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Design and Development of Cost-effective LED based Solar Simulator.
Abhay Pratap
ABSTRACT

The critical need for national energy security combined with the growing
energy demands of the modern world require a transition from fossil fuels to clean and
indigenous fuel alternatives. This makes solar energy and photovoltaic technology a
primary focus for the scientific community. To enhance solar cell efficiency, photo-
voltaic devices must be tested and characterized under standard atmospheric conditions
using a device known as a solar simulator. However traditional solar simulators rely on
bulky and expensive light sources with short lifespans. This makes them out of reach
for many small scale research facilities.

This dissertation report outlines the design and assembly of a low-cost,
five channel Light Emitting Diode (LED) based solar simulator and its feasibility to
reach the Class AAA standard. The optical unit consists of five colour LEDs which are
soldered in a general purpose Printed Circuit Board (PCB), paired with a mirror frustum
assembly to collimate and mix the beam. The use of an Arduino microcontroller driving
a low-side N-channel MOSFET switching circuit and Pulse Width Modulation (PWM)
provides precise linear control on the intensity of light without any mechanical filter.
The prototype is then validated using a solar power meter. Its intensity heatmap is
generated and it achieves a Class B rating in the spatial non-uniformity parameter. The
overall build cost is well below commercial solar simulators and it acts as a foundational
first step in making an economical solar simulator. The report also lists out various
improvements that could be incorporated to the simulator to truly achieve a Class AAA
rating.
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Chapter 1

INTRODUCTION

The energy demands of the modern world are growing at an unprecedented
rate. With the recent boom in Artificial Intelligence companies and an increase in the
number of large energy intensive data centers, global energy consumption is expected
to grow even more. However, meeting these demands with the limited fossil fuels is
not sustainable in the long term and the transition to a better and indigenous energy
source is the need of the hour. Solar energy comes as the promising contender for
this transition. This is supported by its wide availability in the tropical zone, robust
technology and self-reliance in terms of energy production. Hence more research
in enhancing solar cell efficiency, increasing energy output and characterization is a

priority for the scientific community.

Photovoltaic Device Characterization

At the center of this all are Solar Photovoltaic cells that are solid state
nonmechanical devices and convert solar radiation directly into electrical energy. They
are durable and have simple design, requiring little maintenance. The development of

any photovoltaic cell involves 3 distinct stages.

1. The Design and Simulation part where a model of proposed cell is designed
in simulation software programs and different characteristics are measured. It
includes tweaking and tuning different parameters and finding the optimal value

for different parameters.

2. Inthe second step the actual physical device is fabricated using various chemical

and physical processes.

3. In the third and last step the characterization and testing of the device is done

to determine key performance metrics.

The parameters of any photovoltaic device like current-voltage curve, short
circuit current (/s¢), open circuit voltage (Vo) and maximum power (Pjs4x) must be
analyzed under actual atmospheric conditions. The spectral and total irradiance which
have to be used for the characterization and calibration of a solar cell are defined by
the IEC (International Electrotechnical Commission) in the IEC 60904-3 standard as



Standard Test Condition. Hence to evaluate the performance of a particular photovoltaic
technology, it is rated under the Standard Test Condition (STC). This is defined as
irradiance of 1000 W/m?, the spectrum taken as AM1.5 and a device temperature is
kept at 25°C [1]. While the I-V measurement can be done outside under the natural
sunlight during the day, it is not preferred due to irregular solar radiation which depends
on the atmospheric conditions, time of day and the geographical location. Therefore it
is preferred to do the testing in a controlled laboratory environment by using a device

known as a Solar Simulator.

Problem Statement

Traditionally solar simulators were made using conventional sources like
Xenon lamp or Halogen tungsten lamp. They matched the solar spectrum to an extent
but had many disadvantages. They were bulky, expensive, generated too much heat and
had a very short lifetime. Furthermore, due to their cost, they remained out of reach
for many small scale research facilities and universities. Therefore there was a need for
a Low cost, compact and safe alternative. LED based solar simulators were introduced
as a solution. LEDs have many advantages as compared to conventional light sources.
They are low cost, have a long life, fast switching speed and narrow spectral bandwidth.
These properties allow us to fine tune the output intensity of an LED and by combining

LEDs of different wavelengths, we can mimic the entire solar spectrum.

Objective

The objective of this project was to design and assemble a cost-effective
LED based solar simulator and to test the feasibility of reaching the Class AAA standard.

Chapter Outline

Chapter 2 presents a review of relevant literature, defining the basic ter-
minology related to a solar spectrum. It lists the standards used to classify a solar
simulator. It also briefs on the different light sources used for traditional simulators.
The chapter ends with an overview of LED-based solar simulators made by research
groups and different commercially available models.

Chapter 3 details the Device Architecture and Assembly. It discusses the
different units of the solar simulator namely the optical, electrical and control units.
It explains the assembly of LEDs soldered in a zero PCB and the mirror assembly
for collimating the light, the electrical unit and the design of Arduino based intensity

control system.



Chapter 4 outlines the experimental characterization that was done using a
solar power meter. Out of the three parameters used to characterize a solar simulator,
only the spatial non-uniformity part could be tested due to constraints in availability of
a spectrometer. Others, like the intensity control, its variation with distance and output
power of each colour LED type were also recorded.

Chapter 5 outlines the future scope of this project and lists various additions
and features that could be added to further develop the simulator. The last chapter 6

concludes the report.



Chapter 2

LITERATURE REVIEW

In this section, we’ll have an overview of the Solar Spectrum, Solar sim-
ulators, different light sources used in solar simulators and finally LED based solar

simulators.

2.1 Solar Spectrum

The Sun essentially acts as a perfect black body radiator with a surface
temperature of 5,778 K. Therefore in outer space, solar spectrum appears as a smooth
continuous curve known as Air Mass 0 (AMO) spectrum. However, when this radia-
tion enters the Earth’s atmosphere, it interacts with the atmospheric molecules which
modifies the spectrum significantly by processes such as absorption, dispersion and
scattering. These interactions cause certain dips in the smooth spectrum and hence we
get the jagged, terrestrial profile known as AM 1.5 Global spectrum [2].
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Figure 2.1: The global reference spectrum (AM 1.5G) distribution (IEC 60904-9) [3]

2.1.1 Air Mass Coefficient

It is a dimensionless quantity used to characterize the effect of Earth’s

atmosphere on the spectral distribution and intensity of sunlight reaching the surface.



