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Large Scale LED-Modular-Based Solar Simulator and Calibration Method for
PV-Module Characterization
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Abstract: This study aims to design and construct a large-scale LED-based solar simulator by using a mix
of the six colors of the LED modular system and to confirm the method of solar panel test under low radiation
conditions with a simple calibration factor technique. The performance tests were executed on the characteristics of
irradiance under IEC 60904-9 edition 2. The constructed prototype was applied for testing the 1-V characteristic of
the PV module under non STC. The LED module consisted of nine 50 W LEDs as the six specific wavelengths
covering 400 nm — 1100 nm range. The twelve LED modules were suitable for an extended application as a large
area solar simulator. The testing results showed that the spectral mismatch and the temporal instability were of class
A+ and the non-uniformity was in class C. The average irradiance of solar simulator on the test plane of 152 ¢cm X
96 cm was about 384 W/m?. This proposed method was a practical alternative method to test the mono crystalline
PV module under low radiation condition. The I-V characteristic of the mono crystalline PV module tested by the
solar simulator prototype was reasonable, and the I-V characteristic could be plotted and estimated by using a
calibration factor.
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1. Introduction PV applications is arranged in the terrestrial PV system
The utilization of a solar simulator as an artificial AML.5 global solar simulator. There are three solar

light source has been studied on performance and  Simulators standards: (1) IEC 60904-9 [1], (2) JIS-C-
characteristic of the solar thermal devices and the 8912 [29] and (3) ASTM E927-05 [30]. Several
photovoltaic (PV) applications. The solar simulator for ~ features and parameters of solar simulators are
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described according to these standards [1]. Most
previous studies had developed the small-scale solar
simulators on test plane of about 36 cm? to 360 cm?
Some of these studies used a xenon-arc lamp, a halogen
lamp, or a combination of an electrodeless sulfur lamp
and a halogen lamp as the light source [2], [3].

Currently, the use of LED as the light source is
advantageous due to the LEDs properties, such as high
luminous efficacy, long operational life and ability to
produce specific spectrums, including UV, visible and
IR. For example, Novic¢kovas et al. [4] designed a solar
simulator incorporating 4 different LEDs that could
produce a spectrum with a range of 400-950 nm.
Tavakoli et al. [5] reported the developed solar
simulator with nineteen-colors of LEDs and achieved
the ASTM and IEC in class A. Esen et al. [6] created
the LED solar simulator by mixing blue, white and
near-farred spectra of wavelengths of 730-940 nm to
achieve a spectrum mismatch of class A. Some studies
reported the design of LED solar simulators using 5 or
6 colors of LEDs which could offer in a spectrum of
400-1100 nm. Other studies revealed that the 11 color
LEDs module provided a spectrum of 399 — 728 nm.
The 14 color LEDs module resulted in a wavelength
range of 350-1100 nm, and so on [7]-[14]. These
previous studies indicated that using many LED colors
(spectrum) could produce a spectrum of light imitating
similar to the natural sunlight and being under class A
standard. To make the light spectrum was followed:
may be used the complex mathematical models,
including design, creation, and control technologies.

To test the characteristics of a PV module, a large
light area is required for the solar simulator. The large-
scale solar simulator must have strong properties in
spectral match, nonuniformity, and instability of
irradiance in order to fit the standard. A large-scale
solar simulator would typically use xenon lamps, metal
halide lamps, halogen lamps, or LED mixed halogen
lamps [15], [16]. However, these systems consume
large amounts of power and radiate considerable heat
loss [17]. Al-Ahmad et al. [18] created a new solar
simulator design using an LED module; it is 32 cm x 9
cm in size and consists of 10 colors and 266 LED units
installed on the multilayer PCB. Although the circuit is
quite complicated, by connecting several modules
together, a large-scale solar simulator could be created.

The reduction of LEDs from 100 to 10 can increase
their electrical power. Moreover, increasing the LED
module’s size will decrease the irradiance and increase
the nonuniformity values beyond the IEC 60604-9
standard ranges. If the nonuniformity value can be
maintained within the standard range, the irradiance
obtained by the solar simulator will be less than 1 Sun.
To test the PV characteristics, one can measure the
voltage (V) and current (I) with the given irradiance,
then determine the calibration factor to multiply by the
V and I. In this way, the 1-V characteristic of the PV
module can be estimated, and, further, these values can

be determined within the nonstandard test condition
(non-STC). The advantage of this method is that it
eliminates the need to build a large solar simulator that
could produce 1 Sun of irradiance, thereby successfully
reducing the LED module’s electrical energy
consumption.

