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Abstract

Solar simulators are critical tools for solar cell research, development, testing, and evaluation. This study
examines research on a photovoltaic device's LED (light-emitting diode) solar simulator and incorporates the
synthesis's findings into a new body of knowledge. We also makes scholarly observations that could inspire new
research questions in the future. The authors examined relevant scholarly articles from international databases. The
results revealed that the LED-based solar simulators were classified into two groups: LED solar simulators and
halogen-LED solar simulators. A solar simulator with six different LEDs can be used to test solar cells in standard test
conditions. However, it was discovered that the light spectrum deviated significantly from the AM 1.5G spectrum. The
enhanced light quality is accomplished by limiting the divergence from the standard spectrum using 10-23 emitting
diode color mixing techniques, and it may be used to evaluate solar cells in the 350-1100 nm wavelength range. Most
of the light-emitting diodes used are high-power type, operating with a voltage of 12-36 V DC, using independent
control methods with constant current and voltage sources and controlling the light spectrum from a computer.
Designing and building light-emitting diode modules that can be expanded to increase the light test area, automatically
adjusting the simulated light intensity and spectrum to change over time, and studying the impact of temperature on
the performance of artificial solar simulators are all trends in the construction of solar simulators. This includes
researching new techniques to improve the performance of light-emitting diode solar simulators to the highest class in
accordance with [EC 60904-9: 202 are all in line with these trends.

Keywords: light-emitting diodes, solar simulator, IEC 60904-9: 2020, LED modular system, solar cells
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Figure 1 The solar radiation range at Air Mass 0, 1, 1.5
(a) Air Mass 0, 1, 1.5. Re-drawn by Watjanatepin (2022).
(b) The spectral irradiance at AM 0 compared to AM 1.5G
and 5800 K blackbody radiation (Laaber, 2022).
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Table 1 The comparison of characteristics of lamp-based system and LED-based system.

lamp technology wavelength temporal maximum lamp initial operating
(nm) instability sun lifetime cost cost

Xenon 180-2600 high 10000 2000 medium medium

MH 320-1200 medium 1000 6000 medium medium

QTH 4000-2500 low 25 2000 low medium

LED 350-1850 very low 1.1 10000+ high low
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1849 |IEC 60904-9 (2020) ATRLAQNATLA 300
w1 luiums 019 1200 w1 luNAs $18ATIBEARS ]

o

1R4NIMTFIUNL AY (Table 3)

Table 3 Performance parameters of solar simulator in class A+, A, B and C under IEC 60904-9 (2020).

wavelength range

irradiance temporal stability

class spectral match
(nm) non-uniformity STI LTI
A+ 300-1200 0.875-1.125 1% 0.25% 1%
A 400-1100 0.75-1.25 2% 0.50% 2%
400-1100 0.60-1.40 5% 2% 5%
C 400-1100 0.40-2.00 10% 10% 10%

2. ANSUSIR LUNURIARTE A+
AMFLARE A+ TDULATDIANRBLEIRT R 1114
SM azaaalasunisdseiinlugasninuenapani

28181477 400 D4 1100 W1 TuLume 1w 300-1200

W Tums Wil 6 da9saus 300-470, 470-561,
561-657,657-772, 772-919 lay 919-1200 TRINITRAE
TuusazdaaANEAALN AN USREAE 16.61,

16.74, 16.67, 16.63, 16.66 LAY 16.69 ATNAIAL
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Table 4 The main discovery of LED solar simulator for PV devices, suggestion, and enhancement.

reference & year research goal

materials & methods

suggestion &
results
developments

Kohraku, & Topresentthe findings ~ ® A square arrangement of
Kurokawa of an investigation 4 colored LEDs
(2003) into the capability of

evaluation methods
for the LED solar
simulator for solar

cell measurement.

® Ahexagonal arrangement
of 6 colored LEDs.
® Fvaluate unevenness of

both arrangements.

®Non-uniformity using The optimal test area

4 and 6 LEDs is and distance from the
around 3% on the light source have an
100 mm x 100 mm of  impacton the unevenness.
test plans. “In the illuminant area
as widens, the evenness

is reduced.”