Mathematically it is shown as

L
AM = — =
Lo cos(6)

= sec(6) 2.1)

where Ly is the shortest path possible, when sun is directly overhead at the zenith and
L is the path taken by the light at an angle 6 relative to the vertical, i.e, the zenith angle.

There are three specific Air Mass values which are used as standard:

* AMO - Extraterrestrial. This is the spectrum of Sun outside the Earth’s atmo-

sphere in space. This standard is used for satellite application.

* AMI1 D - Direct overhead. This is the spectrum at the zero altitude when sun is
as its zenith. Here 8 = 0.

* AM1.5G - Global Standard. This is the spectrum when the sun is at a zenith
angle of 6 = 48.19°

Other standards include AM 1G, AM 1.5D, AM 2D and AM 2G.

Zenith(Vertical)
/N

Atmospheric Model
Cloudless sky
25 km visibility
1.42 cm water vapor
rural aerosol model etc.

Direct (normal incidence) Direct (11.2° incidence angle)
Irradiance from *
the Sun's disk Diffuse Irradiance
on a surface tilted 37°
from the horizontal

Figure 2.2: Visual representation of AM 1.5 spectral condition [3]

AM1.5G

This is the global standard defined by ASTM G173-9 [4]. All commercial
solar cells are rated against this spectrum. In this standard the integrated intensity

(power) is normalized to exactly 1000W/m? and is called 1 Sun.



Spectrum Reference AM 1.5 Global vs. Direct
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Figure 2.3: Spectrum reference AM 1.5 Global vs Direct [5]

2.2 Solar Simulator

As stated in the introduction part, there are two ways to test any solar cell.
First being in the outdoor environment under actual solar radiation and second being
inside a laboratory using a solar simulator. Testing under outdoor environment is not
usually preferred due to factors like intensity and the spectral distribution of solar
radiation, time and day of the year, the weather or climate of the outdoor, atmospheric
conditions, geographical location and various longitudinal and altitude variations. To
mitigate these problems, it is preferred to perform testing under a closed controlled
environment. The solar simulator provide such solution. They are devices which try to
mimic the sun, basically by generating the same spectral and optical composition as that
of sunlight. Since the solar simulators are artificially controlled by humans, they provide
a simple, reliable and reproducible method for testing photovoltaic technologies. Any

solar simulator consists of three core parts:

* The optical part which consists of light generating source, the optical filter or

manipulator to change the light properties fulfilling the standard requirement
 The control part to operate the simulator

» The power source to run the whole device.

Early solar simulators relied on Carbon arc and quartz-tungsten filament.
Later, gas discharge technologies like metal halide, mercury-xenon and both continuous
and pulsed xenon arc variants became prominent. Nowadays solid state lighting like
LED and super continuum laser light sources, are being used for high precise spectral

matching [3]. They have been discussed in detail in section 2.4.



2.3 Solar Simulator Standard

For any light source to be classified as a Solar simulator, it is tested under
one of three standard. There are three organization which provide standards for a solar

simulator,
* International Electrotechnical Commission ( IEC 60904-9 )
* American Society for Testing and Material ( ASTM E927-10 )
* Japanese Industrial Standard ( JIS C 8904-9 (2017) )

They evaluate the solar cell in three main criteria; spectral match, spatial
non-uniformity of irradiance and temporal instability and based on that define the solar
simulator under three classes; Class A, Class B and Class C. Hence any solar simulator
is characterized by a three letter code classifying each of three criteria. The first letter
classify spectral match, second letter classify spatial non-uniformity and the third letter
classify temporal stability. Class A+ shows the best performance, followed by A,
B and C. For example device labeled Class ABA achieve top spectral and temporal

performance while medium spatial homogeneity.

Spectral Match

This is defined as how well the distribution of irradiance in different wave-
length matches the natural sunlight. It can be calculated as the actual percentage of
irradiance falling to the total irradiance. The solar spectrum has been divided into six

different wavelength ranges and the Spectral match is calculated using

SM = Measured Irradiance (Interval)

= 2.2
Standard Irradiance (Interval) 2.2)

Spatial Non-Uniformity

This is widely considered as the most challenging parameter to optimize.
It measures the consistency of light intensity across a test plane and ensures there are
no hot spots due to condensation of light. It is calculated from the peak (Ep.x) and
trough (Ep,ip) intensity at a test grid and is given using

Emax -

E .
SNU = ==& « 100% (2.3)
Emax + Emin



Temporal Instability

In any solar simulator, the output must be stable over time, free from any
arbitrary dimming or flickering. This is to ensure that no distortion or noise is added
during the solar cell measurement. It is measured in the same way as SNU but in this
the intensity is measured during the whole time interval of data acquisition.

The data comparing specification defined by different standards have been
shown in table 2.1 and Data showing ideal spectral match defined by different standards

are shown in table 2.2 and 2.3.

Table 2.1: Specification defined by different standards for Class A+, A, B and C solar
simulator. Data from [6], [7], [8].

Standards
Parameters Class
IEC JISC ASTM
60904-9 8904-9 E927-10
0.875-
At 1.125 ; -
Spectral match A 0.75-1.25 0.75-1.25 0.75-1.25
B 0.6-1.4 0.6-14 0.6-14
0.4-2.0 0.4-2.0 0.4-2.0
A+ 1% - -
Spatial Non- A 2% 2% 2%
uniformity B 5% 3% 5%
10% 10% 10%
A+ 0.25% - -
Temporal A 0.5% 0.5% ]
Instability
(Short term) B 2% 2% -
10% 10% -
A+ 1% - -
Temporal A 2% 2% 2%
Instability
(long term) B 5% 5% 5%
10% 10% 10%




Table 2.2: Target irradiance contribution per bandwidth as defined by IEC 60904-9
(2020). Data from [6].

Iz\t]::j;?zﬁil) Required Irradiance (W /m?) Target Contribution (%)
300-470 14.5-18.7 16.6%
470-561 14.7-18.8 16.7%
561-657 14.6-18.8 16.7%
657-772 14.6-18.7 16.6%
772-919 14.6-18.7 16.7%
919-1200 14.6-18.8 16.7%

Table 2.3: Target irradiance contribution per bandwidth as defined by JIS C 8904-9
and ASTM E927-10. Data from [7], [8].

