INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH
N. Watjanatepin et al., Vol.13, No.1, March, 2023

Light Sources and Irradiance Spectrum of LED
Solar Simulator for Photovoltaic Devices: A Review

Napat Watjanatepin*
Patcharanan Sritanauthaikorn**

, Chaiyant Boonmee*"*/| Paiboon Kaitsookkanatorn**"=",
, Khanittha Wannakam*"", and Sarayoot Thongkullaphat*

*Department of Electrical Engineering, Faculty of Engineering and Architecture, Rajamangala University of Technology
Suvarnabhumi, Nonthaburi, Thailand

**Department of Electrical Engineering, Faculty of Engineering and Architecture, Rajamangala University of Technology
Suvarnabhumi, Samchuk, Suphanburi, Thailand

(napat.w@rmutsh.ac.th, chaiyant.b@rmutsb.ac.th, paiboon.k@rmutsb.ac.th, patcharanan.s@rmutsb.ac.th, khanittha.w@rmutsb.ac.th, sarayoot.t@rmutsb.ac.th)

tDepartment of Electrical Engineering, Faculty of Engineering and Architecture, Rajamangala University of Technology
Suvarnabhumi, Nonthaburi, Thailand, Tel: +66 2696 1370, Fax: +66 2525 2682, patcharanan.s@rmutsb.ac.th

Received: 11.12.2022 Accepted: 06.01.2023

Abstract- There is a growing demand for more applications for photovoltaic systems, which are a significant electricity source
from renewable energy. Its performance test using a solar simulator is required. Light sources of solar simulator including
halogen lamps and xenon lamps have been adapted to LED as a result of lamp technology. The goal of this article is to review
LED solar simulator (LSS) light sources and spectrum for photovoltaic devices. Review articles from ScienceDirect and IEEE
Explore from 2003 to 2022 were chosen as the basis for this analysis. The examination of spatial non-uniformity (Sne),
temporal instability, and spectral match (SM) under international standards was the result of the LSS's thorough investigation
of the LED light sources design. The review discovered that LED-halogen solar simulators (LHSS) and LSS are the two main
categories of solar simulator based on LED. The advantage of LHSS is that just one type of light source is required for the
spectrum distribution on the infrared range. The drawback is that SM cannot be in class A. While LSS can reach class AAA
and deliver good spectral coverage results in accordance with the new standard, IEC60904-9:2020, employing 10-23 LEDs of
various wavelengths. The current state of LSS development is to design and build a modular LED array. Sne is still an
important indicator of LSS that is reflected in the source design that is stable, economical, and sustainable. The new IEC
60904-9:2020 A+ category is discussed. The future direction of LSS for PV applications is suggested.

Keywords- LED solar simulator, spatial non-uniformity, temporal instability, spectral match, irradiance spectrum.

1. Introduction disadvantages of lamp-based system are that they produce

light with poor temporal stability, shorter lifespan, and

A solar simulator is a device that produces light with
properties that have a light intensity and spectrum similar to
natural sunlight [1]. It is an essential tool for research and
industrial applications [2]. For testing any material,
equipment or process is affected with a sunlight change, such
as photovoltaic (PV) devices, solar collector, solar fuels,
photo-electro chemistry, and photobiology [3-5].

An irradiance spectrum of the solar simulator for PV
devices depends on the type of the light source. Generally,
the xenon (Xe) lamp [6-8], metal halide (MH) lamp [9, 10],
and quartz tungsten halogen (QTH) lamp [11-13] have been
used, called “lamp-based system” [14]. Nowadays, solid state
lighting is being used instead of a lamp-based system,
namely, light emitting diodes (LED) [15-17]. The

higher operating cost [18-20]. Whereas an LED-based
system has advantages such as better stability, the adjustable
light intensity in microsecond. Currently, LED based system
can emit a multi-narrow spectrum to be a full spectrum of
irradiance over 300 nm to 1850 nm [14, 21]. The properties
of the Xe, MH, QTH, and LED for the solar simulator are
shown in Fig. 1.

A good power supply of the lamp provides the best light
stability [3]. LED thermal regulation system is necessary for
maintaining irradiance, light intensity, and shift of spectrum.
Therefore, LED thermal management for an LED solar
simulators (LSS) should be considered appropriately [22].
Comparing the advantages of an LSS to a traditional Xe solar
simulator: LSS is cheaper, smaller, and consuming lower
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power [23]. Using the proper monochromic LED mixed
method, spectral irradiance can actually be generated
according to the AML.5G spectra at class A* in the
wavelength range between 350-1100 nm. Some of the
advantages of LSS are fast intensity control and friendly
interface with a variety of digitally controlled platforms,
making it easy to research and development [14, 17].

As mentioned above, the LSS is very attractive in terms
of stability, technology, control, and economic [24].
Furthermore, simulating AM1.5G spectra from LEDs has
been a challenge and many researchers have developed over
the past 20 years. Points of interest are; what is the target of
the past LSS development? What will be the direction and
trend in the future of LSS for PV applications?

This article aims to present the results of a review of the
light sources and spectrum of LSS for photovoltaic devices
to contribute to the synthesis of new knowledge that is useful
in academia. The authors focus on a deeper study of the LED
light source design and evaluation performance of LSS; there
are spatial non-uniformity (Sne), temporal instability (Tg),
and spectral match (SM) under international standards. To
analyze the LED sources and the spectrum covers on the
standard spectrum (AM1.5G) and presents the results and
discuss for the benefit.
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Fig. 1. The characteristic comparison of lamp-based system
and LED-based system; modified from [14] and [18]
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2. International Standard of Solar Simulator For
Photovoltaic Devices

The international standards are used to evaluate the
competency related to solar simulator for characterization of
photovoltaic devices. They are following.

e IEC 60904-9
requirements [25]

e ASTM E927-10 Standard specification for solar
simulation for photovoltaic testing [26]

e JIS C 8912 Solar simulators for crystalline solar cells
and modules [27]

Solar  simulator  performance

2.1 Performance Classification

A key point in the development of solar simulators for
photovoltaic application is the development of a light source
that synthesized the irradiance spectrum to be similar natural
sunlight. The light source shall devise a spectrum of
irradiance regarding the solar spectrum under AM1.5G as

specified in IEC 60904-3 [28] and ASTM G173-03 [29]. The
spectrum must have a light intensity equal to 1 sun or 1000
W/m? [30].

In Table 1, the highest performance indicator of all
standards is defined in the same format. It is labeled as “class
AAA”. The letter AAA means that the solar simulator
provides SM at class A, Sne at class A, and Te at class A.
The SM and long term instability (LTI) of all standards are
the same numbers. The Sne of JIS C 8904-9 on class B is
3%. It is lower than the other standard. Lastly, there is no
short term instability (STI) assessment in ASTM E927-10. In
this article, the IEC 60904-9 (2007) standard will be a
reference because this standard is referred by the Thai
Industrial Standards Institute (TIS), Ministry of Industry of
Thailand.

2.2 IEC 60904-9 (2007)

IEC 60904-9 (2007) is a standard issued by the
“International Electrotechnical Commission-IEC” [25]. It is
to determine the required performance of a solar simulator
used for 1-V measurement and characterization of solar cells
and radiation exposure studies. The important details
include;

2.2.1. Wavelength Range

The spectrum range of solar simulator shall be the
AM1.5G reference defined by IEC standard 60904-3 [28]
and a wavelength range, 400-1100 nm, is divided into six
ranges. The irradiance values of ranges, 400-500 nm, 500-
600 nm, 600-700 nm, 700-800 nm, 800-900 nm, and 900-
1100 nm, are 18.4%, 19.9%, 18.4%, 14.9%, 12.5%, and
15.9% respectively. They are the same percentage in ASTM,
JIS, and IEC standards [14].

2.2.2. Spectral Match

The SM is defined by IEC 60904-3 [28], it is defined as
a percentage of the total radiation exposure between 400-
1100 nm. The SM is calculated as the ratio of the actual
percentage of irradiation falling over the measured period
and the percentage of reference irradiation [31]. If the
calculation result is between 0.75-1.25, then the SM at the
wavelength band is in class A (Table 2). To evaluate whether
a solar simulator has an SM in class A, the SM evaluation
results across all wavelengths must be class A. If not, the SM
rating is based on the lowest value, probably B or C.