RMUTSB Acad. J. 11(1) : 123-148 (2023)

135

Table 4 The main discovery of LED solar simulator for PV devices, suggestion, and enhancement (continue).

reference & year

research goal

materials & methods

results

suggestion &

developments

Kohraku, &
Kurokawa

(2006)

To propose the LED
solar simulator for
obtaining the solar
cell's I-V curve and

spectral response.

® 4 LEDs color (blue red,
infrared and white)

® 205 mm x 205 mm light
source.

® Measurement |-V curve

at 1 sun.

®The intensity and
wavelength have no
effect on I-V and SR
characteristics of
mono-crystalline cell.
® Test measurement result

less than calculated

results.

“It is notable that the
low intensity like LED
can estimate the |-V
characteristic under AM

1.5G".

Tsuno,
Kamisako, &
Kurokawa

(2008)

To present a new
method for calculating
|V characteristics using

an LED solar simulator.

® 3 color LEDs (blue, red and
infrared) as a light source,
thereare a total of 2304 units.

® | ight source area of 335
mm x 335 mm.

® Evaluate |-V characteristic

under non-STC and

correction by SR.

®100 mm x 100 mm
test area.

®|-V curve of solar cell
under non-STC with
correction by SR is
much closed to [-V

curve under STC.

The peak SPD over the
AM 1.5G and average
irradiance < 1 kW/m’.
“If 6 LED types allocation
pattern is adopted, SR
fitting formula will be

very much improved”

Krebs,
Sylvester-Hvid,
& Jorgensen

(2010)

Create a compact
LED solar simulator
platform for testing a

polymer solar cell.

® 18 LEDstypes were applied.
® Self-calibrating solar test

platform control by computer.
® |PCE technique applies

for IV- characterization.

®9 mmx 27 mm test
plane

®|rradiance 743 W/m®
approximate to AM
1.5G coverage 350-
1000 nm.

@S, . <2% on xy-plane
of £12 mm. (variation

in loo< 2%).

This platform can be
used for any solar cell
characterization  that
responds in the 390-
950 nm range over

mm’ test plane.

Kolberg,
Schubert,
Lontke,
Zwigart, &
Spinner (2011)

To construct a spectral
tunable LED solar
simulator that covers
the entire spectral

range of Si-cells.

® 22 | EDs types ranging
from 350 to 1100 nm.

® LED driver linear current
regulator.

® Computer software-assisted
control.

® Passive air cooling for

thermal control.

® 1 sun coverage spectrum
AM 1.5G over 350 to
1100 nm in class AAA
of (IEC 60904-9).

©200 mm x 200 mm of

test plane.

Cooling technology may
be able to support full
intensity and full spectrum.
To create a new light
with

source unique

properties for PV research.
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Table 4 The main discovery of LED solar simulator for PV devices, suggestion, and enhancement (continue).

reference & year

research goal

materials & methods

results

suggestion &

developments

Namin,
Jivacate,
Chenvidhya,
Kirtikara, &
Thongpron
(2013)

At 1000 Wi,
implement LED solar
simulator as a single-
color of red, green,
blue, and white.

Characterization of |-
V under each LEDs.
To calculate the
internal dynamic

resistance of a solar

cell.

® | ED array of 227.5 mm x

227.5, test area of 150

mm x 150 mm.

LED array consist of 1024
LEDs.
Non -STC of |-V

characterization and

correction by IEC 60891.

®BJue orred LED solar
simulator could be
used to determine the
Dynamic resistance.

®|rradiance uniformity
and instability achieved
class B.

®|-V characterizing
under non-STC and
correction method by

IEC 60891 is realization.

The SPD uncovered
to AM 1.5G of 400 to
1100 nm.

Bazzi et al.

(2012)

To create an LED
solar simulator spectral
and power converter
for LED drive and

control.

6 LEDs (UV, blue, green,
cyan, natural white, warm
white).
Feedback control current
mode.
air convection.

Natural

Cooling.

OASTM  E927, SM

class A coverage
400-1100 nm on 150
mmx150 mm.

® Graphical user interface
used forflexible control.

@S, . Class C over 100

mmx50mm of testarea.

When compared to
commercial types, LED
could help to reduce
the size of the simulator.
The user-friendly interface

is a good match for

active spectrum control.