Iz\t,::\ilglzﬁgll) Required Irradiance (W/ m?) Target Contribution (%)
400-500 13.8-23.0 18.4%
500-600 14.9-24.9 19.9%
600-700 13.8-23.0 18.4%
700-800 11.2-18.6 14.9%
800-900 9.4-15.6 12.5%
900-1100 11.9-19.9 15.9%
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Light sources for Solar Simulator

As discussed by Esen et al. [3] in their review paper of different light

sources used for solar simulator, some of the key technologies are:

2.5

Carbon arc - Carbon arc light is compatible with AMO and used for space solar

simulator [3, sec 3.1].

High pressure sodium vapor and argon arc lamp - High pressure sodium lamps
are used due to their long lifetime, broad spectral range and higher efficiency

than previous technologies [3, sec 3.1].

Quartz tungsten halogen lamp - Preferred due to high light intensity, low cost

and usability and spectral interval that is near natural sunlight [3, sec 3.2].

Mercury Xenon lamp - Combines ultraviolet spectrum of mercury vapour lamp

and IR spectrum of xenon lamps. [3, sec 3.3]

Xenon arc and flash lamp - Xenon has matching sunlight spectrum with high
light intensity. Used in conventional solar simulator. Short life cycle and high

maintenance are some disadvantages of Xenon solar simulators.

mnw L:gr: leenzoo 40: — 700 1 ooolR' h:éaorgd 2600 | \vavelenght (nm)
CARBON ARC 350 - 700
HIGH PRESSURE SODIUM VAPOR 250 - 2500
ARGON ARC 275 - 1525
QUARTZ-TUNGSTEN HALOGEMN 250 - 2500
[ MERCURYXeNON 1552000
[ wemowarc 185 - 2600
. XeNONFLAsHLAWP 160 - 2600
[ weAtkaoe ] 200 -2800
[ ww 350- 1100
vl 480 - 900

Figure 2.4: Wavelength range of light sources [3].

LED based Solar Simulator

Due to compact size, low cost and lower power consumption, LEDs are

being used as light sources in newer solar simulators. They can be used in both steady
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and pulsed mode. Kohraku and Kurokawa [9] used 4 colour LEDs (blue, red, infrared

and white) to simulate the solar spectrum where they highlighted that AM1.5 spectrum
is critical for the I-V characteristic measurement.

Loépez-Fraguas et al. [10] developed a small solar simulator assembled

with LEDs only. They did not used any optics and relied completely on Arduino

microcontroller to electronically control its output. In this they were successful in

producing a low cost class AAA solar simulator having an effective test area of 1cm?.

4 AMA1.5
o~ - = Simulated
' — Measured
E3f | -
2 I
iy 1
1= 1
- I
=¥ I
@ |
[&] ]
= 1
i '
Si1f ! 1
© ]
-
=] i
'
0

400 600 800 1000
Wavelength (nm)

Figure 2.5: Solar simulator spectrum produced by Lépez-Fraguas et al. [10]

Sun et al. [11] developed a class AAA solar simulator by using LEDs for

different wavelength along with a hyper-hemispherical aplanatic lens to collect full
aperture light of the LEDs.

w

T T T
—— AMI1.5G

.‘I‘. ~ H“ i N
1 mwwr“uj pm A ". -‘.

Intensity (W-m™-nm’)
= g i
T T

1.0 P L L L 1 P
300 400 500 600 700 200 900 1000 1100

Wavelength (nm)

(a) LED arrangement with different peak
wavelength

(b) Solar simulator spectrum produced by
Sun et al. [11]

Figure 2.6: Sun et al. [11] setup and results.



12

Apart from research project, there are also commercial LED based solar
simulators which are very costly. Some of the leading market solar simulators are
Ossila Solar Simulator and Newport Oriel VeraSol-2. These solar simulators are class
AAA standard, but due to their high cost (in lakhs) they are often inaccessible to small

scale research laboratories, highlighting the need for cost-effective alternatives.

[ Osslla Solar Simulator
——— AM1.5

2.0

Spectral Irradiance (Wm?nm')

e
wn

e
o

400 500 600 700 800 900 1000 1100
Wavelength (nm)

L
i=]
o

Figure 2.7: Solar simulator spectrum of Ossila Solar Simulator [12].

Spectrum
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Spectral Irradiance (W/m?/nm)
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400.0 500.0 600.0 700.0 800.0 500.0 1000.0 1100.0

Wavelength (nm)

Figure 2.8: Solar simulator spectrum of Newport’s VeraSol-2 [13].
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Chapter 3

DEVICE ARCHITECTURE AND ASSEMBLY

In this section, we’ll have an overview of the device architecture of the
prototype device, why LEDs were chosen, the different optical units, the electrical

system, the control system and finally the first physical prototype made.

3.1 Overview of Proposed System

The primary focus of this project is to design and assemble a low cost solar
simulator using Light Emitting Diode to mimic the the solar spectrum. The prototype

consists of three main subsystem:
1. The Optical Unit (consisting of LEDs, Mirror and Diffuser)
2. The Electrical Unit (consisting of Power source and driver circuit)

3. The Control Unit (consisting of Arduino Microcontroller for intensity control.)

Electrical Unit

Control Unit

Optical Unit
LED Grid

Mirrors

Diffuser

DUT

Base Support

Figure 3.1: Schematics of the prototype device.
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3.2 The Optical Unit

This unit consist of the light source, mirror assembly and the diffuser.

3.2.1 Selection of Light Source (LEDs)

In our prototype, we are making a simple 5 channel solar simulator, using 5
different LED sources, which are White, Green, Yellow, Orange and Red LED. This is
so that we can have a broadband spectrum in visible range using the base white led and
the ability to fine tune intensity in each 4 points in the spectrum near the wavelength of
Green, Yellow, Orange and Red light. In the future we can increase the spectral match

using more LEDs of different colours having wavelengths in between red and blue.

Why LEDs were chosen

Compared to conventional light sources, LEDs have many advantages like:
* Cost Effectiveness: LEDs are significantly cheaper than Xenon lamps.

