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Abstract  Given the environmental influence, poor repeatability, and low efficiency of the outdoor calibration of the
rotating pyroelectric sunshine duration recorder (RPSDR), an indoor calibration method using RPSDR with a
system of the bi-xenon lamp source integrating sphere was proposed. According to the composition, structure, and

measurement principle of the RPSDR, a calibration system based on the bi-xenon lamp source integrating sphere
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with the xenon lamp solar simulator outputting direct radiation and the dome xenon lamps simulating diffuse
radiation was designed by technologies such as solar simulation and environmental simulation with the integrating
sphere. The structural parameters of the integrating sphere were putforward, and the irradiance distribution and
spectral correction of the xenon lamp source were analyzed. A comprehensive RPSDR calibration method for indoor
sunshine threshold calibration and outdoor sunshine duration verification was established. According to the tests,
the irradiance uniformity on the effective irradiation surface of the calibration system was 2.5% with the center point
and 1.6% without the center point. On the effective irradiation surface, the irradiance stability per hour at the
threshold point was 0. 68%, and the light source matched with the AMI. 5 class A solar spectral energy
distribution. Experiments of indoor threshold calibration and outdoor sunshine duration comparison were carried out
on an RPSDR. The results show that the relative error of sunshine duration measured with the RPSDR after
calibration is less than 1% and the absolute error is no more than 0. 26 h compared with the reference values

measured with the pyrheliometer, which meet the requirements of the meteorological industry for sunshine duration

observation.
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Table 1 Solar spectral energy distribution data of uncorrected xenon lamp and AM1. 5 of class A

Ratio of spectral irradiance to

) ) ) Ratio of energy between uncorrected
global irradiance in 400-1100 nm /%

Wave band /nm

xenon lamp and AM1. 5

Uncorrected xenon lamp AML1. 5
400-500 17. 1996 18.5 0. 9297
500-600 13. 5835 20. 1 0. 6758
600-700 10. 9131 18.3 0. 5963
700-800 10. 3651 14. 8 0. 7003
800—-900 13. 5626 12. 2 1. 1117
900-1100 34. 3761 16. 1 2.1352
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Table 2 Energy distributions of corrected xenon lamp spectrum and AMI. 5 class A solar spectrum

Ratio of spectral irradiance to

Energy ratio of

Matching
Wave band /nm global irradiance in 400-1100 nm corrected xenon B
Corrected xenon lamp AML. 5 lamp to AML1. 5 condition
400-500 19. 72 18.5 1. 066 Yes
500—-600 18. 69 20.1 0. 930 Yes
600—700 17. 89 18. 3 0.978 Yes
700-800 16. 31 14. 8 1. 102 Yes
800—900 12. 37 12.2 1.014 Yes
900—-1100 15. 02 16. 1 0.933 Yes
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UEIR 25 & P RPSDR % #fE 7 k. B 26 B A%
RPSDR # THHER G it 4T H IR EBEALHE, 585 K
KeifEfG i) RPSDR 238 8 % A1 6 f H 5 B %R

ST BRI BOR A HexH I, D6 TE A vE R 4
AR

N BERAEREH H A EKO A7) MS-90 %!
RPSDR 1E M brifE s, Hgm 5 S18089. 10, [H{E Ny
121.5 W e m *, iz HBIFEEZ AL R K
T 5 hnE B4R B R A = AT B BB X
R, HH R H AR 2Z7E 5% AN, iTE S
HhrEf . gk B G [E 7= RPSDR. 45 K
SDR202001, ASHESZERANE 9 Fis K brifE RPSDR
LRI SEIRAUBR H BB R R LT B
b FTFE R PEASEL A8 A — 255 TIURKT . P& B BRIA
Ji » B AR E RPSDR SRAE B #4858, (7] o 38 23 K
R R BB HEL 25 a1 45 E RPSDR i th (9 L
FERRET S HRITE (12045) W o m % LAIN . B4 b o 4
£F 5 min J5, R 10 ZUAR#E RPSDR % H 19 H 424
SHENE AR B, $cs WL 3% 35 SR 5 FT IR RO BR
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Pr M AniE RPSDR, 4t L9 RPSDR , 2 i th 44
5 min J&7 R4 10 U8 RPSDR i ) 1) B2 48 5
(EXESE G