Stuckelberger
etal. (2014)

Design and build a
complete LED solar
simulator for light
soaking and V-l
measurement of a-Si
under

solar cells

IEC60904-9.

11 LEDs (399, 417, 457,
470,500, 441 & 585, 596,
624, 658, 685, 728 nm).
Computer control by I°C
bus with MOSFET drive
(LabVIEW based).
Calibrate LED SPD by
controlling the current to

adjust the intensity.

® Water cooling.

® SM class A+ coverage
AM 1.5G over 400-
700 nm. S, Class A
over 18 cmx18 cm
test plane.

®T . class A++++.

®|rradiance 487 W/m’
over 400-750 nm.

®Modular

based of

LED array.

“The modular design
and low-cost component
of this solar simulator
allow for easy up-
scalability” Water-cooled

Al blocks exhibit excellent

light stability.
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Table 4 The main discovery of LED solar simulator for PV devices, suggestion, and enhancement (continue).

reference & year

research goal

materials & methods

results

suggestion &

developments

Linden, Neal, &
Serreze (2014)

To discuss about
software-driven GUIs,
electrical  optical
design, and the
creation of LED solar
simulator with
configurable spectrum.
To describe the |-V
cure of a typical

solar cell.

23 LEDs types covered
350 to 1100 nm.

Design of modular building
blocks.
Computer control  via
graphical user interface
software.

Pulse control LED solar

simulator.

®Class AAA of IEC
60904-9 and ASTM
E927-10.

®SPD over 350 to
1,100 nm of AM 1.5 G.

®20 cmx20 cm test
plane.

®|-V cure of Si solar
cell 156 mmx156 mm
with a 100 ms pulse
control.

®Fach LED’s spectrum
can be adjustable

using a computer.

The LED array is built
with 10 cm x 10 cm
building blocks, making
it simple to assemble
the large area solar

simulator.

Vicente, Reis, &

Vicente (2015)

LED solar simulator
development in PV
module

parameterization.

A total of 53 LEDs (blue,
red, green, infrared and
white) are used.

Test |-V of solar cell 1 W,

V,, 6Vand |, 250 mA.

®| ow irradiance of 200
W/m®,

® SPD range 400 to 800
nm but uncoverage
AM 1.5G of 400 to
1100 nm.

®The |-V curve was a

good approximation.

To constructa new LED
solar simulator with a
large irradiance area.
Increase in irradiance

to 1000 W/m®.

Noviékovas,
Baguckis,
Mekys, &
Tamosilnas

(2015)

Design and built a
compact array LED

solar simulator.

19 of high-power LEDs of
6 colors (450, 660, 740,
850, 940 nm and white).

®|EC 60904-9 class
AAA.

®Test plane 5 cm’.

®96 mm x 104 mm LED
array.

®SPD uncoverage AM
1.5G of400to0 1100 nm.

‘Significant  photo
current distribution
non-uniformity change
is predicted only for
amorphous -Si-cell due
to a much narrower

efficient absorption

spectrum”
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Table 4 The main discovery of LED solar simulator for PV devices, suggestion, and enhancement (continue).

reference & year

research goal

materials & methods

results

suggestion &

developments

Al-Ahmad et al.
(2018)

"The optical design,
construction and
measurement of a
novel LED based large
area solar simulator
Class AAA to replicate

the solar spectrum

are the aim."

10 LEDs to achieve a
class A of SM.

Modular of LED array on
PCB of 32 cm x 9 cm.
IEC, ASTM, and JIS

standards performance

testing.

®Over 760 cm’ of test

area, Class AAA

meets ASTM, IEC,
and JIS standards.

®SPD coverage AM
1.5Gon 350t0 1100 nm.

®| ow-cost of around

$200 AUD per 10 cn’.

Appropriate for scaling
up the test plane with a
LED

modular array

from a few cm’ to m”.

Lopez-Fraguas,
Sanchez-Pena,
& Vergaz
(2019)

Design and build a
low-cost AAA-class
LED solar simulator
without any optical

devices.

14 LEDs color on PCB 5
cm x 5cm, 34 LEDs in total.
Irradiance  control by
LabVIEW.
MATLAB to design and
simulation.

Calibrated by Si-solar cell
by Newport (91150 - V).

