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Abstract As important experimental devices, solar simulators are widely used in the fields of space technology,
aerospace and solar energy industry. During the development of solar simulator, the joining of light emitting diode
(LED) has an important impact on the property enhancement of solar simulator. Firstly, the development
background of solar simulator is briefly introduced, and the advantages and value of light source LED are
expounded. Then, the standards of performance evaluation for solar simulator are enumerated and every standard is
introduced and compared with each other. Structure, control and optical design of representative LED solar
simulator at home and abroad are narrated. Comparisons of spectral matching degree, irradiation inhomogeneity and
irradiation instability are made. Finally, priority research and development tendency of LED solar simulator are
summarized.
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Table 1 Solar simulator standards

Spectral Irradiation  Irradiation
Grade matching  heterogeneity / instability /
degree % %
A 0.75-1.25 <=x2 <=x2
B 0.60-1.40 <=*5 <=5
C 0.40-2.00 <=£10 <=£10

2 1EC bR HLE 1 S A 635 T e i
Table 2 Best spectral matching degree

according to IEC standard

Spectral Total irradiance Best spectral
rage /nm rage /% matching degree /%
400-500 13.9-23.1 18.5
500-600 15.1-25.1 20.1
600-700 13.7-22.9 18.3
700-800 11.1-18.5 14.8
800-900 9.2-15.3 12.2
900-1000 12.1-20.1 16.1

25 b 7 AT R BHASE RS 1 T I0 5 vk AR 2
LLTEC & A6 W05 18 WA, BV o 0 4 B o 2
PRI 5 B A RO FRE JE3X 3 300 2 500 1F DU oK
FE K PHBLPLER 1 MR RE S8 2 . ik DT C B P Jr 4
5 1IEC 60904-9 A,

2009 4F, HA KA T JIS C 8942—2009 Tl hn
TE Z bR E Ry TSP X 52 2 45 K P BE HA, 1t A A
B FH A BRI 01 1 00, JH g D % i R A0 AR Ik 3
JroR AR Gy R 4 s,

F3 o JIS BRMERUAE ) di A OIG DG T
Table 3 Best spectral matching degree

according to JIS standard

Spectral range /nm Total irradiance range /%

400-500 18.4
500-600 19.9
600-700 18.4
700-800 14.9
800-900 12.5
900-1000 15.9

4 JIS BRUERE B K BHAR UL 2% 19 45
Table 4 Grade of solar simulator

according to JIS standard

Spectral Irradiation Irradiation
Grade matching  heterogeneity / instability /
degree % %
MS 0.95-1.05 <=£2 <=l
MA 0.75-1.25 <=x2 <=l
B 0.60-1.40 <3 <=3
C 0.40-2.00 <=£10 <=£10

2015 4F, € ®W & i T ANSI/ASTM E927-10
(2015) Hiy 1 S R 00 3 FH A FASC 400 28 B 1 B 1)
B HEE T 48 HE B 43 A 55 J1S C 8942—2009 HLAE K41
[, KBHBLER gk 5 i,

5  ASTM Frifi HLAE B9 K BRI 28 47 o
Table 5 Solar simulator standards

according to ASTM standard

Spectral Irradiation Irradiation
Grade matching  heterogeneity / instability /
degree % %
A 0.75-1.25 <=£2 <=+2
B 0.60-1.40 <=*5 <=E5
C 0.40-2.00 <=*10 <=*10

T [ 9 GAR T 3 0 A G B L B ik 2
[ BR b 5GTGAR 77 Ml F I K A v 1 il o o 3 K BH A
0 b 1 ok 15, BLAT B9 B Z AR e GB/T 6495.9—
2006 HARERAE 565 9 A« K PHABLHL A5 PR e 225K ) &%