The authors proposed to reduce the complicated
factors such as the design, assembly, and control
technique of the large-scale LED-based solar simulator
(LLSS) and examine the calibration factor for spectral
correction and application for PV characterization.

The LED-based solar simulator that the authors
proposed could produce a spectrum according to class
A of IEC 60904-9 [1]. The design concept of the LED
module was the modular system, which was simple and
easy to assemble on a large scale. The goal of this
research was to design and build LLSS using a
combination of six-color LEDs to form an LED
module, to perform performance tests, such as spectral
match, non-uniformity, and radiation instability under
IEC 60904-9 standard [1], and to apply the LLSS for
testing the 1-V characteristic of a mono-crystalline PV
module under non-STC.

2. Material and Methods

2.1. Design Target and Method

(1) Six different LED colors were sufficient to
achieve a class-A spectral rating.

(2) Design was conducted by estimating six central
LED wavelengths according to the AM1.5G reference
spectrum and weight irradiance by manually adjusting
the forward current of LEDs.

(3) LED module was made using a PCB
configuration of 30 cm x 40 cm loaded with nine super
power LEDs.

(4) The thermal management of the LEDS was
conducted using a thin fin heat sink with a cooling fan.

(5) LED power was controlled using a DC/DC
converter.

(6) LED solar simulator was designed, assembled,
and tested by following the spectral match [1].

(7) Assembly of 12 LED modules resulted in an
upscale to a LLSS.

(8) The non-uniformity of irradiance and of a large
scale solar simulator was tested under IEC 60904-9 [1]
to find out the best uniformity and the average
irradiance on the test plane and measured the
distribution of the straight spectrum with a value equal
to or close to the average irradiance.

(9) For temporal instability, the authors tested only
long-term operations because the built control system
did not support the flash-mode operation.

(10) The spectrum distribution from (8) led us to
determine a calibration factor through the use of a
spectral mismatch calculator provided by PV-
Lighthouse [19].
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(11) The 1-V characteristic of the mono-crystalline
PV module was tested using the calibration factor from
(10).

2.2. Solar Simulator Standards

For the indoor case of the solar cell I-V
characteristic test, this study referred to the IEC 60904-
9 standard (Photovoltaic device - Part 9: Solar
simulator performance requirements) [1]. This standard
tests three criteria: (a) The Spectral Match (SM) to all
intervals; (b) The Spatial Non-uniformity of Irradiance
(Sne); and (c) The Temporal Instability of Irradiance
(Tie). The IEC 60904-9 standard [1] identifies the solar
simulator class-A as SM= 0.75 — 1.25 and Sne and Tie
< 2%; class B: SM= 0.6 — 1.4 and Sne and Tie < 5%;
class C: SM= 0.4 — 2.0 and Sne and Tie < 10%. Spatial
non-uniformity of irradiance in percentage is calculated
according to Equation (1):

Sne (%) = (M] %100 (1)
EMax + EMin

where E was the irradiance measured over a defined
test plane area. Temporal instability of irradiance was
calculated by using Equation (2).

Tie (%) = (M]xmo )
EMax + EMin

The spectral match can be measured with a
spectroradiometer in the range of 400-1100 nm. This
should measure the irradiance in each wave range of
the bandwidth of light. There are six bandwidths,
namely 400-500 nm, 500-600 nm, 600-700 nm, 700-
800 nm, 800-900 nm, and 900-1100 nm. The
measurement data was analyzed with the specific
software. The measured results would be compared
with the standard value of AM 15 G in each
wavelength band. The percentage of the spectral match
could then be determined. The percentage of total
irradiance defined in the global reference solar spectral
irradiance distribution was given in IEC 60904-3 [1].