®S . classAon1 cm’
test area.

O®SM, LTl and STI meet
class A of IEC 60904-9.

® 1,04 sun compact small
LED solar simulator for

solar cell in

small

research lab.

To achieve a perfect
match with the AM
1.5G, improve the
emission SPD by
changing the electrics

control.

Al-Ahmad et al.
(2019)

To create a low-cost
LED solar simulator
for testing large-area
printed organic solar
cells. To reduce the
number of LEDs with

different wavelengths.

6 LEDs (warm white, cool
white and 478, 735, 887,
1008 nm).

Use Trace Pro software
to simulate spectrum.
Hexagonal model of LED
the  mirror

array  with

reflector and diffuser.

® Class AAA meet ASTM,
E927-10 over 1 sun
on test plane 20 cm’.
®SPD coverage AM
1.5G over 400 to

1100 nm.

Multiple modules will
be used in this design
to create a large area
solar simulator at a low

cost.

Esen, Saglam,
Oral, & Esen
(2020)

To fabricate a low-cost
class A LED solar
simulator  with ~ six
different LEDs in
accordance with ASTM
E937-05 and I[EC

60904-9.

6 LEDs (470, 740, 850,
940 nm, 4000 K, 5500 K).
LED drivers with Arduino
Mega 2560 current control.
SM test under ASTM and
IEC 60904-4.

Irradiance not achieved

1000 W/m®.

®SM class A over 400
to 1100 nm.

©® AM1.5G SPD uncoverage
and lack of SPD on
600-700nm.

Sye and T must be
evaluated if the irradiation
intensity is increased to

1000 W/m®.
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Table 4 The main discovery of LED solar simulator for PV devices, suggestion, and enhancement (continue).

suggestion &

reference & year research goal materials & methods results

developments
Tavakoli, To create a tunable, e 19 difference LEDs types  ®Class AAA at distance ~ Suitable for assessing
Jahantigh, & versatile LED solar applied for a light source. 8.7cmfrom LED array the UV range of a
Zarookian simulator, 19 different o NCPCB assembly with a over2.3cm x 2.3¢cm solar cell's spectral
(2021) wavelengths of high- test area. responsibility.

power LEDs covering
250 to 1000 nm of
AM 1.5 G were used.

hexagonal LED array.

ASTM and IEC 60904-9.

®SPD uncoverage AM
1.5G and lack of SPD
in 700 nm.

®SPD range of 250 nm
to 1000 nm.

Extending the LED's IR
range may help to
the

increase LSS

spectrum.

Esen, Saglam,
Oral, & Esen
(2022)

Create a one-of-a-kind
LED board modular
structure for LED
solar simulator.

To assess performance
in accordance with
ASTM 927E-10 and
IEC 60904-9.

6 LEDs array (470, 730,
850, 940 nm, 2700 K,
5300 K)

52 cm x 52 cm large LED
array.

Individual PWM control of
LED power, Arduino based

control.

®Class AAA over 52
cm x 52 cm.

®SPD range of 400 to
1100 nm of AM 1.5G
at 1031 W/m’.

®SPD uncovered

in 800-1100 nm

wavelength range.

“Use LEDs with faster
response times instead
of COB LEDs to develop
LED solar simulator that
can be flash tested in
PV module test.” Increase
the number of LEDs on
the board to create

more powerful modules.

Watjanatepin, &
Sritanauthaikorn

(2022)

To approachthe design
of alarge-scale solar
simulator's rectangular
LED module. Show the
performance of LED
solar simulator in

accordance with IEC

60904-9.

6 LEDs color (450, 525,
625, 730,850,940 nm) of 15
COBonPCB30cmx»40cm.
LED forward voltage of 12-
36V.

Symmetrical LED positioning
method.

IEC 60904-9.

Active air cooled with Al

heat sink.

®Class AAA on area
416 cm’. lrradiance
1004 W/m’.

®SPD uncoverage in
600 to1100 nm.

®|-V curve of solar cell
close match to -V
curve from standard

solar simulator.