070003-2



ANSHBIZFHRE

MR T IEC 60904-9—2007 #5 7EDY, 4% 5 IEC R, 3R 6 538 7 WA FIRHERMXT L,
F6 A [AD bR T A B DL 8 1 2 2 K 4y

Table 6 Grade classification of solar simulators with different standards
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Spectral matching degree/Irradiation heterogeneity/Irradiation instability
MS A B C
0.75-1.25/<2%/ 0.6-1.4/<5%/ 0.4-2.0/<<10%/
<05% (STD<2% (LTD <<2%(STD<G%(LTD  <10%(STD<<10% (LTD
0.75-1.25/<<2%/ 0.6-1.4/<<3%/ 0.4-2.0/<<10%/

Standard

IEC 60904-9—2007 —

0.95-1.05/<<2%/
JIS C 8942—2009

<1% <1% <3Y% <10%
0.75-1.25/<<2%/ 0.6-1.4/<5%/ 0.4-2.0/<<10%/
ANSI/ASTM E927-10 —
<2% <5%(LTD <10%
0.75-1.25/<<2%/ 0.6-1.4/<5%/ 0.4-2.0/<<10%/
GB/T 6495.9—2006 —
<2% <5% (LTD <10%
Note: STI represents short term instability; LTI represents long term instability.
27 OREIARHETS K BHAL LR 0 685 4 IR EE 43 A
Table 7 Spectral irradiance distribution of solar simulators with different standards
Standard spectral irradiance distribution (AM1.5)
Standard
0.4-0.5 pm 0.5-0.6 um 0.6-0.7 um 0.7-0.8 um 0.8-0.9 um 0.9-1.1 pm
TEC 60904-9—2007 18.5 20.1 18.3 14.8 12.2 16.1
JIS C 8942—2009 18.4 19.9 18.4 14.9 12.5 15.9
ANSI/ASTM E927-10 18.4 19.9 18.4 14.9 12.5 15.9
GB/T 6495.9—2006 18.5 20.1 18.3 14.8 12.2 16.1
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524 % TEC 60904-9—2007 g #E; 25 [H F1 B A
SE AR E7E e A6 1% 5 IR 2 A b5 TEC 60904-
92007 AR IEAATE W/ B 22 5 5 7E K BH A48 88 1 92
S5 L JIS C 8942—2009 bR HEHG N 7 MS £ K 5
BT H BRI T AR E AR A S
A AR o A BT 225

3 EWNAMITFEBLIR
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equipment using LED
for measurements

area of light source
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[ object solar cell ]

part of actuator and
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K1 HAHEE RS — G LED K FHAC LA /Y 454
Fig. 1 Structure of the first LED solar

simulator developed by Japan
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AHFE 15.24 mm, feZ 05 BT AL AT 3K 205 mm X
205 mm, JGUR S5 B AN 84 mm, I G818 i
VR A PR R L O A RN AT DA 4
A LED 19658, e B L 2% 0 BR IR 3 50 B
5%, 2008 A ARt ROl BHEL K244 T MK-3
AL LED K FHBS4L &8 Can i 3 B ) 2l T 2304
ANEEE LED, P 4 A LED 18—, #4576 41,
BAPERE 1 DPO0EK R 473 nm B A LED. 1
AHLDPER R 643 nm L6 LED DL 2 A0
£ 845 nm BYLLAN LED, 2304 /4~ 4% LED (1
FUAT 3K 335 mm X 335mm, 54 IR 21 B R 2%, 48
HEGR O 0.42S, (S, A 1 AN K MW %, S, =
1350 W/m?)H

2 MK-2 B I LED K FHAE L &%
Fig. 2 MK-2 discrete-wavelength LED solar simulator

B 3 MK-3 LED K FHA L %
Fig. 3 MK-3 LED solar simulator

2010 4F , FF 2 BH K 2% Al ¢ 2 e U I 8 S0 00 &
Wi H %5 =48 ProMoSimevo LED Gk #2400 2%, 1
TR FH e b, BERLAS LR R 1 £ 8 LED
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K AR TR . N LED B4 3 21 K BH fil 6 it 3 4 9
FE B [ A 55 mm, 1] DUSR AR JE ik b D86k R RE 22O
R, O FLAT LS X & G5 BE 1Y 21 o7 f4) 6 it 4
ZRFREASH S % WE G RA S, 7T LR
TR AT A B AU R BH Y . L A A n 1A 4