2.2.3. Spatial Non-Uniformity

The Sne was measured on the test plane by measuring
the maximum and minimum radiation exposure and
calculating the radiation unevenness as shown in Eq. (1). IEC
60904-9 [25] stipulates that Sne in class A, B, or C must
result in Sne calculation less than or equal to 2%, 5%, and
10%, respectively (Table 1). Sne is an important parameter
and the most difficult to control and keep in class A [32].

max .irradiance—min.irradiance

Sne » Tie(%) = ] x 100 (1)

max.irradiance+min.irradiance
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Table 1. Standard and performance specifications defined by ASTM E927-10 (2010), IEC 60904-9 (2007), and JIS C 8904-9

(2017) [25-27]

Performance parameters ASTM E927-10 IEC 60904-9 JIS C 8904-9
Spectral mismatch

Class A 0.75-1.25 0.75-1.25 0.75-1.25

Class B 0.60 - 1.40 0.60 — 1.40 0.60 — 1.40

Class C 0.40-2.00 0.40 —-2.00 0.40 -2.00

Spatial non - uniformity

Class A <2% <2% <2%

Class B <5% <5% <3%

Class C <10% <10% <10 %
Temporal instability LTI LTI STI LTI STI
Class A <2% <2% <0.5% <2% <0.5%
Class B <5% <5% <2% <5% <2%
Class C <10 % <10 % <10 % <10 % <10%

LTI: long term instability, STI: short term instability, Class A/B/C denotes the solar simulator's level of performance.

Table 2. Classification of solar simulator on IEC 60904-9 (2020)

Class Wavelength range SM to all spectral band Sne Tie
STI LTI
A+ 300-1200 nm 0.875-1.125 1% 0.25% 1%
A 400-1100 nm 0.75-1.25 2% 0.5% 2%
B 400-1100 nm 06-14 5% 2% 5%
C 400-1100 nm 04-2.0 10% 10% 10%

Table 3. Percentage of irradiance of IEC 60904-9 (2007) and IEC 60904-9 (2020)

IEC 60904-9(2007) [26]

IEC 60904-9(2020) [31]

umber Wavelength (nm) Percentage of irradiance Wavelength (nm) Percentage of irradiance
1 400 - 500 18.40% 300 - 470 16.61%
2 500 - 600 19.90% 470 - 561 16.74%
3 600 — 700 18.40% 561 - 657 16.67%
4 700 - 800 14.90% 657 - 772 16.63%
5 800 — 900 12.50% 772-919 16.66%
6 900 - 1100 15.90% 919 - 1200 16.69%

2.2.4. Temporal Instability

The Te according to IEC 60904-9 [25] requires two stages
of temporal instability assessment.

a) Short term instability (STI) is the radiation stability
measured during the sampling period of the data set for
measuring the current-voltage (I-V) curves [33, 34] of solar
cells. The flashing solar simulator gives a short period of
flashing time. The stability of radiation exposure is calculated
by Eqg. (1).

b) Long term instability (LTI) is the measurement of the
maximum and minimum values of radiation exposure over a
period of used. The LTI is used for evaluating steady-state

solar simulators which provide continuous lighting and then
calculated by Eq. (1).

2.3 IEC 60904-9 (2020)

IEC 60904-9 (2020) [35] to keep up with the changes in
LED technology and new material used in solar cells.
Currently, there are many new types of solar cells such as
tandem, multi-junction, and other compound materials such as
Perovskite-Si solar cells [36-38]. These respond to a wider
wavelength range of 400-1100 nm [28]. IEC 60904-9 (2020)
contents improve as follows: 1) it presents class A+, 2) it
extends the wavelength to be 300-1200 nm for class A+, and 3)
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it assesses spectral coverage and spectral deviation of longer use. Jang et al. [43] developed a method of thermal

AML1.5G.
2.3.1 Wavelength Range of Class A+

The most significant change in the new IEC 60904-9
(2020) standard is the introduction of a new A+ class, which
takes advantage of the highest quality classification achieved
by solar simulators. There are three criteria as same as version
2007. The wavelength range of IEC 60904-9 (2020) is
covered 300nm to 1200nm. The details are shown in Table 2.

2.3.2. New Percentage of Irradiance of Class A+

Table 3 compares and demonstrates the irradiance
percentages of these two standards. In 2020 version, the
percentages of irradiance for all ranges are approximately the
same, 16.61% to 16.74% that are different from the old
version, 12.5% to 19.90%. The A+ designation is a major
change in IEC 60904-9(2020), which has strict requirements.
The remaining changes provide optional reporting metrics that
will affect the quality improvement of solar simulator in the
future.

2.3.3 AM1.5G Spectral Coverage

Spectral coverage (SPC) is the percentage of the spectrum
between 300 nm and 1200 nm. The output of the solar
simulator covers the bandwidth of the spectrum. IEC 60904-9:
2020 assumes bandwidth is “covered" by the solar simulator if
the proposed spectrum is greater than 10% of the AM1.5G
spectra at the same wavelength [ 35]. The method for
calculating the percentage of SPC is to sum the region where
the solar simulator emits the solar irradiance above 10% of the
AMI1 .5 G reference spectrum and divides it by the total
radiation value from 300 nm to 1200 nm. The SPC equation is
explained in [35].

2.3.4. AM1.5G Spectral Deviation

Spectral deviation (SPD) refers to the percentage of the
total deviation between the emitted spectrum of the solar
simulator and the AML.5G reference spectrum. The IEC
60904-9:2020 introduces the SPD as an additional method to
simulate qualifies for the solar spectrum [35]. The spectral
deviation of the solar simulator is assessed. SPD does not
affect the classification at this time but it is reported under
IEC 60904-9:2020. The SPD is calculated by summing up the
absolute differences in irradiance of all wavelengths,
multiplying by the optical bandwidth, and dividing by the total
integral of the spectra, as explained in [35].

3. LSS Development Path Way

LEDs were first used for the solar simulator in 2003
reported by Kohraku and Kurokawa [39]. Next, they [40]

presented the 4 LEDs colors to emit the significant spectra
with AM1.5G and for the I-V characteristic of Si solar cells.
Bliss et al. [41] developed a LHSS to emit the spectrum
equivalent to AM1.5G. However, this LHSS to achieve LTI in
class A should have a warm-up time of at least 15 min. Tsuno
et al. [42] reported a new approach to LSS and compared
them with a conventional solar simulator. They found that
LSS performed better and the price is more cost-effective for

optimization of LSS to use LSS in I-V characterization
analysis effectively.

Krebs et al. [44] proposed an LSS with self-calibrating
intensity using a photodiode detector with maximum
irradiance of 3000 W/m? They also developed LSS by
extending the ultraviolet (UV) and infrared (IR) wavelengths,
achieving an SPD mimic to AM1.5G spectra [45]. The
following year, they developed an industrial-grade LSS of
class AAA [46]. Plyta et al. [47] designed an LSS using the
placement method, an LED array within class AAA, and an
Sne< 0.3% at 1.3 sun. They found that positioning the LED as
hexagonal would result in the lowest Sne value and would be a
good choice for further designing the LSS.

Namin et al. [48, 49] designed the solar simulator for 1-V
characterization using blue, green, red, and white LEDs
combined with halogen light. The solar simulator in [49]
achieved class BBA. Bazzi et al. [50] used 6-colors LEDs that
individually controlled the constant current dc-dc converter to
achieve an LED spectral match to AM1.5G making the
uniformity according to IEC standards. Grandi et al. [51]
reported the low-cost LHSS, using 6-visible light combined
with a QTH lamp. The SM achieved the B class of the 100
cm? test plane.

Linden et al. [24] first presented an LSS modular system
with adjustable light intensity with a computer interface
capable of expanding the light source size. The LED module
of 10 cm x 10 cm achieved class AAA according to ASTM
and IEC standards. They applied 23 different types of LED.
Stuckelberger et al. [52] presented LSS for the steady-state I-
V measurements. They found the highest characteristic better
than class AAA of 18 cm x 18 cm test area. Vicente et al. [53]
presented 5 LED types under low irradiance of 200 W/m?, but
they did not show the performance.

A compact-size LSS by Novickovas et al. [54] used 19
high-power LEDs in a hexagonal layout and 5 ¢cm? circular
light areas with class AAA. Mohan et al. [55] presented a
simulation of 5 visible light LEDs by MATLAB, achieving
SM at class B in 400-700 nm range. They later added a QTH
lamp with LEDs to expand the SPD covering 400-1100 nm
[56]. The SPD was in class A of SM. Saadaoui et al. [57]

presented an LHSS similar to [51] with a narrower wavelength
range for testing dye-sensitized cells.