2.3. LED Module Design

To achieve the designated goals, the authors
proposed an LED module consisting of six colors. The
authors chose the peak wavelength of LED as close as
possible to the central wavelength of each spectral
range according to the standard IEC 60904-9 [1]. The
green LED efficiency was lowest (0.42) compared to
the efficiency of the blue (0.93) and red (0.81) LEDs,
while the efficiency of the infra-red LED was around
0.77. Based on Kusuma et al.’s [20] findings, one solar
simulator module consisted of nine 50 W chip-on-
board LEDs covering the six specific wavelengths in
the range of 400-1100 nm. There are two groups of
LEDs: (1) an infra-red LED comprising one 100 W 730
nm, two 50 W 850 nm, and two 50 W 940 nm (Fig.
2b); and (2) a visible light LED 50 W with four ranges,
including 1x450 nm, 2x525 nm, and 1650 nm. The

visible group (450 nm, 525 nm, 650 nm) controlled the
forward voltage and current by using the separate set of
the constant current buck convertors. The infra-red
LEDs were controlled and driven by an individual
constant current buck/boost convertor. Fig. 1(b)
showed the design position of the LED module by
balancing out the visible and infra-red spectrum LEDs.
This made them balance when assembled the 12
modules for a LLSS. The trial and error method was
used for adjusting the light intensity of the LED
module. The manual adjustment of intensity was run by
keeping the spectrum in range of the class-A spectrum
until reaching the maximum total intensity.

The assembly model of a solar simulator prototype
was shown in Fig. 1(a). The authors could adjust the
forward current and voltage of the LED in the CC and
CV modes to control the percentage of irradiance of the
LED in each range until the spectrum match met the
AM 1.5 G. The complete circuit block diagram of the
control irradiance of the LED and driver was shown in
Fig. 2. The DC/DC converter was provided to control
the LED Ve and Ir. One of the 36 V 450 W DC
switching power supplies was supplied to drive one
module of the LED solar simulator prototype.

30cm

Thin fin heat sink C<)()I|l1g fan

Constant current buck/boost convertor

Fig. 1 Design of the LED solar simulator module with dimension
30 cm x 40 cm: (a) Prototype, (b) PCB design
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Fig. 2 The block diagram of the current control of the LED solar
simulator's LED module

2.4. Large Scale LED-Based Solar Simulator
The structure of the LLSS was built using
aluminum profiles. It was required to be large enough
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to support a large PV module with the following
dimensions: the outside was 140 cm x 200 cm X 150
cm, the test chamber was 125 cm X 190 cm x 60 cm,
and the test plane was 96 cm x 152 cm. The test plane
was fixed on two lifting columns with a range of 60 cm
so that the test plane was positioned between 10 cm
and 60 cm, as measured from the LED light modules.
The LED irradiance was adjusted according to the
difference between the test plane and the light source.
Four sides of the test chamber were loaded with
mirrors and supported with an aluminum frame for
safety reasons and to increase the light uniformity on
the test plane (Fig. 3). The roof of the LLSS comprised
an aluminum frame with 12 LED modules and a
cooling fan to remove the excess heat from inside the
test chamber (Fig. 4). The 12 LED modules with 12
modules of 450 W / 220 V switching power supply
distributed to balance the load for 3 phase 4 wire low
voltage system. The irradiance was controlled by an
up-down toggle switch. The PV panel characteristic
test was controlled by a programmable electronics load,
and the I-V measurement with a data logger was
controlled via the personal computer.

Large scale LED based solar simulator
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Fig. 4 Top view of the LED array under operation. D is the
distance between the lighting areas of the LED module

2.5. Measurement

The Spectral match measurements were done by
spectrometers calibrated by the National Institute of
Metrology Thailand (NIMT). A Compact Array
Spectrometer model: CAS140CT-154 was applied. The
measured data were analyzed by the software Specwin-
Pro. The measurement was carried out at the laboratory

at an ambient temperature around 26°C and relative
humidity of 60%.

The Spatial non-uniformity testing procedure was
based on IEC-60904-9 Edition 2.0 2007-10 [1]. The
test plane will be divided into 8 x 8 cells equally. The
measurement will be taken three times and calculated
for Sne (Equation 1). The temporal instability of the
solar simulator used for the testing procedure was
based on the IEC 60904-9 [1]. The authors tested the
long-term instability (LTI). The LTI in this study was
tested for 10 minutes, and then, the information
obtained was applied to calculate Tie (Equation 2). To
measure the irradiance was by the Class B Pyranometer
(Kipp & Zonen).

The I-V characteristics of the 60 W (Ja-6120/18V)
mono-crystalline PV module will be tested at a non-
standard test condition. An electronics load (Model
63802, Chroma USA) and the custom |-V measurement
system were applied for this experiment. The I-V
characteristic curve of the PV panel under test was
generated by spreadsheet software. The spectral
calibration factor was determined by simulation on the
software “Spectral Mismatch Calculator”.