Using numerous rectangular
modules, a large area
LED solar simulator will
be created, and the
effect of irradiance on
the overlap light area

will be researched.
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Table 4 The main discovery of LED solar simulator for PV devices, suggestion, and enhancement (continue).

reference & year

research goal

materials & methods

results

suggestion &

developments

Vosylius, To present a new @ 6LEDs (warm white, cool ®Class AAA over test “The combination of
Noviékovas, rational scalable white, 660, 740, 850, 940 plane 14 cm x 16 cm. individual reflectors
LaurinaviCius, & LED solar simulator nm) on LED array size of ®SM on AM 1.5G of With a common
TamosiUnas and double reflector 16 cm x 16 cm. 400-1100 nm. homogenizing mirror
(2022) design. ® Evaluate the performance  ®The wavelength 700-  SYStem  processer
of LSS under IEC 60904- 800 nmand 1000-1100  (Urther advantages due
9 ed2. nm for SPD uncoverage. to lower losses.”
® Forced air cooling the  ®Double reflectors
thermal control. technique  allowed
® Ray tracing simulation this solar simulator to
software was proposed. reach AAA class.
Al-Ahmad et al. Alow-costLED solar e 10 LEDs (3200K, 4200k, ®Class AAA conforms The test plane's size
(2022) simulator is now being 385, 410, 470, 505, 655, to over 70 cm? of test ~ can be readily increased
optically designed, 740, 850, 940 nm) total of plane ASTM, IEC, by connecting the
constructed, and 71 LEDs. and JIS requirements. hexagonal modular
evaluated for use in @ AhexagonalunitLEDcell ®SPDcoverageAM15G ~ LED untt to  other
testing PV devices. with a 50 mm-long edge. of 350 to 1100 nm. modules.
® Optical model develops  ®lradiance of 1000 W/n’.
by TracePro. ® .V curve from this solar
® Forced air cooling the simulator not significant
thermal control. different from the
standard solar simulator.
Sun et al. ForLED solarsimulator, @ 15 types of LEDs (415, ®Class AAA of IEC  The LED solar simulator
(2022) it is necessary to 447, 468, 488, 514, 567, 60904-9. is widely used in the PV
design the LED light 598, 659, 679, 708, 741,  @T_< 0.3%. industry, photobiology,
source, optical system, 783, 826, 856, 950 nm.) ®rradiance of 1036 photochemistry, and other
light collecting, and total of 19 LED's unit. W/mZ2. SPD coverage fields.
light collimating. ® Hyper-hemispherical AM 1.5G over 400 to
aplanatic lens has been 1100 nm over 50 mm
proposed. x 50 mm of test plane.
® Cu-heat pipe for cooling
water.
® | abVIEW real time active

control.
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(2008) UNLABBNITAFIIWUAIN I HALAIAE
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LAIATN9LENINLLN (Kohraku, & Kurokawa, 2003;
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waseineliluan1azuenuInggIu (non-STC)
wazldinAfia spectral response fitting formula
(Tsuno, Kamisako, & Kurokawa, 2008) T 8/1lFuwn
s 1V revadvaaenlidngannzanmsguls

AN A.A. 2010 WNAIBEIUNINTINAT
WA U WUAIN TR LAIA283TN19NANE (color
mixed method) anuaantalanilasuas §iaew
Bazzi et al. (2012); Vicente, Reis, & Vicente (2015);
Novickovas, Baguckis, Mekys & Tamosilinas (2015)
Ve anad lnlanulaaua 6 Tia Aeuadinfu
e U 119 Lmzﬂ@:uEquLiﬂlﬁfam”ﬂmﬂﬂm”mm
TeuAIaeILatTing Hiileuanumesdide
Novickovas, Baguckis, Mekys & Tamosilinas (2015)
Lﬁﬁ&uﬁﬁmmmumgﬂmmm 181818 ANNIATTIU
IEC 60904-0 ualdaun i ufinaaauuasiies 5
AN LTUALRT Faraudnadniden el