* High Efficiency: LEDs have high energy conversion efficiency, currently con-

verting about 80% of the electrical energy into light energy

* Long lifespan: LEDs have a long lifespan, typically exceeding 10000 hours when

used under operating range

* Rapid response: LEDs are instantly illuminated without any warm up time as
compared to conventional sources which take up heating time. This also helps in

fast switching of LED on and off for intensity control.

* Environmentally Friendly: LED products contain no toxic substances and pose

no environmental hazards.

These advantages along with the high controllability of the LEDs using PWM, gives
us the ability to tune its intensity from 0% to 100%. The exact mechanism has been

explained in the section 3.4.1.

Colour of Different LEDs

The colour of a particular led depends on the bandgap energy of the semi-
conductor used to make the LED. The specific bandgap required for each colour is

achieved by varying the composition of III-IV compound semiconductor. The Red,
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Orange and Yellow light are produced using AlGalnP (Aluminum Gallium Indium
Phosphide) which are lattice mismatched to Gallium Arsenide (GaAs) substrate [see
14, sec 1.7]. Green and Blue LEDs are made using InGaN (Indium Gallium Nitride)
that are grown on Sapphire substrate [see 14, sec 1.6]. For generating white light
using LED, there are many methods. In one method two or three monochromatic
colours, called complementary colours, are mixed at a certain power ratio which then
result in the perception of white light. Nowadays almost all white light emitter use an
LED of colour blue or ultraviolet and a photon down conversion process. The high
energy photon from the primary LED is absorbed by the down converter and photon
of lower energy are given out (Stokes shift). These then combine to give the white
light spectrum. One such down converter material is phosphors. It is an inorganic host
lattice which is then doped with some optically active rare earth ions. The industry
standard uses Yttrium Aluminum Garnet (YAG), Y3Al501; and are called YAG phos-
phor. Cerium (Ce) doped YAG phosphor (YAG:Ce) are used to generate white light in
a typical led [see 14, sec 12]. The final result spectrum is shown in the Fig. 3.2 having

a narrow blue emission from the original LED chip and a broad yellow band from the

phosphor layer.
I N I ' 1 ¥ I M
_ Lo YAG:Ce ]
] - phosphor-based .
S 08k white LED -
£ . _
: 0.6 - Blue luminescence |
. L .
=z 041 =
8 i Phosphorescence i
E 02 -
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i 1 1 | 1 i
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Wavelength A (nm)

Figure 3.2: Emission spectrum of a phosphor based white LED [14].

The table for different LED light along with their technology, peak wave-
length and forward voltage is shown in the table 3.1 and the graph between forward
diode voltage drop and the corresponding bandgap energy of different colour led at a

safe diode current of 20mA of is shown in Fig. 3.3



Table 3.1: Specification of different LEDs [14].
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LED Technology Peak Forward Reference
Wave- Voltage
length
Red AlGalnP 625nm 19V [see 14,
sec 1.7]
Orange ALGalnP 610nm 21V [see 14,
sec 1.7]
Yellow ALGalnP 590nm 21V [see 14,
sec 1.7]
Green GalnN/GaN 525nm 22V [see 14,
sec 1.6]
Blue GalnN/GaN 470nm 26V [see 14,
sec 1.6]
White GalnN 450nm 30V [see 14,
blue sec 12]
LED +
(YAG:Ce)
A=20 15 12 09 07 06 05 045 04 0.35 pm
40r T T T T T T T 1 T T T
= o Green AlGalnN *
< C Amber AlGalnN Blue AlGalnN UV AlGaN
= 30
< Green GaP
r::‘ C Amber AlGalnP 3 *
= 20— Red-orange AlGalnP * Amber AlGalnP
8 B ot .
_: - IRfia.-\th?Umm‘// Orange AlGalnP
g C Red AlGaAs
B 10
E II: InGaAs (1300 nm)
0.0 L | i i | i |. | i i i |
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Figure 3.3: Typical diode forward voltage versus bandgap energy for LEDs [14].

Bandgap energy Ejp (eV)
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3.2.2 Assembly of the LEDs

For the light source of the optical unit, a grid of different colour LEDs was
soldered in a general purpose Printed Circuit Board (PCB). Each individual LED was
connected in series with an appropriate resistor to limit the current flowing through it
and prevent the LEDs from burnout. All the LEDs were powered by the same 5 Volts

and the cathode of each colour type LEDs was soldered together and connected to the
drain of the MOSFET. The LED assembly is shown in Fig. 3.4

(a) LEDs soldered with resistors (b) All LEDs powered on.

Figure 3.4: LED grid assembly

Each colour type LEDs were individually addressable as shown in Fig. 3.5. The intensity

of each colour could be controlled individually as discussed in detail in section 3.4.1.

(a) Red LEDs (b) Yellow LEDs (c) Orange LEDs (d) Green LEDs

Figure 3.5: LED assembly of each colour
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3.2.3 Mirrors and Diffuser

LEDs differ from conventional light sources in two ways. They have
relatively less power than sources like mercury or xenon lamp. And they are highly
directional and emit light in a specific cone rather than all directions. To solve these
two problems and ensure spatial irradiance uniformity across the test plane, we will use
a mirror and diffuser setup.

Just below the LED grid, mirrors were assembled in the shape of the frustum
of a pyramid. This ensured that most of the LED light reaches down instead of going
outside. This also collimates and mixes the light from different colour LEDs.

It was found using a solar power meter that the light coming at the test
plane was collimated and had a spatial non-uniformity percentage of around 2.5% and
adding or removing the diffuser did not had any major impact in its intensity uniformity.
However for future simulator devices using relatively high power LEDs, a subsequent
diffuser assembly can be added to better mix the colours and to make the beam uniform.

For this a Hexagonal Micro Lens Array (MLA), also known as lenticular
diffuser, can be used in the smaller base of the frustum. Unlike traditional diffusers
which rely on scattering and absorption, The MLA used refractive properties to redis-
tribute the incident light. The hexagonal packing of these lenses maximizes the fill

factor. This whole setup eliminates the hotspot characteristics of discrete high power

LED sources.