PR (1 3L, 2 248, 3 OB s . 3 8 i)
BAH—NK/ANHK 25 mm X 50 mm JBEH 0.7~
1.0 mm g BE R , 322X K BH RE At i A7 8 i . S48
EERE ROGERARE  SOGE P CE LED FES F1e 20
RUBE S A EARIE T 4 AR TR AT AT B R S, fE
SEBR G A R GEAL T OGRS B SR 5 AL
Fefih . RGAE I 24 A 77 4 B2 00 F 3L YR N7 5 1 24
A B K L 38 i R 14 BB e 2 ok 5
LED B 50 rf 4 B (4 L i . 55 36 00 45 32 8 400 248 19 4
HARRE DL T 0.5 % . LIS DL FE BE L T =10 %, 58
AR ST 0.4 %60,

Pl 4 PR BRI LED A B 0L 28

Fig. 4 LED solar simulator developed by Demark
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Hl L D . M R AMILL5G B A ZE R, X A A
LED (9 1E ) H i AT A0 Ak A 38 B b5 5 3 19 & 06
SR, AN Zad LI AR T K BH AL 1 O i
JERGE M £0.3% . Bl ] A4 RS | R A g
AN T 22 L TR] s SR A E G T
FIZK VA BOIR AR X A BHASE40L25% 1547 3 2h il B s ofi) . A
P25 BRI A AT LSS AML.5G 16
VEHL . 3 B8 8% S0 JL A ] ' 1% 43 A A A 4L, fiff
BRIV EH R 5 AT S B — A o0 KR B Y 4 i
R
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g | | Eiie "R

B 5 (a) Kolberg Z8F % 1) LED A P fE A 10 #% BB AR A 5 (b) 6 A~ s il 208K 3l e g e

Fig. 5 (a) Prototype version of LED solar simulatordeveloped by Kolberg ez al. "™ ; (b) six customized drive circuits

[16]

) La)
\current limiting resistors

150.0 mm

LED
/ |
3.0
< . T mm
turbid glass diffuser
30Einm

=

—

\_Pphoto-diode detector

% 6 Namin 2552 119 LED K FHAR 4 2% 45 #y 1 117

Fig. 6 Structure of LED solar simulator proposed by Namin et al. '™
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Wit B A 4 35 cm X5 em B9 S5 HED I HL 2%
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B 1A A R 1 A A O B R AL A
TSR ERZ G B PCB W8 354 15 W Y %5 IR
fE(RTV) #5575 SR 56 4 4~ PCB 2235 5] 4 A4~ 1.4
SJEMR L. 4B EARCT 7. B K B A
i 4 B PCB 4, Hop & 1 Ser g il 94
KBS 35 AN UK B HL B (P HAR B 12 A4~ LED 3K
SE RS 3 Bl B 11 A L LUEIE LED
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ARG ENHR . RSk . R G0 A 4
A10 cmps BT THNBE . HE S R Gk AT AL, AT
PL3E i A 0~350 mA 22 [H] i B01E R 42 i AN [R] I8 K
LED %% 5/~ LED f & 6 B 8] F1 & 658 . LED
ST 5 03X T T 22 8] A BE B A 10 em, fe
BLLAR A M2 AT B AAA SR,