Dafalla and Osman [58] developed a simple LSS for a
university laboratory to test solar cells with Pasco Capstone.
Caballero et al. [59] designed a low-cost LSS using 3 LED
types: white, blue, and red over 400 nm to 700 nm. They used
LabVIEW and a microcontroller to control irradiance at a
maximum of 1200 W/m?. Barar et al. [60] used the white
LEDs with corrected color temperature (CCT) of 3000K to
6000K mixed with UV-LEDs to create a spectrum for the dye-
sensitized solar cell test. Lopez-Fraguas et al. [61] developed
a low-cost LSS for research. It achieved the AAA class, by
used 14 monochromic LEDs. The irradiance was controlled by
the LabVIEW interface on the area of 1 cm? diameter over
400 nm to 1100 nm. Watjanatepin [30] designed a 6 spectra
LSS with a 900 cm? illuminated area that met class BBA. He
applied chip-on-board (COB) LED combined with a high-

195



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

N. Watjanatepin et al., Vol.13, No.1, March 2023

power infrared LED; it could emit an irradiance of 1000
W/m2,

Al-Ahmad et al. [62] presented a modular base class AAA
of LSS with a 20 cm? test plane. They used 6 LEDs spectra to
emit irradiance of 100 mW/cm?2. The highlight of their LSS
could be extended for various test planes by assembling
multiple LED modules. They also developed 10 different LED
colors and 266 units on a modular PCB [63]. The SM
achieved class A under IEC standard and low-cost. Esen et al.
[64] presented the LSS with a similar idea to [30] and [50] to
achieve the SM of class A of IEC and ASTM standards.
Subsequently, they also developed a large-scale LSS using 6
LED colors based on the original concept [65]. This solar
simulator had the same size LED panel and a test area of 52
cm x 52 cm. It achieved class AAA under IEC 60904-9 and
ASTM E927-10. Hofbauer et al. [66] presented the linear
quadratic Gaussian (LQG) controller to control the light
intensity of each LED spectra of LSS. Tavakoli et al. [67]
used 19 different wavelengths of LED from 250 nm to 1000
nm and independently controlled each type of LED with a
driver via a microcontroller. It was met class AAA of IEC and
ASTM Standards.

Vosylius et al. [68] presented the LSS using 6 different
LEDs over 400-1100 nm. The light source was designed with
a double reflector. Their LSS met class AAA of IEC 60904-9.
Sun et al. [69] proposed an LSS with a high-power LED of 16
different spectra and a hyper-hemispherical aplanatic lens with

a multi-source integrated collimating system. Thanks to this
technique, their LSS offered good spectral accuracy of
AM1.5G and achieved class AAA at 100 mW/m? of
irradiance. In their presentation of a rectangular LSS module,
Watjanatepin and Sritanauthaikorn [3] used monochromic
spectra from 6 LEDs placed symmetrically. It was simple to
enlarge the large area of light sources and met class AAA on
the 416 cm? test plane. The approaches by Al-Ahmad et al.
[63] and Linden et al. [24] were the same.

4. Results and Analysis

The articles in international journals in ScienceDirect and
IEEE explore were selected. The keywords were ‘LED’ and
‘solar simulator’ from 2003 to 2022. The authors made a
meeting to consider the relevant articles by title, abstract,
research goal, results, and conclusion. Subsequently, only
articles that demonstrated the design and construction concept
of LSS and tested performance under international standards
were selected. There were 24 articles. After analysis, these
articles were divided into two groups: 1) 3 articles on LHSS
(Table 4) and 2) 21 articles on LSS. In the LSS group, the
articles related to SPD compliance with AM1.5G were
categorized into two groups: covered SPD and uncovered SPD
(over 400 to 1100 nm) of 9 and 12 articles, respectively. The
analysis results of the literature review as shown in Table 4 -
6.

Table 4. The LHSS main discovery, suggestion, and improvement.

Year | Reference Objective Method Result S_uggestlon and
improvement
2012 | Namin To build and ¢ QTH lamps (120% y Method of testing solar
etal. [49] | test simulator rated voltage) with cell under non — STC
for solar cell. 468 nm blue using correction method
To combined LEDs. Blue LED according to IEC 60891.
the QTH and array of 227.5 mm . It gives the same -V
blue LED x 227.5 mm. QTH curve as test from the
simulator. total in six lamps. == AAA class  solar
e T-type LED 3mm | IEC 60904-9 class; simulator.
amount 1024 SM=B, Te=A, Sne= B
LEDs. e Testsolar cell at non —STC
e Cooling system; conditions.
heat sink with e Correction to STC using IEC
cooling air. 60891.
e Testarea 200 mm x 200 mm.
2012 | Bliss To discuss the | e LEDs array consist The SM meet to class
etal. [70] | pros and cons of of 376 LEDs in 8 B in the wavelength of
using LEDs in a different colors 800 — 900 nm.
solar simulator. combined with To replace QTH lamps
Development QTH lamps. by using 28 LEDs may
system is Se— be coverage the
explained. * IEC 60904 -9 class; wavelength of 300 to
SM=B, Te=A, Sxe=A 1100 nm.
e Testarea4.5cm x 4.5cm.
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Suggestion and

Year | Reference Objective Method Result g

improvement

2014 | Grandi To point out | «6 LEDs (blue, The optimization
etal. [51] | the simple and green, white, procedure  has  been

cheap bluish green, and applied to design the
rectangular amber) combined class A of SM by
aluminum light | with low voltage _ - introduce two of IR
guide adopted | QTH lamp. — : LED, there are 440 nm
with the LHSS. | o Performance test | ® SNE Meet class B by using light | ang 850 nm.

To achieve the | under IEC 60904 — |  9uides. _ The proposed spectral
satisfactory 9. e T =class Aand SM achieved | |ack of SM in the
uniformity class B. wavelength of 900 to
levels. e Testarea 10 cm x 10 cm. 1100 nm.

Table 5 The LSS with uncoverage spectral comparative of main discovery and improvement.

Year | Reference Obijective Method Result S_uggestlon and

improvement

2003 | Kohraku To examining | e 4 LEDs color in T cpipe WD “In the illuminant area
and the capability of | square arrangement. e as widens, the evenness
Kuroka- | evaluation e 6 LEDs color in is reduced.” [39]
wa [39] methods the hexagonal o The optimum of test

LED solar arrangement. area and distance of the
simulator  for light source affect to the
solar cell unevenness.
measurement. o Unevenness using 4 and 6

LEDs is around 3% on the test

area 100 mm x 100 mm.

2006 | Kohraku To propose the | o 4 LEDs color (blue “It is notable that the
and LSS to obtain red, infrared and low intensity like LED
Kuroka- | the -V curve | white) can estimate the I-V
wa [40] and spectral | o Light source of 205 characteristic under AM

response of the mm x 205 mm. ‘ 1.5G.” [40]
solar cell. e Measurement I-V  |e 1-V and SR characteristics of
curve at 1 sun. mono — crystalline cell do not
depend on the intensity and
wavelength.
o Test measurement result less
than calculated results.
2008 | Tsuno To presented |¢ 3 LEDs color (blue, “If 6 LEDs types
et al. [42] | the new method red and infrared) allocation  pattern s
for I-V | Total of 2304 units adopted, SR fitting
characteristic by | as a light source. formula will be very
using LED solar Light source area of much improving [42]”
simulator. 335 mm x 335 mm. —=- - The peak SPD over the
Test I-V e Test area 100 mm x 100 mm. AM 15G but average
characteristic under | * |-V curve of solar cell under irradiance lower than
non — STC and non—STC with correction by | 1000 W/m2.
correction by SR. SR is much closed to I-V curve
under STC.

2012 | Namin Implement LED array of 227.5 The SPD uncovered to
etal. [49] | LSS as single- x227.5 mm? test AM1.5G of 400 to 1100

color of red, | area150x150 mm?2 nm.

green, blue and
white at 1000

W/m? and I-V
testing under
each LED’s

LED array consist

of 1024 LEDs.