(a) Diffusion of light by the Micro (b) Zoomed image of the Lens Array,
Lens Array showing the closed hexagonal packing

Figure 3.6: Hexagonal Micro Lens Array Diffuser
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3.3 Electrical Unit

For providing power to the module, an old smartphone’s charger is used.
This charger brick is essentially an AC-DC Switch Mode Power Supply unit rated at
5SV/2A. This unit converts the typical household mains voltage of 220V AC into a stable
5V DC output with a maximum output current of 2A.

Calculation of Current limiting resistor

The LEDs are connected to a constant voltage source through a limiting

Resistance Rj;,;; whose value is calculated using the Ohm’s Law formula:

Vs_Vf

lica

limit =
where
* Ryimis 1s the limiting resistance being used to prevent the LED from burning

* Vy is the forward voltage drop of particular LED

* V; is the Constant source Voltage, here 5 volts using the breadboard power supply

unit
* [j.q 1s the forward current of led, here it is being restricted to 20mA.

The constant 5V DC source and resistance combination keeps the forward
current of LEDs within the operating range, preventing thermal runaway and ensuring
the longevity of the LEDs.

3.4 Control Unit

The control unit is responsible for controlling the intensity of each LED.
This is done using MOSFETSs and an Arduino Uno microcontroller board, as discussed

in the next sections.

MOSFET as a switch

To control the intensity of each individual LED, we will use a low side
switching configuration of a MOSFET. A MOSFET (Metal Oxide Semiconductor

Field-effect Transistor) is a solid state semiconductor device that has three working
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terminals namely Drain, Gate and Source. It can act as a switch depending on the
voltage difference between two of its terminal. Based on the biased voltage provided,
a MOSFET can act as a switch or an amplifier. First is the Cutoff region with no drain
current flow. It act as an open switch (OFF state). Second is the Ohmic region where
it act as Voltage controlled resistor. Here it act as closed switch (ON state). Finally in
the Saturation region where drain current remain constant not depending on the drain
source voltage and here it act as a linear amplifier.

For our purpose, we will use its fast switching characteristic to drive the
LED. Some of the advantages of MOSFET which makes it suitable for our requirement
are its infinite input impedance, so it requires almost no input current to control the
load current, fast switching speed and very compact size.

In our prototype, we have used BS170 N-Channel small signal MOSFET.
They can handle a maximum of 60V Drain-source voltage and can be used to drive
circuits requiring up to 500 mA DC. It has a low gate threshold voltage and hence can
be driven directly by the Arduino’s 5V logic levels [see 15].

In the low side switching configuration, we place the N channel MOSFET
between the negative terminal of load (in our case the cathode side of the LED) and the

Ground as illustrated in Fig. 3.7.

VCC(+5V)
R1
220
LED
N
R3
1k
PWM / 4 & BS170
Switch signal -
R2
10k
GND

Figure 3.7: Circuit diagram of a single LED driver circuit using MOSFET. Made with
EasyEDA [16]

The main components of the circuit are as follows:

1. R1 (220 Q) is a current limiting resistor to protect the LED as calculated in
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section 3.3.

2. R2 (10k €) is a pull down resistor. It prevent the MOSFET from turning on

randomly while the switch signal is disconnected or resetting.

3. R3 (1k Q) protects the control signal source from current spikes during the

charging of MOSFET gate capacitance.

4. VCC (+5V) is the 5 volt source which drives the current in LED

3.4.1 PWM based LED Intensity Control

In the last section we discussed about using MOSFET as a switch. But it
can only turn the LED either ON or OFF. But to control the intensity of LEDs using the
switching feature of MOSFET, in the input signal of Gate terminal instead of a square
wave, we will provide a PWM (Pulse Width Modulated) Signal. It provides an analog
behavior by changing the digital output between high and low states with different
width, while the frequency stays constant. This effectively controls the average power
delivered to a load.

Since LEDs have low inertia (the time it takes to turn on the LED), they
can be very efficiently controlled using a PWM signal without any flickering if the
frequency of PWM signal is significantly high [see 17]. Apart from LED luminous
intensity, LED chromaticity also depends on the current flowing through it. Therefore
to make sure that the LED colour is not changed during operation, it is necessary to
drive it with constant current. And by using a PWM signal, the average current in
the LED can be changed, changing the light intensity, without changing the real LED
current, which governs the colour of particular LED [see 18].

By using PWM signal, we are controlling the time averaged power delivery
to the LED. The total energy delivered over a time period T is the integral of the

instantaneous power, given by

1 T
Paye = T/o P(t)dt (3.1

By controlling the Duty Cycle, we control the average power delivered to the load
which is then given by
Pavg = Ppeak XD (3.2)
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Figure 3.8: Plots showing linear Relationship between PWM duty cycle and illuminance
[19].

Hence a 25% duty cycles means that only 25% of the photons per second are delivered
as compared to full power, which result in 0.25 times of the Peak Irradiance. Burton et
al. [19] showed that the light output is directly proportional to the PWM duty cycle for
the measured interval (2% - 99 %). Therefore by adjusting the duty cycle, the average
current supplied to the LED changes linearly. This allows for precise linear control of
Irradiance. The graph showing linear relation between PWM signal and illuminance is
shown in Fig. 3.8.

To provide a controllable PWM signal, we have used an Arduino UNO

microcontroller. This has been explained in next section.

3.4.2 Arduino UNO setup

The main control unit for this solar simulator is the Arduino UNO develop-
ment board. It is a popular microcontroller board and uses a single chip microcontroller
created by Atmel Microcontrollers named ATmega328P. The generation of PWM sig-
nal is handled by the internal hardware timers of the microcontroller. These timers
operate independently of the central processing unit. The core mechanism consists of
an internal 8-bit counter register. The register counts the clock cycle, which is then
compared to a set value in an Output Compare Register (OCRnx). This toggles the
Output Compare (OCnx) pin to create pulses of varying width at a fixed frequency. In
this way by loading a value between 0-255 in OCR register, pulses of particular width
can be generated [see 20, page 74].

The pins of ATmega328P are connected to the Arduino pins as shown in Fig. 3.9.