—H-
I\

B 7 Kurt 585 & 09 oK 3547 1 PUAS B LED K BH RE AR 40 45 0
Fig. 7 Un-enclosed four-module LED solar

simulator developed by Kurt et al. ''*

2015 4F, 3¢ @ Newport 2> @l #ff & Hf T LSH-
7520 A LED K FHAL LS, WK 8 s, 7E 400 ~
1100 nm 78 B N B 19 Fl LED HEAR 28 5% P A
e, K BHA L3 A9 58 956 BE 4 51 mm X 51 mm, 7]
SCEURE IR 0.1 ~1 AN K BHE BenT 8, ik K BH
READL2 A G DU I B 5 RS 5 B R RN B Y
GRS A ebrifE. 5350, AT LLiE & USB I 5
P RS LED W% . 8 B i 6 3 DT e 2 4F D 2
il A8 v Y T TR AE T O

2015 4, Novic kovas &0 52 it 7 3 T/ #U
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B 8 LSH-7520 B LED K PHA I &%
Fig. 8 LSH-7520 LED solar simulator

LED ) AAA 2% K FH B0 &% 9 3t Al 19 A4~
LED {8 A 58 B0 K BHOG 1S (9 I AL . e R 481 LED
BARAE A 7N A B 43 @ ED ) H % Al (MCPCB) |,
BA LED A & 76 “ 8 55 k7 /Y 5 o0, A7 <8 A
LED H.0AHPE 22 mm., &1 LED #2836 75 48 i A
ar b I HLBG 0 — A U R Bl .l ] e AR b
P AR K £ LED . 81 AR FECER | 22 8] 9 #4 8 Th
A~ LED f 9 4h 8RS8 96 mm X 104 mm, 7E
LED iy 3e$HEAi 71, 6 A~ LED &2 8 ik, Kk
EATAT LAAE R 400~500 nm Fl 500~ 600 nm 3 [
B FEESGIR, 54 700 ~800 nm Al 900 ~1100 nm
T AR IR R AR . R, 3 AN m e A 3
AELLAME LED Bt B AE i . b, R e 1 A
{6 LED Sk 52 35008 4% 56 1% B AT, [ ot e 9tk & AE
Lo WS 6 DNFIRH LED A B FEA 3 MNIRLLEA
134 850 nm WYLLA LED(ER G 4544 &% LED HEA5 fn
K9 i) . FE¥ 5 T8, e A 5AH LED $ 8k, 451
ERIE 4 371 () 4 BRUBE T TTIQL564-TP il Mastech HY-
5003 HL R B AL A 2l 37 BK Sl L i AR o . B 2D A
TE6 cm X 6 em X I ATILE] AAA FbrifE ",

blue

450 nm
deep red
660 nm

infrared
3 850 nm

@ cool white

a far red
. 740 nm
@ infrared
. 950 nm

9 Novickovas %M B3 A9 K B U %
Fig. 9 Solar simulator designed by Novickovas et al. ™

[ STRAMA-MPS 2% # #f i 7 4 = 1%
ProMoSimevo LED JGARFEHLER . a0l 10 PR, B
X} 8 inch(1 inch=2.54 cm) YAk Bl #4703, i
FRAEEZMZ (0 LED FEF 2 A5 40045 T 42 A4 55 bk ol
DRRR R 22 6 IR, T 2 Y A 0L 88 1 RO AR
FEMRT 0.5% GG VC R T £10% , f Ay
SR TF 0.4% . 3 8 yESNLF LED K FHAL I &%
(M BEXT LE

% 10 STRAMA-MPS /A & () ProMoSimevo X FHE 48 £+
Fig. 10 ProMoSimevo solar simulator developed

by STRAMA-MPS company

# 8 [EANLF LED K BHA 18125 19 ¥ fig

Table 8 Performance of several kinds of LED solar simulators in abroad

Light source area/ Irradiation intensity/ Research
Institution (country-
Light Irradiation area/ Spectral grade/ content
the first paper
source Irradiation surface Irradiation heterogeneity/ based on
published time)
distance/Cooling method Irradiation instability simulator