I-V characterization

under non -STC
correction

and
by

e Dynamic  resistance  could
determine by blue or red LSS.
e Uniformity and instability of
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Suggestion and

Year | Reference Objective Method Result .
improvement
color reference IEC irradiance achieved class B.
To determine 60891. e |-V curve under non- STC and
internal dynamic correction method by IEC
resistance of 60891 is realization.
solar cell.
2015 | Vicente To 5 LEDs (blue, red, To build a new LSS
etal. [53] | development of | green, infrared and with the large light area.
LSS in | white) total are 53 Improvement of the
parameterization units. irradiance  to 1000
of PV module. To test 1-V of solar LA | Wim?2,
cell W, Vo 6V and | ® Low irradiance of 200 W/m?
lsc 250mA ¢ SPD range 400 to 800 nm but
uncoverage AM1.5G of 400 to
1100nm
e |-V curve showed good
approximation closed to the
standard I-V curve.
2015 | Novicko- | Design and 19 high - power “Significant photo
vas etal. | construct a| LEDs 6 colors (450, current distribution non-
[54] compact array | 660, 740, 850, 940 uniformity change is
LSS. nm and white). predicted only  for
H~AAN amorphous -Si-cell due
« IEC 60904-9 class AAA to a much narrower
« Test plane 5 cm? efficient . absorption
o LED array 96 mm x 104 mm. spectrum’ [54]
e SPD uncoverage AM1.5G of
400 to 1100nm
2019 | Fraguas Design and 14 LEDs color on Hi]]nﬁmp To improve  the
etal. [61] | building a low — PCB 5 cm x 5 cm, PG @ emission SPD by change
cost AAA - | 34LEDsin total. “wia o e the electrics control to
class of LSS, Control by achieve a perfect match
without any LabVIEW. with the AM 1.5G.
optical devices. MATLAB to design
and simulation. | ¢ 5. class A on 1 cm? test area.
Calibrated by Si- | ¢ | T| and STI meet class A.
solar  cell by | 4 g\ in class A.
Newport (91150 — | Irradiance of 1.04 sun compact
V) small LSS for small solar cell
Reference t0 1EC |y research laboratory.
60904-9.
2020 | Esen To produce a e 6 LEDs (470, 740, Improve irradiation
etal. [64] | low-cost class A 850, 940 nm, 4000 intensity to 1000 W/m?

of LSS with 6
different LEDs
under ASTM
E937-05 and
IEC 60904-9.

K, 5500 K)

LED drivers -
current control by
Arduino Mega 2560

SM  test under
ASTM and IEC
60904-4

Irradiance not
achieved 1000
W/m?

e SM class A over 400 to 1100
nm.

¢ SPD uncoverage AM1.5G and
show lack of SPD on 600-
700nm.

Sxe and T need to
evaluate.
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Suggestion and

Year | Reference Objective Method Result .

improvement

2021 | Tavakoli To design of a 19 LEDs (265, 300, .- ‘ Appropriate for testing
etal. [67] | tunable, 365, 385, 395, 420, 4 spectral responsibility in

versatile LSS 451, 465, 495, 525, N UV range of solar cell.
the used 19| 565, 590, 625, 645, i (\w‘ | To improve the LSS
different 660, 740, 760, 850, < spectrum  could  be
n{avelength of | 940 nm) ;:tla;isstﬁrg: f;),\;ercnqugfronfliég extending the LED in IR
igh - power LED array range.

LEDs, covering assembly on array.
250 to 1000 nm hexagonal MCPCB. SPD uncoverage AM1.5G and
of AM 1.5G. ASTM and IEC lack of SPD in 700 nm.

SPD range of 250 nm to 1000

nm.

2022 | Esen Design  and |e 6 LEDs array (470, B “Use LEDs with faster

etal. [65] | construct a| 730, 850, 940 nm, response times instead
unique LED’s 2700 K, 5300 K) of COB LEDs to
board modular Large LED array of develop LSS that can be
structure of 52 cm x 52 cm. flash tested in PV
LSS. PWM control Class AAA over 52 cm x 52 | nodule test.” [65]

To evaluate the | individually of LED | ™ Increase the number of
performance power,  Arduino |* SPD range of 400 to 1100 nm | TED’s  board  to
under  ASTM | based control. of AM 1.5G at 1031 W/m?. powerful modules.
927E — 10 and SPD uncovered in range of 800
IEC 60904-9. —1100 nm.

2022 | Watjanat To  approach 6 LEDs color (450, | = s nenwm i To create a large area
epinand | the construct of | 525, 625, 730, 850, ._n LLS by using multiple
Sritanaut | rectangular 940 nm) of 15 COB S rectangular module and
haikorn | LED’s module | on PCB 30 cm x 40 |4 ' study the impact of the
[3] of a large —| cm. - irradiance on the overlap

scale solar Symmetrical LED Class AAA on area 416 cm?. light area.
simulator. positioning method. SPD uncoverage in 600-800

Demonstrate IEC 60904-9 nm and 900-1100 nm.
the performance SM class A over 400-1100 nm.
of LSS under o Irradiance 1004 W/m?.

IEC 60904-9. e I-V curve of solar cell close
match to IV curve from
standard solar simulator.

2022 | Vosylius To present ale 6 LEDs (warm “The combination of
et al. [68] | new rational | white, cool white, individual reflectors

design of | 660, 740, 850, 940 with a common
scalable LSS | nm) on LED array homogenizing ~ mirror
and double | size of 16 cm x 16 |e Class AAA over test plane 14 | system processer further
reflector. cm. cm x 16 cm. advantages due to lower

Thermal control by
forced air cooling.
Ray tracing
simulation software
was proposed.
Evaluate the
performance of LSS
under IEC 60904-9
ed2.

SM on AM1.5G of 400-1100
nm.

SPD uncoverage on
wavelength 700 — 800 nm and
1000 — 1100 nm.

Double reflectors technique
allowed this LSS to reach
AAA class.

losses.” [68]
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Table 6. The LSS with coverage spectral comparative of main discovery and improvement

Suggestion and

Year | Reference Obijective Method Result .

improvement

2010 | Krebs Design and | e 18 LEDs types This platform is
et al. [44] | construct a (390,410,445,465, generally applicable

compact platform 505,520,530,595,635, to any solar cell
of LSS for testing 660,690,700,740,810, characterization
a polymer solar 850,870,910,940 that response in
cell. nm.). o Test plane 19 mmx27 mm 390;950 nm over
o Computer control | o \yradiance 743 W /m? mm? test plane.
with  self-calibrating approximate to AM1.5G
solar test platform. coverage 350-1000 nm.
e [V-curve e Sne < 2% on xy-plane of +12
measurement by IPCE | m_(variation in Ig; < 2%).
technique.
2011 | Kolberg To develop a|e 22 LEDs types over The cooling
etal. [45] | spectral tunable 350 to 1,100 nm. technology could
LLS covering the | ¢ Linear current support of the full
full Si-cells regulator for LED b, intensity and full-
spectral range. driver. ¥/ ":'_fl spectrum. To make
e Tunable control by |e Class AAA of 1 sun coverage | @ new light source
computer software. spectrum AM1.5G over 350 to | for PV research
e Thermal control: | 1100 nm. (IEC 60904-9). with the unique
Passive air cooled e Test plane 200mmx200mm. features.
2012 | Bazzi To design LSS | e 6 LEDs (UV, blue, LED could reduce
etal. [50] | spectral,  power green, cyan, natural the simulator size
convertor for LED white, warm white). compare to
drive and control. | e Current mode control =] commercial  type.
with feedback. UL\ The  user-friendly
e Cooling by natural air | ¢« SM class A coverage 400- int(?rface match to
convection. 1,100 nm on test area active control of the
150mmx 150mm. spectrum.
e ASTM E927
e GUI for flexible control.
o Sne Class C over 100mmx
50mm.

2014 | Stuckel- To design and | e 11  LEDs (399, “The modular
berger construct a full 417,457, 470, 500, design and low-cost
etal. [52] | LSS for light 441 & 585, component of this

soaking and V-I 596,624,658,685, 728 solar simulator
measurement of a nm.) {4/ allow for easy up-
Si solar cells. e Computer control by e scalability” [52].
Modular design 12C bus with | ® SM class A* coverage SPD of Water-cooled Al
of LED array. MOSFET drive | AML.5G over 400-700 nm. block show very
(LabVIEW based). e Test plane of 18cmx18cm. good performance
e Calibratt LED SPD |e T class A*+** of light stability.
by current control the | e Irradiance 487 W/m? over
intensity. 400-750 nm.
e Water cooled Al | e Syeclass A under IEC
block. standard.

2014 | Linden To discuss | « 23 LEDs  types The LED array is

etal. [24] | electrical optical covered 350 to 1,100 based on building
design, software nm. block 10 cmx10
driven GUI and | ¢ Modular building cm, that easy to
development  an block design. assembly the large
adjustable e Computer control area solar
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Year | Reference Obijective Method Result S_uggestlon and
improvement
spectrum LSS. with GUI software. e Class AAA of IEC 60904-9 | simulator.
To characterize | o Pulse control LSS. and ASTM E927-10
-V cure of a e SPD coverage 350 to 1,100
standard size solar nm of AM1.5G.
cell. e Test plane 20cmx20cm
e |-V cure of Si solar cell
156mmx  156mm with a
100ms pulse control
e Adjustable spectrum of each
LED by fully computer
control.