There are 14 pins which can act as a digital input/output pins numbered 0-13. For our
purpose, we need the pins producing PWM signals. There are six such pins. They are
located at the indices 3, 5, 6, 9, 10, 11. We will use these 6 pins to control 6 different



ARDUINO ATMEGA328P PIN DETAILS WITH ARDUINO FUNCTIONS
PINS
Reset (PCINT14/RESET)  PC6  Pinl Pin28 PC5 (ADCS5/SCL/PCINT13)
Digital Pin 0 (RX) (PCINT16/RXD) PDO Pin2 ¢ * Pin27 PD4 (ADC4/SDA/PCINT12)
Digital Pin 1 (RX) (PCINT17/TXD) PD1 Pin3 1 ° Pin26 PD3 (ADC3/PCINT11)
Digital Pin 2 (PCINT18/INTO)  PD2 Pind = Pin25 pC2 (ADC2/PCINT10)
Digital Pin 3 (PWM) | (PCINT19/0C2B/INT1) PD3 Pin5 ¢ L Pin24 PC1 (ADC1/PCINT9)
Digital Pin 4 PD4  Pin6 Pin23 PCO (ADCO/PCINTS)
Vee Vec  Pin7 L | Pin22 GND
GND GND Ping 5 Pin2l AREF
Crystal (PCINT6/XTALL/TOSCL) PB6  Ping Pin20 AVCC
Crystal (PCINT7/XTAL2/TOSC2) PB7 Pinl0 ' Pinl9 PBS (SCK/PCINTS)
Digital Pin 5 (PWM) | (PCINT21/0OCOB/T1) PD5 Ppinll ' Pinl8 PB4 (MISO/PCINT4)
Digital Pin 6 (PWM) | (PCINT22/OCOA/AINO) PD6 Pinl12 Pin17 PB3 (MOSI/OC2A/PCINT3)
Digital Pin 7 (PCINT23/AIN1)  PD7 Pin13 Pinl16 PB2  (SS/OCIB/PCINT2)
Digital Pin 8 (PCINTO/CLKO/ICP1) PBO Pinl4 ' Pinl5 PB1 (OC1A/PCINT1)

ARDUINO
PINS

Analog Input 5
Analog Input 4
Analog Input 3
Analog Input 2
Analog Input 1
Analog Input 0
GND
Analog Reference
Vee
Digital Pin 13
Digital Pin 12
Digital Pin 11(PWM)
Digital Pin 10(PWM)
Digital Pin 9(PWM)

Figure 3.9: ATmega328P Pin details with Arduino functions [21].

types of LEDS, varying their intensities.

Figure 3.10: Arduino UNO Development board [22].
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The code for Arduino is written in an IDE (Integrated Development Environment). The

interface of such IDE is shown in Fig. 3.11. For changing the width of pulse, we use

the analogWrite() function. It takes the values 0-255 as input and gives a signal of
width 0% to 100%, mapping 0 to 0% and 255 to 100%.
The standard frequency of PWM is approximately 490/980Hz. For creating a smooth

pulse, we can directly manipulate the Timer Control Register from the IDE. This allow

us to generate ultrasonic PWM frequencies (around 31.25 kHz). This fast signal appears

as a continuous steady light to the photovoltaic cells and prevent any flickering or noise
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VERIFY/UPLOAD SELECT BOARD & PORT OPEN SERIAL MONITOR

AnalogReadSerial | Arduino IDE 2.0.0-rc9

Arduino MKR WiFi 1010

. AnalogR SKETCHBOOK
AnalogReadSerlal OPEN SERIAL PLOTTER
’ BOARD MANAGER
4 Reads an analog input on pin @, prints the result to the Serial Monitor.
5 aphi entation is available using Serial Plotter (Tools > Serial Plotter menu).
LIBRARY. MANAGER in of a potentiometer to pin A@, and the outside pins to +5V and ground.
7

8 gople code is in the public domain.
DEBUGGER

https://www.arduino.cc/en/Tutorial/BuiltInExamples/AnalogReadSerial

// the setup routine runs once when you press reset:

void setup() {
// initialize serial communication at 9600 bits per second:
Serial.begin(9600);

}

// the loop routine runs over and over again forever:
void loop() {

// read the input on analog pin 0:

int sensorValue = analogRead(A®);

// print out the value you read:

Carial nrintlnlcancarifaluals

Figure 3.11: Arduino IDE (Integrated Development Environment) interface [22].

which may appear due to low frequency wave.

3.5 Final Device Assembly

3.5.1 Circuit Schematics

In our prototype circuit, we expanded the circuit of figure 3.7 to 5 different
colour LEDs instead of 1.

ARDUINO

VCC(+5V)

T

YELLOW

R8
1k

Figure 3.12: Schematic of a 5 channel LED driver circuit using MOSFET and Arduino.
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The schematics in the Fig. 3.12 shows the standard driver circuit imple-
mented for each channel. Each LED resistor pair represents a single colour LED type.
Made with EasyEDA [16]

3.5.2 Physical Prototype

The figure 3.13 shows the actual experimental setup for validation. The
setup includes the Arduino microcontroller, the MOSFET switching array and the LED

grid, along with the mirror assembly and the encasing made from acrylic sheet.

Figure 3.13: Physical Prototype

Arduino Code

The code to control the LEDs can be found in Appendix A.
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Chapter 4

EXPERIMENTAL VERIFICATION

To characterize the Solar simulator under international standards like IEC
60904-9 standard (see 2.3), its three parameters, i.e. the spectral match, spatial non-
uniformity and temporal instability must be assessed. However due to constraints in
availability of testing devices, specifically a spectrum analyzer, it was not possible to
characterize the spectral feature of this solar simulator. A solar power meter (Tenmars
TM-207 Solar Power Meter) was made available. Therefore only its spatial non-

uniformity test was done. The testing device and results are discussed below.

Figure 4.1: Device test setup in horizontal position.

Solar Power Meter

For measuring the spatial non-uniformity of our device, we used a Solar
Power Meter from Tenmars Electronics Co., LTD, model TM-207 (see Fig. 4.2). It is
a handheld, high precision solar power digital meter that can be used to measure the
solar radiation and energy transmission. It has a detached external sensor connected
to the main body through a 1.5 meter wire and gives the measurement in W/m? or
BTU (British Thermal Unit)/ (ft 2 * h). The test was done in a dark room and at
ambient temperature. For easy accessibility, the device was put down in horizontal

mode. Through this digital meter, we were able to test a few things like
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The intensity of light vs applied PWM signal

Peak intensity in the test plane vs Distance of measurement

Peak Intensity of each colour type LED

Spatial intensity profile for the test plane.