YUAUBILURINRALAINAF9TU Wananil

k4

g1381 Al-Ahmad et al. (2019); Esen, Saglam,
Oral, & Esen (2020); Esen, Saglam, Oral, & Esen
(2022); Vosylius, Novickovas, Laurinavi€ius, &
Tamogitnas (2022) s laleailasiasniniesulay
. e 2% A o
LL@x@Jmifmmunummmu (BTaLAY) LAy
Inlanilasuainguaunsisn 63 (Table 4) 1ivali
IFalnasnuansaLAquAYINENIRRL 400-1100
Y %,
w1 tulume v9UEL A8 Al-Ahmad et al. (2019)
UNAUBUUAINILTALAITUUNUA TN N WY
NAFALIUNA 20 ANTILTURLNAT NOBNULLILAL
a1a09m98lUsunsn TracePro LATRIA1 A8
WA R8N INANIIOUTANNNINTFIU ASTM
E927-10 2 luAana aiaie uaziitnaulananau
284 ;zflﬁﬂu Esen, Saglam, Oral, & Esen (2022)
= @ L o a ~ 1
Fenanuuu IHunaInNiALAIN U AN ALNLI Y
dld 1 A a

naRaUNNBIUIATNOININ AR 52x52 LTURLNAT
warianssouzluAand 1a1ele LIuAYW NaIul
arunsnpaunNlalenlasuasliagnsdasels
5 . . .
saglulasreulnsaiaes wanannidanudn
#1384 Watjanatepin, & Sritanauthaikorn (2022)
TilaTontlasuasduniiu a9 A Layngw
BunsIn (740, 850 waz 940 W luiums) Wiading
wiasnnilanastinTugadiuasuauna 30x40
VIURLNAT WATHANTITOULIUARNE LBLDLE
VIULAENAY WA AAYAY Al-Ahmad et al. (2019);
Esen, Saglam, Oral, & Esen (2022) NANLUN A5
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n1msgruazlinang 1o windunudngidsnaaes
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Figure 2 Sample of LED solar simulator spectrum examples that created with difference irradiance spectral.

(a) 6-colors LED spectral distribution of Novickovas, Baguckis, Mekys, & Tamositinas (2015)

(b) 23-colors LED spectral distribution of Linden, Neal, & Serreze (2014)
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47N (Table 4) wurjﬂﬁé’ﬁﬂu Krebs, Sylvester-Hvid,

& Jargensen (2010); Kolberg, Schubert, Lontke,

Zwigart, & Spinner (2011); Linden, Neal, & Serreze
(2014); Stuckelberger et al. (2014); Al-Ahmad
et al. (2018); Lopez-Fraguas, Sanchez-Pena, &
Vergaz (2019) ; Tavakoli, Jahantigh, & Zarookian
(2021) WaUaNANTN] AR ABILAIRNTi e
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et al. (2022) Wanwn gLl nmsu LATBILASRIAN AR

wasanimeimaeinlanlaauwas 10 T0a Usenavisng



RMUTSB Acad. J. 11(1) : 123-148 (2023)

143

977 3200 AT UAT 4200 LANIY, A1iNE1 385,
410 wn Tl ms 389 505 W THINAT ALAY 655
i lns naniuaunssm 3 TinAe 740, 850 LAY
940 W Tuinms m”wLﬂuim@laim‘f@mﬂz&mmﬁ&i@
seneRuTnageUld 70 paeTuALLAS ADLNIN
aglunana 1aiele MNNIRTFIU IEC, ASTM LAY
JIS LLﬁQﬁdwufi’w\jﬁﬂu Stuckelberger et al. (2014)
aiarresinnaduasanfinddaelnlonildausds 11
11n nzwazesinlanlasuataruandoaneam
(MOSFET) MU ULARNNILAET NANITNAADL
WUFLATRIRNAeIAINTin e La ATy
ANTIOUTFIAAANIIARIE LaLaLD LuAnagaL
1818 LIURALNAS ABNTGIT8U Lopez-Fraguas,
Sanchez-Pena, & Vergaz (2019) 14 lalaniaauas
5

14 BHA NRAUNBAIZINSUNITINELATAIRNADY

q

uasaindNaNITMARALNAANE Lalale ANTL

= 1
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Figure 3 Sample of LED modular system of the solar simulator in difference sizes.

(a) 40 cm x 30 cm rectangular LEDs module of Watjanatepin, & Sritanauthaikorn (2022)

(b) The largest of rectangular LEDs module of Esen, Saglam, Oral, & Esen (2022)
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