Tokyo University of  4-color or 6-color

Solar spectrum simulation,

irradiation uniformity design,

Agriculture and low-power LEDs —/10 ecm X 10 em/—/ 10 Wem ™%/
spectral response test,
Technology (473, 643, 845 nm, Al heat radiation —/3%/— )
I-V characteristic test and
(Japan-2003) white light)
calibration, plant grow light
Spectral/light intensity/
38 cm X 38 cm/
Loughborough 8-color LEDs thermal stability, contrast
; ) 22 em X 22 cm/ 765 Wem ™ ?/ )
University (375-680 nm) + with xenon lamp; I-V
65 cm/Al B/A/A

(Britain-2003) Halogen

characteristic correction;

heat radiation

LED current feedback control
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Institution (country- ]
] Light
the first paper
source
published time)

Light source area/
Irradiation area/
Irradiation surface

distance/Cooling method

Irradiation intensity/
Spectral grade/
Irradiation heterogeneity/

Irradiation instability

Research
content
based on

simulator

3-color LED-
ISFH

flasher-arrays
(Germany-2004)

(470, 700, 940 nm)

8 em X8 cm/
2 cm X2 cm/

— /Al heat radiation

Spectral response; Jsc and

body life of single and
double color light and
comparison with PCID

simulation results

Tokyo University of )
4 kinds of nut

type LED
(470,644,950,570 nm)

Agriculture and
Technology
(Japan-2006)

20.5 em X 20.5 cm/
10 em X 10 cm/
— /Al heat radiation

100 Wem 2/—/5%/—

The SR and I-V
characteristics of
a single crystal Si

solar cell are measured

Tokyo University of
4 kinds of LED
Agriculture and

33.5 cm X 33.5 cm/

Test the parameters of

(473, 643, 10 em X 10 ecm/ 420 Wem *—/—/— monocrystalline
Technology
845, 845 nm) — /Al heat radiation silicon cells
(Japan-2008)
Solarspectrum simulation,
Technical 4.7 em X 1.7 cm/ ) o ) )
18-color irradiation uniformity

University of
high-power LED

(390-940 nm)

Denmark

(Denmark-2009)

5 cmX2.5 cm/
5.5 cm/

Al heat radiation

3000 Wem™* A/
A/A

design, film organic

battery testing,

I-V test self calibration

Myong Ji University

Package 1.5 WX 90
(Korea-2010)

22 ecm X 55 ecm/—/
/Al heat radiation

900 Wem ™ 2/—/—/

LED simulator
heat sink thermal
analysis, filter,

collimation

100 ecm X100 em/

Measurement of
thin-H-J battery I-V

characteristics and

EPFL, IMT
LEDs+ Halogen 85 ecm X85 ¢cm/50 cm/ /B/A/A Wacon test results vs.
(Switzerland-2010)
Al heat radiation Z for different pulse time
under FF and I-V
sampling direction
University of 6-color LED 15 cm X 15 em/ Solar spectroscopy
Illinois (375-680 nm) + 10 ecm X5 em/—/ /—/C/ simulation. irradiance
(America-2011) Halogen Al heat radiation uniformity design
Newport ) ) Solar spectroscopy
19 kinds of LED —/5.1 emX5.1 cm/ 1000 Wem ™%/
Corporation simulation, irradiance
(400-1100 nm) /Al heat radiation A/A/A

(America-2015)

uniformity design

Note: Jsc represents short circuit current density; PCID represents a kind of solar cell simulation software; SR represents

spectral response; FF represents fill factor, and represents the characteristics of the maximum power that a solar cell can

output when it has an optimal load.

3.2 SRTESETR N

UTAESK , [ A AE LED K BB 28 IF 4 75 it
T REDETE. RAE T 2008 E0HH T —
X LED KB & CAn & 11 frs) B REXT AMILS
o v D BH D' SRR B K BH B A 1t /N DGR LR Y

JOeR R AATIA . M Z A ARBER LED #
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BRI PRSI RO G W 6. SRI5H
FHOGTEAE 1 28 48 0 8 J0 1 Ol 3% i 0 o 5 — Ot il L 4l
JEERDETE W& . STt 7 [E A K
AU A (9 T 5 1E A L X i 2 K BH AU & 114 0 1k 81 5
BT PE VAR

&/H\

>

L

B 11 2R BRAR AT 5 ] 1 o B ASE 401 28 25 1)
Fig. 11 Structure of solar simulator

designed by Li Guohua et al . 22!