2018 | Al- “The optical 10 LEDs to achieve a Appropriate  for
Ahmad design, class A of SM. scale-up of test
etal. [63] | construction and Modular of LED array plane by modular

measurement of a on PCB of LED array from
novel LED based 32cmx9cm. several cm? to m?,
|<’flfgel tarea é?'ar Performance test on
simulator ass IEC, ASTM and JIS
AAA to replicate standards. JIS standards over ~ 760 cm?
the solar spectrum of test area.
is the aim.” [56] e SPD coverage AM1.5G on
350 to 1100 nm.

e Low-cost ~ 200 AUD/10 cm?.

2019 | Al- To development 6 LEDs (warm white, This design will
Ahmad of low-cost LSS cool white and 478, allow for large area
etal. [62] | for test large area 735, 887, 1008 nm.) solar simulator to

printed  organic Simulate spectrum by be cheaply by
solar cell. Trace Pro software. multiple modules.
To  minimizing Hexagonal model of s
the number of LED array. eClass AAA meet ASTM,
LED with Use mirror reflector E927-10 over 1,000 W/m2 on
different and diffuser. test plane 20 cm?.
wavelength. Force air cooling | ®SPD coverage AML5G. over

system. 400 to 1,100 nm by used only

6 LEDs spectra.

2022 | Al- Present  optical 10 LEDs (4,200K, = The  hexagonal
Ahmad design, fabrication 3,200k, 385,410, = modular LED unit
etal. [71] | and evaluation of 470,505, 655, 740, 4= can be easily

a low-cost LSS 850, 940 nm) total 71 = connected to
for PV devices | LED units. kot multiple modules to
testing. Hexagonal unit LED f’E;;; 735 increase the size of
cell with 50 mm. | ,class AAA meet ASTM, IEC the test plane.
dimension. . and JIS standards over 70 cm?
Optical model within | 5f test plane.
Trace Pro. *SPD coverage AM15G. of
Thermal management | 350 to 1,100 nm.
by force air cooling. | 4 rradiance of 1000 W/m?
eIV curve from this LSS not
significant different from the
standard solar simulator.

2022 | Sun et al. To designs LED 15 LEDs (415, The LSS has

[69] light source, 447,468, 488, 514, widely application
optical system, 567, 598, 659, 679, in PV industries,
light  collecting 708, 741, 783,826, photobiology,
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Year | Reference Obijective

Method

and  collimating
for LSS.

856, 950 nm.) and
total of 19 LED's unit.
Thermal management:
water cooled with Cu-

heat pipe.
Constant voltage
constant current

control of LEDs.

Suggestion and
improvement

¢ Class AAA of IEC 60904-9.

photochemistry and
other applications.

e LabVIEW real
active control.

aplanatic  lens
been proposed.

time

o Hyper-hemispherical
has

e TE<0.3%

e Irradiance of 1036W/m? SPD
coverage AM1.5G over 400 to
1100 nm.

e Test plane 50mmx50mm

5. Synthesis and Discussion
5.1 LHSS.

According to Table 4, the LHSS in [49, 51] used 4 to 6
types of LEDs such as blue, green, orange, red, and white
combined with a QTH lamp. While Bliss et al. [70] added
more LED types to 8 types from UV to red wavelength, they
did not specify how to control the LED. Performance of
LHSS met to class BAA. Namin et al. [49] used the pulse
control LED drive method, and the voltage control for the
QTH lamp, to achieve class BBA. Grandi et al. [51] used a
DC voltage control method for LED control. For the QTH
lamp, it was the same method as [47].

The disadvantage of LHSS is that SM cannot be in class
A, especially in the 900-1100 nm range. Because the QTH
lamp provides a wide range of infrared, SPD may change
when the control voltage of the lamp is changed. When the
control voltage increases and the heat of the lamp increases,
it results in poor stability of SPD and irradiance intensity
[70]. The suitable control voltage and good light stability for
QTH are from a constant-voltage DC power supply [48].
Another limitation is the physical characteristic of different
LEDs and QTH lamps. This restricted the installation or
position on the same light panel very difficult [49, 51, 70].

As a result, it is asymmetrical and thus negatively affects Sne
on the test plane. The advantage is that the SPD on the
infrared range uses only one light source and is easier to
control irradiance intensity than LEDs. After 2014, no
researcher was interested in the development of the LHSS
and multi-light sources solar simulator, but some researchers
continued to focus on the development of single light
sources, especially LSS.

5.2 LSS with Uncoverage Spectrum

An LSS classified as uncoverage SPD refers to an LSS
that emits SPD that does not comply with the AM1.5G
spectral coverage described in section 2.3.3. According to
Table 5, the LSS almost developed in the early stages is
made of 3 [39,40,42] to 6 types [3,48,53,54,64,65,68] LEDs.
Sure, if 3-4 types of LED were used, the irradiance spectral

in the 400 to 1100nm was not possible to follow the IEC
specification because the less number of LED types did not
emit the wideband spectrum. Some researchers [3, 54, 64,
68] presented an improvement the SPC in the 400 to 1100nm
using 6 LED types comprising 3 of the visible spectra (450 to
470 nm, cool with and/or warm white and 660nm) and 3 of
infrared spectra (740nm, 850nm, and 940nm). They designed
the spectrum by the centralized spectral method;1 LED’s
color for 1 wavelength range. When the SM of those light
spectra was evaluated according to international standards
[25, 26], they were achieved in class A [3, 54, 64, 65, 68].
The generated SPD had good continuity in visible
wavelength coverage, but SPD in the infrared was
uncovered, especially in the 700-800 nm and 900-1100nm
(Fig. 2). Because they only used 3 types of infrared LEDs, it
did not cover that wide wavelength range. This problem can
be solved by adding more infrared LEDs (e.g. 4 - 5 types or
more, more details were described in section 5.3.) by
selecting the appropriate peak spectrum and covering the 700
to 1100 nm range.

Almost LSSs were developed for the IV
characterization of the Si-solar cells [3, 39, 40, 48, 52, 53,
54, 61, 65, 67]. If the irradiance spectral of SM was not in
class A or SPD did not cover 400 to 1100 nm or irradiance
intensity lower than 1000W/m?, it could also be used to test
solar cells under non-standard test conditions (non-STC) and
then use the correction method by SR fitting formula [39,40,
42]. Alternatively, the correction methods specified in the
IEC 60891 standard [72] presented by Namin et al. [48] that
could adjust the I-V curve to the STC, but this made the
analysis of the I-V curve more complicated. Thus, the
researchers [3, 54, 61, 65, 68] developed their LSS under
IEC 60904-9 [25] and ASTM E927-10 [26] at class AAA.
Therefore, it could be used to test the I-V curve of solar cells
under STC without modifying the curve.

The development of LSS with uncoverage spectral was
closely related to the development of LED technology in
each era. For example, from 2003 to 2012, thousands humber
of T-type LEDs were used to make an LED array [39, 40, 48,
57]. Since 2012, LED arrays have been widely used for high-
power LEDs for LSS [54, 61, 63, 67]. From 201 7 to the
present, COB-LEDs were being built as a large modular light
Source [3] For LSS. Some Of Them Used The High-Power
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combination with COB LED [30, 64, 68] for the same goals.
The development’s goal was to reduce the number of LEDs
to tens to help simplify design and installation. Moreover, to
increase the size of the new test plane was larger to test the
PV module [3, 24, 61, 63].

The technique to control the LED intensity was precise
and easy to adjust without access to the hardware of the LED
driver. It was controlled by LabVIEW or a microcontroller
with the pulse width modulation (PWM) technique [61, 64,
65, 67]. For the LED array of LSS construction schemes,

most researchers had presented LED modular systems as
rectangular modules [3, 61, 65, 68] and hexagonal modules
[67] since 2 0 1 9 . The modular system could expand the
modules to increase the size of the light source and test plane
to be suitable for testing large PV modules. The largest LED
module of LSS was 52cmx52cm presented by Esen et al.
[65]. As for the thermal management technique for LED
arrays, most researchers used an Al heat sink with air cooler
[3, 39, 40, 48, 51, 54, 61, 64, 65, 67].

Fig. 2. The example of the LED light sources and spectrum coverage and uncoverage of LED spectrum from the reviewed (a)
SPD of 6 LEDs show uncoverage at point a, b, ¢, d, and e [3], (b) SPD of 14 LEDs show uncoverage at point a, b [61], (c)
Coverage spectrum from 23 LEDs [24], and (d) 10 LEDs [63].