3. Results and Discussion

3.1. Spectral Match Test

Table 1 showed the calculated spectral match in
different wavelength intervals similar to Table 2 of IEC
60904-9 Edition 2.0 2007-10 with their associated
expanded measurement uncertainties. The
measurement was taken by 20 times per data set at 100
ms sampling time. The measurement results presented
the spectral match as class A+ at all wavelength
intervals (400 nm to 1100 nm). The spectral matches
were within the range of 0.966-1.08 with a standard
deviation less than + 0.03 (Table 1). IEC norms
declared the spectral mismatch below 12.5% (0.875 to
1.125) was a class A. Thus, from these results, the
authors could claim that the spectral achieved class A+.

Table 1 Spectral match measurement results of the proposed LED
module

Percentage of Total
Irradiance (% £ SD)

Spectral Match

(Unit less + SD) Class

Wavelength Interval

400 nm - 500 nm 179+0.2 0.975+0.012 A+
500 nm - 600 nm 19.8+0.2 0.996 +0.010 A+
600 nm - 700 nm 18.6 £0.1 1.010£0.010 A+
700 nm - 800 nm 148+0.1 0.996 + 0.008 A+
800 nm - 900 nm 13.5+0.3 1.080 £ 0.030 A+
900 nm - 1100 nm 15.4+0.1 0.966 +0.010 A+

This meant that the LED module that the authors
proposed had shown a spectral match that highly
resembled the AM 1.5 G standard spectral. The spectral
intensity versus wavelength of the proposed spectrum
was measured at the central point of a module, as
shown in Fig. 5. The measured irradiance was 393.62
W/m? at 36.6 cm away from a LED module.
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Fig. 5 Measurement results of the proposed spectrum compared to
the AM 1.5G

The spectral distributions that the authors proposed
were in class A+. This showed that the spectral
mismatch was better than some previous studies. For
example, the LED solar simulator had a variable flash
speed and spectrum. The six-spectral LED-based solar
simulator with irradiance control by LabVIEW was
achieved in class B [8], [10]. However, the spectral
mismatch of our LLSS had the same quality as the
spectrum of a compact light-emitting diode-based class
AAA that provided blue, red, far-red, infrared, and
white (400 nm — 1100 nm) [4]. It was equivalent to the
class AAA LED-based solar simulator for study-state
and light soaking that provided twelve spectrums of
LED on a wavelength range of 400 nm — 750 nm [9].
Ten different LED colors of a large area solar simulator
achieved class AAA (wavelength 350 nm — 1100 nm)
[18] and were able to obtain the same class as 32 LEDs
with different wavelengths across the 350nm-1300nm
range [21]. The spectral mismatch was important
because it ensured that the test conditions matched to
AM 15 G reference spectral and eliminated the
variability from the batch-to-batch test [2].

The LED solar simulator provided the value of the
spectral mismatch at class A. It was not dependent on
the number of colors. Moreover, the number of
spectrums should not be less than six and should cover
wavelengths in the range of 400-1100 nm. However, a
higher number of different LED spectrums will show a
spectrum line that mimicked the solar spectrum and
could reduce the error of the light intensity when
compared to the AM1.5G spectrum.

3.2. Spatial Non-Uniformity of Irradiance (Sne) Test

In the experiment, the authors adjusted the distance
between the LED module and the test plane by using
the irradiance control function of the solar simulator
until the highest irradiance value was achieved, whose
Sne was not out of class C [1]. We found that the
optimal distance (Do) from the light source to the test
plane was 44.1 cm. The measured results of the solar
irradiance (W/m?) from 64 measurement positions
showed that the highest irradiance on the test plane was

about 411 W/m? at position E6 of Fig. 6. The lowest is
equal to 339 W/m? at positions A4 and A7. The average
value of irradiance over the test plane was
approximately 384 W/m? or 0.38 Sun. The calculation
result of Sye on the large test area of 152 cm x 96 cm
(1.46 m?) was equal to 9.60%, which met the IEC
60904-9 [1] in class-C.