2008 4F VLR K 2= 5 i fEae R TR A | SR
Hil th T — 5 LED KBHBILES , A0 25 32 20 % Bk
KK 460 nm B9 1% LED H13 K 4> % 750, 850,
940 nmfy 4 F LED &, 1 46 HH = WA S (EH 1%
i 0 AN TR) I8 B 1 i 2 IR, R 0 AR Al A5 D B R
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Fig. 12 Table lamp room structure of solar simulator
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Fig. 13 Structure of integrating sphere solar simulator
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[23]
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Fig. 14 Solar simulator optical system based on LED for measurement of photovoltaic property
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[24]
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Fig. 16 AAA class LED solar simulator?"
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Fig. 15 Structure of full spectrum solar simulator!” ST F LED K BH G REBL 4L 78 i A 57 5 L
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Table 9 Performance comparison of several domestic LED solar simulators

o Irradiation intensity/
Institution or
Type of Irradiation Spectral grade/ Advantage and
company/
light source area Irradiation heterogeneity/ disadvantage
Inventor (time)
Irradiation instability

Jiangnan University,

Suntech Energy LL.750-OSAU/1.850/

Low cost,

light can carry,

Engineering 1.940-05V/White 5 cmX5 cm —/A/B/—
uniformity to be
Company/Gao Liang light LED
improved
(2008)
Complex structure,
i spectral matching,
— /L1 Guohua (2008) — — 1000 Wem %/—/—/A
uniformity to be
improved
North University of 5-color LED Small and
China/Zhou Weihua (530, 647, 750, — —/A/—/— lightweight,
(2009) 810, 1066 nm) low radiation intensity
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Institution or

Irradiation intensity/

Type of Irradiation Spectral grade/ Advantage and
company/ ) . . .
) light source area Irradiation heterogeneity/ disadvantage
Inventor (time) S ..
Irradiation instability
Changchun Institute of
Opticss Fine Mechanics ) Radiation characteristics.,
) ) 53 kinds of —/5.67%/ o
and Physics, Chinese ®60 mm irradiation area,
i LED+ xenon lamp +3%/+3% ] )
Academy of Sciences/ poor uniformity
Liu Hongxing (2012)
Jiangnan University .

Nanjing Puguang New 5-color LED Diameter of High degree of alignment,
Energy Company/ (high color white; 220 mm —/—/3.8%/— uneven irradiation
Sun Jiangang 660,730,850,940 nm) circular area to be improved

(2013)
The circuit is simple
Datong University/ 20 kinds of LED and flexible,
Han Bingchen (2014) (365-960 nm) easy to control,
and less irradiation
) Spectral matching is high,
Gsolar Power Co., L.td./ High power LED o

/1% /—/ the system is in the

Zhao Menggang (2015) (300-1100 nm)

optimization stage

6 kinds of high
power LED
(460,525,625,
730,850,940 nm)

Jiangnan University .

Nanjing Puguang New

160 mm X160 mm

Energy Company/
Zhu Kongshuo (2015)

Irradiation
characteristics
1000 Wem */A/A/A are good, uneven
irradiation

heterogeneity

Hycreat (Beijing) LED
Technology Co.,Ltd. / (365-1070 nm)

100 mm X100 mm

Irradiation intensity
1000 Wem */A/B/A  is high, heterogeneity

is slightly low
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B A B R B R IR AR R LR
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e AR BT A B A0 O U HE A 25 R AL R
58, LAREAIOL 1% 2 T i 22, vy i O 32 A 4 LY

4 4k v
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