5.3 LSS with Coverage Spectrum

According to Table 6, some researchers had developed
the LSS to have an SPD-compliant AMI1.5G spectral
coverage (as described in section 2.3.3) to achieve good
quality irradiance spectrum. The researchers [20, 43, 44, 60]
presented a method using 10 to 23 different LED types to
create an LLS capable of emitting irradiance spectra over
350 to 1100 nm (Fig. 2). Some researchers [40, 48] used 6 to

10 LED types to create irradiance spectral coverage of 400 to
750 nm for dye-sensitized solar cells. These LSSs are all
rated for quality at class AAA under IEC [25] ASTM [26] or
JIS [27].

An interesting discovery was that a high-power LED,
SMD LED, was chosen as the light source of LSS [44, 45,
50, 62, 63, 69, 71] but COB LED was not used. Although,
the COB-LED offered the advantage of reducing the number
of high-power LEDs. For example, Linden et al. [24] used
400 LEDs for the test plane of 100 cm?. Al-Ahmad et al. [63]
used 71 high-power LEDs for the test plane of 70 cm? and
266 high-power LEDs for the LED module of 32x9 cm? [60].
The reason for using only one type of high-power LED may
be the physical characteristics of each LED spectrum are the
same. Therefore, the design process and simulation make it
more convenient. Because a high-power LED mathematic
model or information was contained in the software library, it
was no need to redevelop it. At the same physical
characteristics, the placement of the LEDs on the PCB or the

heat sink of the light source module can be installed in the
same space harmoniously. The issue also affects the design
of the LED cooling system. This setup allows the distance
between the LEDs to be symmetrical. It results in good
consistency for the Sye and Te of the LSS and has better
stability. However, for thermal management for LED arrays,
our review found that most researchers used an Al heat sink
with air-cooler [24, 44, 45, 48, 62, 63, 71], making T\e met to
class A. Interestingly, a water-cooled aluminum block from
[51] made Te more stable up to class A*™***.

Lighting design and spectrum simulation; some
researchers used MATLAB and TracePro software [62, 63,
71]. The irradiance of LEDs or tunable control was
controlled via a computer [24, 44, 45, 48, 51] with LabVIEW
[51]. A graphical user interface program [24, 49] was used

for precise control and easy use in a user-friendly interface.
Most researchers presented the LED modular system as a
rectangular module [24, 45, 51, 63] and some of them
proposed the hexagonal module [62, 71]. To expand the
module to increase the light source size, it was found that
expanding the test plane by increasing the number of
rectangular modules was more reasonable than hexagonal
modules. Because their characteristics were consistent with
the characteristics of PV modules, the largest LED module
for LSS with a coverage spectrum measures 18cmx18cm
[51].
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6. Conclusion

It is generally accepted that the LSS is stable, flexible,
and accurate. Its spectrum is more similar to the AM1.5G
than the Xe-lamp-based simulator in terms of PV device
response quality. Although the LEDs have an extended
lifetime, low cost, and low power compared to lamp
technology. Since 2003, the LSS for PV devices is constantly
evolving which can be divided into two types according to
the nature of the light source; LHSS and LSS. The weakness
of the past LHSS is that this system cannot meet class AAA,
especially SM value. While LSS is built from the high-power
LED using 10 to 23 LEDs with different wavelengths have
strengths, they can enter class AAA and provide good SPC
results in line with the new standard, IEC60904-9 (2020).
These LSSs have test plane sizes ranging from several mm?
to hundred cm? The current development of LSS tends to
design a modular based LED array for a test plane of PV
modules. After 2017, there is a trend of more applications of
COB-LED for large area solar simulators. Sne is still an
important indicator of LSS that is still reflected in the study
of the design of the source which is stable, economical, and
sustainable light source.

Future challenges are interesting issues that lead to
research problems and have an impact on academic circles
such as

- Development of LSS that meets IEC 60904-9 (2020)
standard, especially expanding the LED spectrum to cover
wavelength of 350 nm to 1200 nm, with performance class
A+A+A+,

- Is it possible to use COB-LED as an LED array to
reduce the number of high-power LEDs and simplify the
control system?

- How to optimally minimize the number of LED types
to generate the irradiance spectral with the most SPC and the
least SPD?

- Development of a programmable LSS system capable
of generating time-varying irradiance spectrum similar to
that of natural sunlight.

- Development of irradiance control with computer for
accuracy and optical feedback.

Reference

[1] AV. Rosa and J.C. Ordofiez, Fundamentals of
Renewable Energy Processes, 4th ed., Academic Press,
2022, pp. 519-576, Ch. 12 - Solar Radiation.

[2] V. G. Gonzélez, D. Icaza, J. d. Posgrados and D. de
Tesis, “Design of Lighting Systems using Solar Energy
Sources for Rural Outdoor use: Case Study of the Guapan
Hot Springs Tourism Project,” 2020 9th Int. Conf. on
Renewable Energy Research and Application (ICRERA),
pp. 520-525, doi: 10.1109/ICRERA49962.2020.9242856.

[3] N. Watjanatepin and P. Sritanauthaikorn, ‘“Rectangular
module for large scale solar simulator based on high-
powered LEDs array,” TELKOMNIKA, vol. 20, no. 2,
pp. 462 — 474, 2022.

[4] N. Tariba, N. Ikken, A. Haddou, A. Bouknadel, H.
ElOmari, and H.E. Omari, “Integral sliding-mode
controller for maximum power point tracking in the grid-
connected photovoltaic systems,” Int. J. Elect. and
Comput. Eng., vol. 10, no.4, pp. 4400-4415, 2020.

[5] K.E. Okedu, A.A. Senaidi, I.A. Hajri, 1.LA. Rashdi, and
W.A. Salmani, “Real time dynamic analysis of solar PV
intelgration for energy optimization,” Int. J. of Smart grid,
vol. 4, no. 2, pp. 68-79, Jun 2020.

[6] J. Petrasch, P. Coray, A. Meler, M. Brack, P. Haeberling,
D. Wuillemin, and A. Steinfeld, “A Novel 50kwW 11,000
suns High-Flux Solar Simulator Based on an Array of
Xenon Arc Lamps,” ASME. J. Sol. Energy Eng, vol. 129,
no. 4, pp. 405-411, Nov. 2007, doi: 10.1115/1.2769701

[7] V. Paraskeva, M. Norton, M. Hadjipanayi, M. Pravettoni,
and G.E. Georghiou, “Luminescent emission of multi-
junction InGaP/InGaAs/Ge PV cells under high intensity
irradiation,” Solar Energy Materials and Solar Cells, vol.
134, pp.175-184, 2015.

[8] B. Hu, B. Li, R. Zhao, and T. Yang, “Reflection-type
single long-pulse solar simulator for high-efficiency
crystalline silicon photovoltaic modules,” Review of
Scientific Instruments, vol. 82, no. 6, 065104, 2011.

[9] D.S. Codd, A. Carlson, J. Rees, and A.H. Slocum, “A low
cost high flux solar simulator,” Solar energy, vol. 84,
no.12, pp. 2202-2212, 2010.

[10] S.A. Gevorgyan, J.E. Carlé, R. Sgndergaard, T.T.
Larsen-Olsen, M. Jgrgensen, and F.C. Krebs, “Accurate
characterization of OPVs: Device masking and different
solar simulators,” Solar energy materials and solar cells,
vol. 110, pp. 24-35, 2013.

[11] C. Landrock, B. Omrane, J. Aristizabal, B. Kaminska,
and C. Menon, “An Improved light source using filtered
tungsten lamps as an affordable solar simulator for testing
of photovoltaic cells,” IEEE Int. Mixed-Signals, Sens.&
Syst. Test Workshop, pp. 153-158, May 2011.

[12] S. Kamprachum, S. Thainoi, S. Kanjanachuchai, and S.
Panyakeow, “Multi-stacked InAs/GaAs quantum dot
structures and their photovoltaic characteristics,” Proc.
World Conf. Photovolt. Energy Convers., vol. 1, pp. 259-
261, May 2003.

[13] D.L. King, B.R. Hansen, J.M. Moore, and D.J. Aiken,
“New methods for measuring performance of monolithic
multi-junction solar cells,” Conf. Rec. of the 28th IEEE
Photovolt. Specialists Conf.-2000 (Cat. No. 00CH37036,
pp. 1197-1201), Sep. 2000.