F H

425450
400425
375400
350-375

\

addraTs

WEEENNy

k £ 325350
b E « 300325
E »275-300
c »250275
. = 225250
i B »200-225
—"] A Irradiance
1 2 3 4 6 7 3 (Winr)

position
Fig. 6 The irradiance distribution on the test area in average
irradiance was 384 W/m?at 44.1 cm distance from the light source

Sne of this study was according to the large area
solar simulator that used a metal halide lamp on a test
area of 3.6 m?[22] and 1.8 m? [16] obtained in class C.
This was similar to the uniformity of a LED solar
simulator with variable flash speed and spectrum
provided in class C of Snye on a 100 mm x 100 mm area
[11]. However, it was lower than the uniformity of the
large area LED solar simulator designed by Al-Ahmad
[18]. The LED solar simulator designed by Al-Ahmad
[18] approached class A special non-uniformity of
1.99% with 4 LED modules of 32 ¢cm X 9 c¢m in size
connected to each other.

Comparing the Sne obtained from this research to
the Sne from the small-scale solar simulator showed
that the obtained Sne was better. For instance, a
compact light-emitting diode-based class AAA
indicated that the Sne met class A with a light area of
36 cm? [4]. The class AAA LED-based solar simulator
for state study and light soaking that provided class A
Sne had a test area of about 324 cm? [9]. The class-A
small area solar simulator (12 cm?) for dye-sensitized
solar cell testing was in class A Sne by ASTM standard
[2]. The LED solar simulator with a six-spectral
wavelength across the 400 nm-1100 nm presented the
SNE of less than 2% on the test plane of 910 cm? [10].
In addition, the LED-based solar simulator with an
adjustable spectrum that proposed 23 different
wavelengths of LED on the test area of 400 cm? also
achieved the Sne of Class A [23].

The small-scale solar simulator could provide good
Sne because the distance between the LEDs was too
small, only about 12 to 22 mm [4], [9], which was due
to the usage of the small LEDs package such as super-
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flux or SMD (the diameter was around 6 to 10 mm). It
made sense when the light generator was small, and the
small LED should be selected. This was the cause of
achieving good Sne. On the other hand, in the case of
LLSS, it was difficult to obtain the Sne in class A.

However, the non-uniformity of the irradiance of
the LLSS in this paper was not accepted in Classes A
and B because the distance (D in Fig. 4) between the
LED modules and the test area was quite far apart. The
D. was about 100 mm. The distance from the center to
the center of the LEDs on a module was around 80-100
mm. For decreasing the percentage of Sne, the distance
of D had to be reduced.

From the results, a LLSS could generate an
irradiance of about 0.38 Sun. While it was known that
the irradiance of 0.38 Sun could be used to characterize
the PV module, it cannot be used on the standard test
condition (STC). Usually, an irradiance of 1 Sun is
required for STC. To increase the irradiance, the
authors had to increase the LED power and the number
of LEDs module. Even though the number of LEDs
increased, the percentage of irradiance in the range of
400-1100 nm was still the same as the original design,
confirming that the spectral mismatch was as close as
class A. This would be the point for the author to
improve in the next study

3.3. Temporal Instability of Irradiance (Tg) Test

This section included the results of the T test
under long-term stability (LTI), executed while the
solar simulator was run for 10 min. An irradiance
sensor was placed on the center of the test plane and
44.1 cm from the light source. Measurement was taken
in three rounds, and from that, the average irradiance
was found (Emax = 399.20 W/m? and Ewmin = 395.50
W/m?). Lastly, Tie was calculated under IEC 60904-9
[1]. For setting up the experiment, the warm-up time
was 60 s, and the sampling time was about 2 s, as
shown in Fig. 7. The calculated T was equal to
0.76%, met the class A+ standard (class A is < 2%,
class A+ is < 1%). Another factor was to maintain the
Tie in good condition as the operating temperature of
LED modules and using optimal cooling methods such
as an active cooling device.
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Fig. 7 Irradiance vs. time of the testing of LLSS for LTI
determination (warm-up time - 60 s). Tie is indicated in class A+
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The obtained T was a value of 0.76%, which
corresponded to Class A+, and in accordance with the
Tie of LED large scale solar simulator provided by Al-
Ahmad et al. (0.31%, class A") [18]. This was not
different from the Tie of a low-cost LED-based solar
simulator after a 60 s warm-up, 0.4582% (Class A")
[7]. Similarly, the T\e of compact light-emitting diode
class AAA solar simulator after several minutes of
warm-up time was less than 0.25% (class A*) [4]. From
the previous studies [4], [7], [15], [18], it was provided
that the aluminum heat sink with a cooling fan could
serve as the LED's cooling system, so it resulted in the
Tie meeting the class A". However, if a water-cooled
height-adjustable aluminum block was used as an LED
cooling system, Tie < 0.1% [9]. In addition, the LED
flash solar simulator [11] could provide Tie < 0.1%
because the LED was operated in a short time, which
influenced the temperature of LED to be lower than
long time operation, resulting in a quite stable temporal
stability.

