up time [37].
The Hyperion solar simulator is a unique piece of equipment in the solar light emulation environment.
It is designed by Dyesol and it is an AAA modular solar simulator utilizing LED as light sources. The
system provides a fixed or variable output that enables the user to choose a power from 0 sun to 1.0
sun (depend on the emitting bandwidth) over all the illumination area. The Hyperion solar simulator
is a AAA class under IEC 60904-9, JIS-C8912, and ASTM-E927-10 for spectral match, non-

uniformity of irradiance and temporal stability.
There is no single solar simulator that has had comprehensive functionality [21] [22] [23]. Some of
them are highly convenient and easy to carry, but some of them have a closer spectrum to AM1.5G
which means more accurate for testing.
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5.0 Conclusion
The aim of this thesis is to make a solar simulator that is fully based on LEDs. The development of the
solar simulator includes the design of PCBs and electronic circuits, selection of suitable LEDs, MOSFETs
and resistors. For a good understanding of the topic and relevant background, some information and
knowledge were provided in chapter 1 and 2, including the background of solar energy and solar panel
performance, the introduction of solar spectrum and solar simulator, also a brief introduction of the
advantages of the LEDs, finally a comparison of LED solar simulator and traditional Xenon solar
simulator. Moreover, the LEDs have so many advantages if compared with traditional Xenon light
source: 1) longer lifespan (up to 60000 hours); 2) enormously lower energy usage; 3) reduced
maintenance costs and higher safety; 4) no warm up time. In addition, the International
Electrotechnical Commission (IEC) standard 60904-9 was discussed and used as they are the most
relevant to this solar simulator project.
After the background and introduction, the description of solar simulator was introduced in chapter
3, including the design and construction, optics and electronic circuit. 15 types of LEDs provide full
flexibility in the spectrum from 370 to 1300 nm. The PCBs and electronic circuit were fully designed
by myself. Also, the system is controlled by PWM via Arduino controller. There is one resistor and one
MOSFET connected to each LED. The solar simulator is powered by a 240 AC-to- 50DC adapter instead
of buying expensive LED drivers for all the LEDs. The system is based on low-cost design, which means
the simulator has low-cost components and is easy to install, update and allows for up-scalability. This
solar simulator is designed for continuous operation and is able to be expanded easily into UV or IR,
or narrowed to visible light (360 to 700 nm) for using on silicon, such as amorphous silicon PV panels
or crystalline silicon PV panels.
As the last part of the project, the characteristics of the solar simulator was showed in chapter 4,
including characterization methods, spectrum, spatial homogeneity, light intensity and a comparison
of commercial LED solar simulators. Although there is no concentrator optics for this simulator and
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the illuminated area is same as the light source area, the intensity of LEDs is up to 2 sun equivalents
in the centre area in continuous operation. In the simulation of the full spectrum (figure 27), each
LED’s forward current is optimized by the Arduino in order to match the AM1.5g. However, due to the
limited number of LEDs in the visible range, the spectrum is not perfectly matched with AM1.5g.
Further, the user can change the number and types of LEDs for their specific application.
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6.0 Future Works
The implementation of the design of solar simulator was finished, but there are still some potential
improvements that might be accomplished as future work. For the spectrum matching, due to the
limited types and numbers of LEDs in the visible range, the spectrum is not matched with AM1.5g very
well in the range of 360 nm to 700 nm, although the wavelength of it is up to 1300 nm. Because the
simulator is designed to be easy to install, update and allow for up-scalability, the changing of LEDs is
quite convenient. By further using more LEDs or narrow the range of wavelength, a better match can
be obtained. Temporal homogeneity could be tested on the future works.
For light intensity measurements, there are usually two methods (see 4.1):


By measuring the spectral irradiance followed by integration over the full spectrum.



By measuring the photocurrent or voltage generated in photodiodes or thermopiles

The second method is more convenient in most laboratories, but it is limited for measuring intensity,
which means it can often have an error of 2%. Because of the limited time and a very long duration of
shipping LEDs. By further using the first method, a more accurate result can be got.
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Appendix A LEDs Used in The Project
Table 9 C503B-BAS

Table 10 C503B-GAS
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Table 11 C503B-AAS
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Table 12 C503B-RCS
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Table 13 LED-1050L
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Table 14 LED-1070L
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Table 15 LED-1085L
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Table 16 LED-1200L
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Table 17 LED-1300L

59

Appendix B Specifications for measuring Equipment
Table 18 Ocean Optics QE65 Pro
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Table 19 Ø105 µm, 0.22 NA, SMA-SMA Armored Fiber Patch Cable, 2 Meter
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Table 20 keithley 2450 SourceMeter ® SMU Instrument
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