Figure 4.2: Tenmars TM-207 Solar Power Meter

Intensity vs PWM signal

We were able to show the relation between the light output intensity and
input PWM signal duty cycle as also discussed in Burton et al. [19]. The Arduino digital
output pins have a PWM duty cycle range from 0 to 255 where 0 means the output is
0% duty cycle (i.e. constantly O Volt or LOW signal) and 255 means the output is 100%
duty cycle (i.e. constantly 5 Volts or HIGH signal). The intermediate PWM value as
fraction of 255 corresponds to same fraction in duty cycle. For our measurement, all
white LEDs were turned on and the intensity were measured in Duty cycle values of
50, 100, 150, 175, 200, 225 and 255. The test plane was at 0 cm. The peak intensity
measured for a 100% duty cycle for white light was 7.8 W/m?. The PWM duty cycle,
Duty cycle percentage, absolute intensity measurement and intensity percentage from
peak intensity were tabulated in table 4.1 and the graph between Intensity percentage

and PWM duty cycle percentage was plotted as shown in in Fig. 4.3.



Table 4.1: PWM signal of varying duty cycle and its corresponding intensity

P\’\E(l;ilziisg)nal II;?;:ISIiZty Duty cycle (%) Intensity (%)
50 1.3 19.61 16.67
100 29 39.22 37.18
150 4.5 58.82 57.69
175 53 68.63 67.95
200 6.1 78.43 78.21
225 7 88.24 89.74
255 7.8 100 100

Intensity vs PWM duty cycle
== Trend line (R = 0.9996) @ Intensity %
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Figure 4.3: Intensity vs PWM signal duty cycle
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Intensity vs Distance

The relation between Intensity of light versus the distance of test plane was
also measured using the solar meter. It was found that intensity drops steeply within the
measured 0 cm to 8 cm range. The value of distance and light intensity were tabulated

in table 4.2 and the graph between Intensity vs distance were plotted as shown in in
Fig. 4.4.

Table 4.2: Distance of test plane and intensity values

Distance (cm) Ilgg;:lsllzty
0 13
1 12.4
2 11.5
3 10
4 8.7
5 7.5
6 6.2
7 5.1
8 4.2

Intensity vs. Distance from Test Plane
14

124 Ny

104 .

Intensity (W/m?2)
/

Distance (cm)

Figure 4.4: Intensity vs distance plot
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LED colour vs Peak Intensity

Peak light intensity for each colour LED was also measured using the solar
meter. For this, all LEDs were turned off, then one by one all the LEDs of each colour
type were turned on with full power (100% duty cycle). The light colour and their
respective peak intensity were tabulated in table 4.3 and were plotted as shown in in
Fig. 4.5.

Table 4.3: LEDs of different colour and their peak intensity

LED Colour I';t;/‘:fli;y
White 7.8
Red 1.5
Yellow 0.2
Orange 0.5
Green 2.3

Peak Intensity vs. LED Colour

9
8- 7.8
74
£ 5
2
Z 57
@
c
8 4
£
® 31
9 2.3
2 1.5
1 0.5
— [
0 T T
White Red Yellow Orange Green

LED Colour Channel

Figure 4.5: Colour vs intensity plot.

In the LED grid, out of 42 LEDs, 11 are of white, 7 are red, 9 are yellow,
7 are orange and 8 are green. It can be seen that white LEDs have the maximum
light output. This can be explained as the Tenmars TM-207 solar meter has a spectral
response for the wavelength range of 400 to 1100 nm. It is calibrated for the broadband
AM1.5G spectrum and not for the narrowband emission of coloured LEDs. Also adding
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to the fact that number of white LEDs is higher than other. Hence the energy output
for white light is significantly higher than single coloured LEDs. The TM-207 cannot
be used to accurately balance the irradiance of individual LED channel and therefore a

spectrometer must be used to get the true energy output values.

4.1 Spatial Non-Uniformity

Out of the three parameters for characterizing a solar simulator, namely the
spectral match, spatial non-uniformity and temporal instability, only the spatial non-
uniformity could be tested using the Tenmars TM-207 solar meter. For this, first a grid
was setup over the test plane. The grid consists of a 5X 5 matrix of equal area cells. Each
cell represent a physical measurement taken by the sensor at a specific (X,y) coordinate
on the test plane. The sensor was placed in each cell position and the corresponding
value of intensity was measured. Once all the 25 values were measured, it was then
plotted to create a 2-dimensional grid of light intensity. From the values, the maximum
irradiance value (E,x) and minimum irradiance value (Ei,) were recorded and the
spatial non-uniformity percentage was then calculated using the standard formula as
given by ASTM and IEC, as:

SNU = Zmax = Emin 11504 4.1)
Emax + Emin

For our testing purpose, the white light LED was turned on with full
intensity, the sensor was placed at O cm and the intensity for each cell area was
measured. The corresponding 2-D Spatial irradiance heatmap was then generated

using matplotlib and given in Fig. 4.6.

Analysis

In the Fig. 4.6, the colour gradient maps directly to the light intensity at that
cell and highlight the region with high intensity (as shown by darker blue colour) and
the regions with relatively low intensity (as shown by lighter green colour).There is a
smaller box of 3 x 3 grid as shown in the red square, which is our designated test area.
In any solar simulator, the entire test plane is rarely uniform and this smaller red box
defines the specific boundary where the actual solar cell will be placed for the testing
purpose.

For calculating SNU percentage, the minimum and maximum values from

the 2-D map inside the red box was recorded and found to be:
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Spatial Irradiance Map (W/m?2)
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Figure 4.6: Spatial Irradiance Heatmap
e Maximum value (Epax): 8.1
e Minimum value (Eiy): 7.7
Putting it in the formula, we get:
SNU = —21 ;;; x 100 = % x 100 =~ 2.53% 4.2)

Hence we get a 2.53 % spatial non-uniformity, which corresponds to a Class B rating
for spatial uniformity as per standards. The B rating can be explained from the fact that
total light power is quite low (a few Watt/m?) and therefore even a tiny variation of 0.4
Watt/m? give rise to this high percentage. If high power LEDs are used having the total
power output in hundreds of Watt/m? along with diffuser systems, then this percentage
will be significantly reduced.