In summary, the performance of the LLSS that the
authors proposed could meet Classes A*, C, and A*.
The spectral mismatch was in class A". The non-
uniformity of irradiance was in class C, and temporal
instability was in class A+.

3.4. Calibration Factor

Since the irradiance of the proposed spectrum was
not equal to 1 Sun (1000 W/m?), the authors had to
determine the calibration factor by using a Spectral
Mismatch Calculator. It was used for determining the
PV module characterization under non-STC. The
proposed spectrum was measured from Position B5
(Fig. 6). The authors measured the spectrum at this
point because the irradiance was close to the average
irradiance on the test plane. The authors called this
spectrum 0.38 Sun. It was shown in Fig. 9 as a red dot
line from experimental results. The spectral intensity of
the AM 1.5 G spectra was loaded from the spectrum
library (Fig. 9, AM 1.5 G as an orange line) of the
Spectral Mismatch Calculator. The AM 1.5 G was set;
the total intensity was 100 mW/cm?. Setting up the
spectrum was in the range of 400-1100 nm. The
authors had to define the calibration factor by
multiplying the spectral intensity of the proposed
spectrum until the short circuit current of the solar cell
specimen under the proposed spectrum was equal to
under AM 1.5 G. This study proposed the WPVS
reference cell (World PV Scale Standard; mono-
crystalline silicon solar cell) as a specimen because
WPVS is recognized as an international standard for
calibrating reference cells used in the characterization
of solar cells and modules [24]. The procedure to
determine the calibration factor and I-V characteristic
under non-STC was shown in detail in Fig. 8. The
simulated spectral result after calibration is shown in
Fig. 9.
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In the Spectral Mismatch Calculator, the authors
increased the scaling factor of the proposed spectrum
until the short-circuit current density (Jsc) of the solar
cell specimen was equal to the Jsc under AM 15 G
spectral at 33.33 mA/cm? In this case, the scaling
factor was equal to 251.16%. Therefore, we can say
that the current calibration factor was equal to 2.512. It
was used for multiplying the measured current of the
PV module under LED 0.38 Sun. The proposed
spectral after calibration is shown in Fig. 9.

In the case of PV voltage, Voc was increased slightly
logarithmically when irradiation value had increased.
From the research of Khan et al. [25], the study
reported between V,c and irradiance, when
experimenting with mono-crystalline solar cells (size 8
cm?), Vo increased by 107.472% when irradiance
increased from 380 W/m? to 1000 W/m?. Therefore, the

authors applied the 1.0747 multiply to the PV voltage
in this study, namely a voltage calibration factor.

The 1-V characteristic tested under the LED 0.38
Sun multiplied the PV current by 2.512, without
multiplying the PV voltage factor by 1.0747.
Therefore, after multiplying by the calibration factor,
the PV characteristic was likely close to testing under
1000 W/m? of the standard test condition [26], as
shown in Fig. 10.

3.5. PV Module Characterizations under LLSS

A prototype of LLSS was applied to test the I-V
characteristic of a 60 W mono-crystalline PV module
under non-STC. The average irradiance on the test area
was 384 W/m? or 0.38 Sun (the spectral match in class
A+), with the PV module connected to the electronics
load. The load was programmed to increase 0.1A per
step at a maximum current of 3.5 A. The temperature of
the PV module was 25 + 3°C. The load current and
voltage of a PV module were recorded by the
measurement system of electronic load and plotted by
the spreadsheet software. The obtained I-V
characteristic curves were applied before and after
calibration as shown in Fig. 10(a) and (b). The red line
in Fig. 10 showed the I-V and P-V characteristics after
multiplication by the calibration factor.
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Fig. 10 (a) The measurements of I-V curve of 60 W PV module
tested on LED solar simulator under 0.38 Sun with and without the
calibration factor and (b) P-V curve of 60 W PV module with and
without the calibration
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From Fig. 10(b), we can read the PV characteristics
such as open-circuit voltage (Voc), short-circuit current
(Isc), maximum power (Pmax), maximum power voltage
(Vpmax), and maximum power current (lpmax) from the
measurements and compare them with those provided
by the manufacturer’s nameplate as in Table 2. The
comparative results found that the trend of voltage and
current characteristic of the PV module under LLSS
(class A+ C A+) after calibration was consistent with
the manufacturer's data. Table 2 indicates that the
measured PV current had extremely small relative
errors from the nameplate current at about 2.44% to
4.81% when estimating with the calibration factor. The
PV voltage after the calibration factor was estimated
with Vo and Vpmax values of 3.21% and 11.01%,
respectively.