[14] M.Tawfik, X. Tonnellier, and C. Sansom, “Light source
selection for a solar simulator for thermal applications: A
review,” Renewable and Sustainable Energy Reviews,
vol. 90, pp. 802-813, Jul. 2018, doi:
10.1016/j.rser.2018.03.059.

[15] D.A.N. Thi, N.D.Q. Anh, and P.X. Le, “Utilizing the
right phosphor in near-ultraviolet and blue light-emitting
diode devices to generate white illumination,” Indonesian

204



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

N. Watjanatepin et al., Vol.13, No.1, March 2023

J. Elect. Eng. and Comput. Sci., vol. 27, no. 2, pp. 715-
721, 2022.

[16] B.H. Hamadani, J. Roller, B. Dougherty, and H.W.
Yoon, “Fast and reliable spectral response measurements
of PV cells using light emitting diodes,” IEEE
Photovoltaic Specialists Conf. (PVSC, pp. 0073-0075),
Jun. 2013.

[17] G. Leary, G. Switzer, G. Kuntz, and T. Kaiser,
“Comparison of xenon lamp-based and led-based solar
simulators,” IEEE Photovolt. Specialists Conf. (PVSC),
pp. 3062-3067, Jun. 2016.

[18] V. Esen, S. Saglam, and B. Oral, “Light sources of solar
simulators for photovoltaic devices: A review,”
Renewable and Sustainable Energy Reviews, vol. 77, pp.
1240-1250, Sep. 2017, doi: 10.1016/j.rser. 2017. 03.062

[19] J.K. Mohammed, “Reduction cost and energy
consumption for led smart lighting street technology in
Irag,” Indonesian J. Elect. Eng. and Comput. Sci., vol. 20,
no. 2, pp. 662-669, 2020

[20] T.M. Bui, P.X. Le, D.H. Bach, and N.D.Q. Anh,
“Benefits of triple-layer remote phosphor structure in
improving color quality and luminous flux of white
LED,” TELKOMNIKA, vol. 17, no.6, pp. 2940-2947,
Dec. 20109.

[21] Solar Simulation Technology, Accessed: Oct. 5, 2022
[Online]. Available: https://g2voptics.com/solar-
simulation

[22] J. Latal, P. Hanulak, J. Kolar, Z. Wilcek, T. Stratil, and
F. Sarlej, “Measurement of colour coordinates of LEDs
used in the automotive exterior lighting”. Int. J. Elect. and
Comput. Eng., vol. 11, no. 3, pp. 2711-2724, 2021.

[23] T. Nakajima, K. Shinoda, and T. Tsuchiya, “Single-
LED solar simulator for amorphous Si and dye-sensitized
solar cells,” RSC Advances, vol. 4, pp.19165-19171,
2014.

[24] K.J. Linden, W.R. Neal, and H.B. Serreze, “Adjustable
spectrum LED solar simulator,” Light-Emitting Diodes:
Materials, Devices, and Applications for Solid State
Lighting, K.P. Streubel, H. Jeon, L.W. Tu, and M.
Strassburg, Eds., XVIII. SPIE. 9003, pp.109-117, 27
February 2014.

[25] IEC Standard 60904-9, Photovoltaic devices— Part 9:
Solar Simulator Performance requirements, 2007.

[26] ASTM Standard E927-10, Solar Simulation for
Photovoltaic Testing, 2015.

[27] JIS Standard C 8912:1998/AMENDMENT 2:2011 Solar
simulators for crystalline solar cells and modules
(Amendment 2), p. 10, 2011.

[28] IEC Standard 60904-3, Photovoltaic devices - Part 3:
Measurement principles for terrestrial photovoltaic (PV)
solar devices with reference spectral irradiance data,
2016.

[29] ASTM Standard G173-03, Standard Tables for
Reference Solar Spectral Irradiances: Direct Normal and

Hemispherical on 37° Tilted Surface, 2012 [Online].
Available: https://www.astm.org/Standards/G173.htm
(accessed Oct. 9, 2022)

[30] N. Watjanatepin, “Design Construct and Evaluation of
Six-Spectral LEDs-Based Solar Simulator Based on IEC
60904-9,” Int. J. Eng. & Technol., vol. 9, no.2, pp. 923-
931, 2017.

[31] F. Schubert and D. Spinner, “Solar Simulator Spectrum
and Measurement Uncertainties,” Energy Procedia, vol.
92, pp. 205-210, 2016.

[32] N. Watjanatepin, P. Sritanauthaikorn, C. Boonmee, P.
Kiatsookkanatorn, S. Thongkullaphat, and S. Sodajaroen.
“Experiment analysis of non-uniformity measurement by
array detector scanning system,” Indonesian J. Elect. Eng.
and Comput. Sci., vol. 28, no. 3, pp. 1369-1380, 2022

[33] A. Belkaid, 1. Colak, K. Kayisli, M. Sara, and R.
Bayindir, “Modeling and Simulation of Polycrystalline
Silicon Photovoltaic Cells,” 2019 7th Int. Conf. on Smart
Grid (icSmartGrid), pp. 155-158, doi:
10.1109/icSmartGrid48354.2019.8990733.

[34] A. H. Dida and M. Bekhti, “Study, modeling and
simulation of the electrical characteristic of space satellite
solar cells,” 2017 IEEE 6th Int. Conf. on Renewable
Energy Research and Applications (ICRERA), pp. 983-
987, doi: 10.1109/ICRERA.2017.8191205.

[35] IEC Standard 60904-9 Ed. 3.0b, Photovoltaic Devices -
Part 9: Classification of Solar Simulator Characteristics,
2020.

[36] U. Mandadapu, S.V. Vedanayakam, K. Thyagarajan,
M.R. Reddy, and B.J. Babu, “Design and simulation of
high efficiency tin halide perovskite solar cell,” Int. J.
Renewable Energy Res. (IJRER), vol. 7, no. 4, pp.: 1603-
1612, 2017.

[37] D. Bonkoungou, T. Guingane, E. Korsaga, S.
Tassembedo, Z. Koalaga, F. Zougmore, and A.
Darga,“Measurements and analysis of the dark I-V-T
characteristics of a photovoltaic cell: KX0B22-12X1F,”
2020 8th Int. Conf. on Smart Grid (icSmartGrid), Paris,
France, 2020, pp. 157-162, doi:
10.1109/icSmartGrid49881.2020.9144904.

[38] M. Yesilbudak, “Accurate Identification of the
Electrical Parameters of Triple-Diode Photovoltaic Model
Using a Metaheuristic Algorithm,” 2021 9th Int. Conf. on
Smart Grid (icSmartGrid), Setubal, Portugal, pp. 302-305,
doi: 10.1109/icSmartGrid52357.2021.9551235.

[39] S. Kohraku and K. Kurokawa, “New methods for solar
cells measurement by LED solar simulator,” Proc. World
Conf. Photovolt. Energy Convers., vol. 2, pp. 1977-1980,
2003.

[40] S. Kohraku and K. Kurokawa, “A fundamental
experiment for discrete-wavelength LED solar simulator,”
Solar Energy Materials and Solar Cells, vol. 90, no. 18—
19, pp 3364-3370, 2006.

[41] M. Bliss, T. R. Betts, and R. Gottschalg “Advantages in
using LEDs as the main light source in solar simulators

205



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

N. Watjanatepin et al., Vol.13, No.1, March 2023

for measuring PV device characteristics,” Proc. SPIE
7048, Reliability of Photovolt. Cells, Modules,
Compon.,& Syst., 704807, 10 Sep. 2008, doi: 10.1117/12.
795428

[42] Y. Tsuno, K. Kamisako, and K. Kurokawa, “New
generation of PV module rating by LED solar simulator -
A novel approach and its capabilities,” IEEE Photovolt.
Specialists Conf., San Diego CA USA, pp. 1-5, 2008, doi:
10.1109/PVSC.2008.4922582.

[43] S.H. Jang and M.W. Shin, “Fabrication and thermal
optimization of LED solar cell simulator,” Current
Applied Physics, vol. 10, no. 3, pp. S537-S539, 2010.

[44] F.C. Krebs, K.O. Sylvester-Hvid, and M. Jgrgensen, “A
self-calibrating LED-based solar test platform,” Prog.
Photovolt. Res. Appl., vol. 19, no. 1, pp. 97-112, Dec.
2010, doi: 10.1002/ pip.963.

[45] D. Kolberg, F. Schubert, N. Lontke, A. Zwigart, and
D.M. Spinner, “Development of tunable close match LED
solar simulator with extended spectral range to UV and
IR,” Energy Procedia, vol. 8, pp. 100-105, 2011.