So we were able to calculate the spatial non-uniformity percentage along
with other parameter like the intensity vs PWM duty cycle, distance and colour. The

further work is discussed in the next chapter.
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Chapter 5

FUTURE SCOPE

The main objective of this project, which was to design and assemble a
cost effective LED based solar simulator that should be capable of satisfying the Class
AAA standard is far from over. Under the apparatus constraints, only its spatial non-
uniformity parameter could be tested. Therefore this project leaves a great deal of
things that could be further developed.

The most prominent being the availability of a fiber optic spectrometer to
capture the intensity of light at different wavelength range. This would help to first
characterize the light colour vs peak intensity for each LED channel. This can then
be used to calculate the exact spectral mismatch for the current 5 channel array and
to calibrate the positioning and intensity of each colour LED type. Further this helps
in getting the right LEDs so the net output light intensity at the test plane is near
the AM1.5G standard of 1000 Watt/m?. The current peak intensity reading from the
Tenmars solar meter is only around 13 Watt/m?2, which would correspond to 0.013 Sun
and is insufficient for testing any solar cell. Hence more focus is needed to get both
the spectral match and intensity calibration for making the solar simulator workable for
testing solar cells.

Once the solar simulator is calibrated correctly in the visible light spectrum,
it can then be further developed to include Near Infrared (NIR) and UltraViolet (UV)
spectra. By including NIR LEDs and UV LEDs of appropriate wavelengths, the
spectral match can be further improved. It would provide a more accurate and real
testing environment for the next generation solar cells like the perovskite and tandem
solar cells, which have a broad spectrum response.

Another major feature that could be added to the device is to use a Closed
Loop feedback control. Currently, the device is operated in an open loop configuration
as the PWM values are set by the user for each LED. An upgrade to this can be to use the
live output from the spectrometer to feed data into the microcontroller, which then can
automatically adjust the PWM signal going into each LED array to match the spectrum
and intensity profile. An algorithm could be developed which can efficiently do this
process and connect the output from the spectrometer and the input to the arduino
microcontroller. This could be a project on its own.

One last improvement that could be included in the device is the use of an
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active thermal management. Currently, the device uses less than 500 mA of current
when operating at 100% duty cycle and the current passing through each mosfet is well
below 100 mA. The BS170 MOSFET used in this device is rated for 500 mA continuous
drain current and hence is operating below 20% of the component’s maximum limit.
This means that the MOSFET remains cool during the operation and we do not see
any thermal degradation in the working of the device. However in future if high power
LEDs are used to better match the AM1.5G standard intensity, an active thermal cooling
mechanism must be added to it. This will prevent any fluctuation in the output of LEDs
due to heating.

These additions would definitely help to achieve the Class AAA standard
for the LED based solar simulator. Furthermore, excluding the procurement cost of
a spectrometer, all of these upgrades could be done at a cost well below that of any

commercial-grade LED solar simulator.
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Chapter 6

CONCLUSION

We designed a physical prototype of a 5 channel LED solar simulator. This
include the five colour LEDs, with white light providing the broadband spectrum in
visible light range and the four individual colour LEDs (Red, Yellow, Orange and
Green) providing the fine tuning of the spectrum. Mirrors were assembled to collimate
the beam. The hardware part used a Low-Side N channel MOSFET switching circuit
controlled by an Arduino UNO microcontroller. This system allowed for precise Pulse
Width Modulation (PWM) intensity control. This proves that the intensity output can
be electrically tuned without using any mechanical filters.

The prototype was then validated. Availability of a solar power meter
allowed us to find its spatial non-uniformity percentage. The test plane was mapped
using the intensity heatmap and we secured a Class B spatial non-uniformity rating
(2.53%). Other helpful parameters like the intensity vs distance profile were also
recorded which will be helpful in future solar cell testing. We were also able to verify
the PWM signal based intensity control of the LEDs.

A key achievement of this work was the economic feasibility of the design.
A rough cost analysis reveals that the whole prototype (without the characterization
and testing devices), along with recommended improvements in the spectral domain
can be made well below the cost of commercial simulators.

Ultimately, the prototype serves as a foundational first step in making an
economical solar simulator. We were only able to test the spatial uniformity of our
simulator, but with an appropriate spectrometer and high power LED systems, we can
match the solar spectrum. The current control unit can easily be adapted for such high-
power LED systems. Integrating these high power channels, along with NIR and UV
LEDs will enable us to meet the Class AAA AM1.5G standard. This low-cost simulator
will then be fully capable of providing a realistic testing environment for solar cells

which would be suitable for small scale research and educational laboratories.
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int redPin = 3;

int orangePin 5;

1
(e}

int yellowPin

int greenPin ;
int whitePin = 10;

// int greenPin = 5;
int brightness = 0;

void setup(){
// pinmode (pin number, [IN|OUT]PUT)

pinMode (redPin, );
pinMode (orangePin, );
pinMode(yellowPin, )¢
pinMode (greenPin, )
pinMode (whitePin, )

analogWrite(redPin, 0);

analogWrite (orangePin, 0);
analogWrite(yellowPin, 0);
analogWrite(greenPin, 0);

analogWrite(whitePin, 0);

Serial.begin(9600) ;
// Serial.println("EnterValue: ");

void loop(){
// to check if serial have new data
if (Serial.available() > 0){

char colour = Serial.read();




34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61

40

// String command = Serial.readStringUntil(’\n’);
// command. trim();
// if (command.length() > 0){

brightness = Serial.parseInt();

brightness = constrain(brightness,®,255);

switch(colour) {

case 'r’ : analogWrite(redPin, brightness); break;

case ‘o0’ analogWrite(orangePin, brightness); break;
case 'y’ analogWrite(yellowPin, brightness); break;
case g’ analogWrite(greenPin, brightness); break;
case 'w’ analogWrite(whitePin, brightness); break;

// analogWrite(ledPin, brightness);

Serial .print("Intensity set to: ");

Serial.println(brightness);

while (Serial.available() > 0){
Serial.read();

}
// delay(5000) ;

}

Listing A.1: Code for 5 Channel LED control Using Arduino

To change the intensity, give inputs in the serial monitor like w255, r56,
099 etc. The first letter signify the colour to be changed (white, orange etc) and

the next number signify the intensity mapped as 0 — 0% and 255 — 100%.
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