Table 2 The I-V characteristic of 60 W mono-crystalline PV
module from measurement with calibration and voltage factors

Photovoltaic Typical Measurement Error
characteristic (nameplate) with calibration  (%0)
Open-circuit voltage 21.32 20.63 321
(Voc)

Short-circuit current  3.72 3.63 2.44
(Isc)

Maximum power 60.00 50.85 15.26
(Pmax )

Maximum power 17.50 15.57 11.01
voltage (Vpmax)

Maximum power 3.43 3.27 481

current (Ipmax)

Here, the error between measuring and typical data
should be caused by poor uniformity. Our LLSS
provided the Sne in class C, resulting in a short-circuit
current lower than the nameplate current at about
2.44%. Increasing nonuniformity may have affected the
decrease in the photo current and short-circuit current
(Isc) of a PV module. Nonuniformity was probably the
most difficult specification to achieve, especially for
large-area solar simulator. If uniformity was increased,
it could decrease solar cell performance testing and
repeatability [2]. According to the study of Herrmann
and Wiesner [27], increasing the nonuniformity of
irradiance mainly affected the short-circuit current and
Fill factor (FF). The Isc was underrated and FF
consequently overrated. The open circuit voltage still
unaffected the non-uniformity. Song et al. [28] reported
the effect of non-uniform irradiance on module
performance and confirmed that the maximum power
and short circuit current of the PV module without a
bypass diode will decrease when the non-uniformity
increases.

The error of Voc was around 3.21% when analyzing
the voltage parameters of the PV module, which was
accepted. However, the Vomax from the measurement
compared to the name plate was 11.01% of error. An
error of Vpmax could occur for the following reasons.

For example, the voltage factor used in this study was
not derived from the PV module used in this study.
Another point was that the efficiency of the PV module
used may differ from the solar cell efficiency used in
the study by Khan et al. [25], even if it was the same
mono crystalline type.

In sum, the calibration factor was comprised of the
current factor and the voltage factor. The current factor
was received from simulation by the Spectral
Mismatch Calculator [19] and the voltage factor was
determined by Khan et al. [25]. The calibration factor
was an alternative way to estimate the I-V
characteristic curve of the PV module under non STC.
The calibration factor from this study was applied for
the I-V characterization of the mono crystalline module
under LED solar simulator at 0.38 Sun. It could not be
used for testing the electrical features of other types of
solar cells, such as a-Si, GIC, and so on.

4. Conclusion

The authors suggested the novel idea to achieve the
LED modular system that could be extended as a large-
scale solar simulator. The 96 cm x 152 c¢cm of LLSS
could be easily assembled using twelve LED modules.
The six spectral of the LED could attain a class A*
spectral match and a class A" instability due to the
efficient cooling system of LED module. The non-
uniformity of irradiance was in class C. The poor non-
uniformity of the solar simulator resulted in a reduction
in the short circuit current of the PV module that tested
under non-STC. The |-V characteristics of the mono
crystalline PV module were tested by the solar
simulator prototype, producing values as close to those
as in the typical data sheet. The I-V characteristics
under non-STC could be estimated by finding out the
calibration factor. However, this novel principle may
apply to PV module testing with solar simulator under
low radiation condition. Similarly, if a PV module is
tested under STC, the LED module must produce light
intensity of 1000 W/m?, which must be redesigned with
the increased power of LED and symmetrical
alignment. This will then increase the power
consumption of the LED module by approximately
three times. This approach, presented by the
researchers, is interesting and practical.

The modular type of LED light sources that the
authors proposed could reduce the complications of the
LLSS prototype, such as the light sources design, the
stack of DC power supplies design, hardware assembly,
thermal management, and control techniques of the
large-scale LED-based solar simulator.

The experimental results were limited to a mono-
crystalline solar cell. Therefore, they do not confirm
that this simple calibration factor technique will work
well for other types of solar panels.

For further research, the LED module should be
developed to meet the class A non-uniformity of solar
simulator prototype according to IEC 60904-9 [1].
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