[46] D. Kolberg, F. Schubert, K. Klameth, and D.M. Spinner,
“Homogeneity and Lifetime Performance of a Tunable
Close Match LED Solar Simulator,” Energy Procedia,
vol. 27, pp. 306-311, 2012.

[47] F. Plyta, T. R. Betts, and R. Gottschalg, “Potential for
LED solar simulators,” IEEE Photovolt. Specialists Conf.
(PVSC), pp. 0701-0705, 2013, doi:
10.1109/PVSC.2013.6744248.

[48] A. Namin, C. Jivacate, D. Chenvidhya, K. Kirtikara, and
J. Thongpron, “Determination of solar cell electrical
parameters and resistances using color and white LED-
based solar simulators with high amplitude pulse input
voltages,” Renewable Energy, vol. 54, pp. 131-137, 2013.

[49] A. Namin, C. Jivacate, D. Chenvidhya, K. Kirtikara, and
J. Thongpron, “Construction of Tungsten Halogen, Pulsed
LED, and Combined Tungsten Halogen-LED Solar
Simulators for Solar Cell - Characterization and Electrical
Parameters Determination,” Int. J. Photoenergy, vol.
2012, Article 1D 527820, 9 pages, 2012, doi:
10.1155/2012/527820

[50] A. M. Bazzi, Z. Klein, M. Sweeney, K. P. Kroeger, P. S.
Shenoy, and P. T. Krein, “Solid-State Solar Simulator,”
IEEE Trans. Industry Appl., vol. 48, no. 4, pp. 1195-
1202, July-Aug. 2012, doi: 10.1109/T1A.2012.2199071.

[51] G. Grandi, A. lenina, and M. Bardhi, “Effective Low-
Cost Hybrid LED-Halogen Solar Simulator,” IEEE Trans.
Industry Appl., vol. 50, no. 5, pp. 3055-3064, Sept.-Oct.
2014, doi: 10.1109/T1A.2014.2330003.

[52] M. Stuckelberger, B. Perruche, M. Bonnet-Eymard, Y.
Riesen, M. Despeisse, F. Haug, and C. Ballif, “Class
AAA LED-based solar simulator for steady-state
measurements and light soaking,” IEEE J Photovolt., vol.
4, no. 5, pp. 1282-1287, Sep. 2014, doi:
10.1109/JPHOTOV. 2014.2335738

[53] P. S. Vicente, G. L. Reis, and E. M. Vicente,
“Development of a solid-state solar simulator to test PV
modules,” IEEE 13th Brazilian Power Electron. Conf. and
1st Southern Power Electron. Conf. (COBEP/SPEC, pp.
1-4), 2015, doi: 10.1109/COBEP.2015.7420279.

[54] A. Novickovas, A. Baguckis, A. Mekys, and V.
TamoSitnas, “Compact Light-Emitting Diode-Based
AAA Class Solar Simulator: Design and Application
Peculiarities,” IEEE J Photovolt., vol. 5, no. 4, pp. 1137-
1142, Jul. 2015.

[55] A. Mohan M.V., J. Pavithran, K.L. Osten, Jinumon A.,
and C.P. Mrinalini, “LED Based Solar Simulator,” IEEE
Standard University, pp. 1-6, 2014.

[56] A. Mohan M.V., J. Pavithran, K.L. Osten, Jinumon A.,
and C.P. Mrinalini, “Simulation of spectral match and
spatial non-uniformity for LED solar simulator,” IEEE
Global Humanitarian Technol. Conf. South Asia Satellite
(GHTC-SAS), pp. 111-117, Sep. 2014.

[57] S. Saadaoui, A. Torchani, T. Azizi, and R. Gharbi,
“Hybrid halogen-LED sources as an affordable solar
simulator to evaluate Dye Sensitized Solar Cells,” Int.
Conf. Sci. and Techn. of Autom. Control and Comput.
Eng. (STA), pp. 884-887, 2014, doi:
10.1109/STA.2014.7086810.

[58] Y. Dafalla and M. Osman, “A solar simulator for the
Renewable Energy instruction laboratory,” IEEE Conf.
Technol. for Sustainability (SusTech), pp. 235-239, 2016,
doi: 10.1109/SusTech.2016.7897173.

[59] C. A. U. Caballero, R. R. Ponce, and F. G. Mota Mufioz,
“Design of a LED-based solar simulator for energy
harvesting applications,” IEEE Int. Autumn Meeting on
Power, Electron. & Comput. (ROPEC, pp. 1-6), 2017,
doi: 10.1109/ROPEC.2017.8261661.

[60] A. Bérar, A. E. Marcu, P. Schiopu, and M. Vladescu,
“Design of an LED-based solar spectrum simulator for
porphyrin dye-sensitized solar cell characterization,” Int.
Conf. Electron., Comput. & Artif. Intell. (ECAI, pp. 1-4),
2019, doi: 10.1109/ECAI46879.2019.9042086.

[61] E. Lopez-Fraguas, J. M. Sanchez-Pena, and R. Vergaz,
“A Low-Cost LED-Based Solar Simulator,” IEEE Trans
Instrum Meas., vol. 68, no. 12, pp. 4913-4923, Dec. 2019,
doi: 10.1109/TIM.2019.2899513

[62] A.Y. Al-Ahmad, J. Holdsworth, B. Vaughan, G.
Sharafutdinova, X. Zhou, W.J. Belcher, and P.C. Dastoor,
“Modular LED arrays for large area solar simulation,”
Prog. Photovolt. Res. Appl., vol. 27, pp. 179 — 189, 2019.
doi: 10.1002/pip.3072

[63] A.Y. Al-Ahmad, J. Holdsworth, B. VVaughan, X. Zhou,
W. Belcher, and P. Dastoor, “LED Configuration for
Large Area Solar Simulator Applications,” Proc. Int.
Conf. on Nanosci. & Nanotechnol., Wollongong, Jan.
2018.

[64] V. Esen, S. Saglam, B. Oral, and O.C. Esen, “Spectrum
measurement of variable irradiance controlled LED-based

206



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH
N. Watjanatepin et al., Vol.13, No.1, March 2023

solar simulator,” Int. J. Renewable Energy Res. (IJRER),
vol. 10, no. 1, pp. 109-116, 2020.

[65] V. Esen, S. Saglam, B. Oral, and O. C. Esen, “Toward
Class AAA LED Large Scale Solar Simulator with Active
Cooling System for PV Module Tests,” IEEE J.
Photovolt., vol. 12, no. 1, pp. 364-371, Jan. 2022, doi:
10.1109/JPHOTOV.2021.3117912.

[66] J. Hofbauer, M. Rudolph, and S. Streif, “Stabilising the
Light Spectrum of LED Solar Simulators Using LQG
Control,” IFAC-PapersOnLine, vol. 53, no.2, pp. 6583-
6590, 2020.

[67] M. Tavakoli, F. Jahantigh, and H. Zarookian,
“Adjustable high-power-LED solar simulator with
extended spectrum in UV region,” Solar Energy, vol. 220,
pp. 1130-1136, 2021.

[68] Z. Vosylius, A. Novickovas, K. Laurinavi¢ius, and V.
TamoSitnas, “Rational Design of Scalable Solar
Simulators with Arrays of Light-Emitting Diodes and
Double Reflectors,” IEEE J. Photovolt., vol. 12, no.2, pp.
512-520, 2022.

[69] C. Sun, Z. Jin, Y. song, Y. Chen, D. Xiong, K. Lan, Y.
Huang, and M. Zhang, “LED-based solar simulator for
terrestrial solar spectra and orientations,” Solar Energy,
vol. 233, pp. 96-110, 2022.

[70] M. Bliss, F. Plyta, T.R. Betts, and R. Gottschalg, “LEDs
based characterisation of photovoltaic devices,” Int.
Conf. on Energy Efficient LED Lighting and Solar
Photovolt. Syst. Conf., Indian Institute of Technology,
Kanpur, India, 27-29 March 2014.

[71] AY. Al-Ahmad, D. Clark, J. L. Holdsworth, B.
Vaughan, W. J. Belcher and P. C. Dastoor, “An
Economic LED Solar Simulator Design,” IEEE J.
Photovolt., vol. 12, no. 2, pp. 521-525, Mar. 2022, doi:
10.1109/JPHOTOV.2022.3143460.

[72] IEC Standard 60891:2021 ed. 3.0, Photovoltaic devices
- Procedures for temperature and irradiance corrections to
measured |-V characteristics, 2021.

207