A 3 T L A v B (R A AS B (L ) -S4 (E 43 )
Jy121.8 Wem 2 F1130.1 W+ m 2, A RPSDR
FBEEIE(E R —8. 3 W o m 2, FEE RTRK ML,
MeHfES RPSDR 1Y H R 9 (A hm 1 B 1B F- 4 0 223
0.3 W o m *, B 1 13 {8 A5 #E O 25 bR RS o 0 1Y
0.3 Wem * FFEHN0.2Wem X P PN R
RS LR E .

e
-

B9 R HE S5
Fig. 9 Threshold calibrating test
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Table 3 Comparison of mean deviation and standard deviation of calibrated threshold and

standard threshold before and after calibration Wem
Before calibration After calibration
Serial number Standard Uncalibrated o Standard Calibrated o
threshold threshold Deviation threshold threshold Deviation

1 121. 8 129.9 8.1 121. 3 121.6 0.3

2 121.6 130. 3 8.7 121.1 121. 7 0.6

3 122.1 130. 3 8.2 121. 1 121. 6 0.5

4 121.9 130. 3 8.4 121. 3 121.9 0.6

) 121.4 130. 5 9.1 120. 9 121.4 0.5

6 121.5 130. 1 8.6 121. 3 121. 3 0.0

7 121.7 130. 5 8.8 121. 6 121.5 —0.1

8 121.7 129. 6 7.9 121.4 121.5 0.1

9 121.9 130.0 8.1 121.4 121. 8 0.4

10 122.0 129.9 7.9 121. 2 121. 4 0.2
Mean 121. 8 130. 1 8.3 121. 3 121.6 0.3
Standard error 0.2 0.3 0.4 0.2 0.2 0.3

SR BRECEL 25 50 T BIE AR HEA R T
AN A SRS R 25 Z5 0 B R o EL A A iR 2
AN BUERE BB L SRS, BILRE S0 SR
K25 TF R BB A HE B AR R E 1 RPSDR 42 2% 51 %
HMF-5 L [ 7EEAMF- & L dehrifE RPSDR, LAJF
JRE [R5 B AH He . 03K i 18] 2k 2020 4 6 H
1315 H il ] K 28 15 5 B SR B 2 4, Horp
2020 4 6 J 13 HBY RS I, 14 H g, 15
HANZZz., REEMBE N 10 s, s RPSDR H %
%, BE U fE RPSDR i ) B 422 40 BRBEAE (120 =
5) W/m” N [EZD BB B e JEAT HeT, s n 4 4
iR, TEHRREAEE T, HBBIE N 120 W/m”
A ) B TR AR AR A 5 R AN HHR R E 9
I TR A A L R R A, B B i i, sk
4 Fi7s 2020 4F 6 H 13 H H Y& BAY 4 A0 2
BIE A0 14 H B BB 3 A Sl 1 2 9918 4%

F, HIEEHBENAL 4 A 8008 6 2 BIE &R 2 2K
SEMTN L BEE = IR br il RPSDR RE 98 fifi Pl
TN 30 0 A2 (R A% R ) B IR L P2 R T
ISR B S K. R 4 R
2020 4F 6 H 15 H i 2 B{E & EdE R 5 4. B
BXUA B H B0 B 8] Bl AL 5 9 O 0 1G 2k 3000 A5 3
AR B R R E a0 2020 426 H 13 HEYR
SORBAFE NG T DL H B A EHE T (A%
s & RPSDR HY B {E °F- ¥ 152 22 i [ ol 9. 3~
10. 3 W/m® , FHAL T3 PN RS o ) 1% (39 {1 °F 10 22
8.3 Wem WAk, MWL BT Fr i B {5 A
PR BE T bR R 22 . R 4 R BOR, it
P v (L A o 25 30 J2 A A 50 1) s o 22 5 &6 40
T2V B 455 SR A L 3 N A o K — N 1 g, i B = 4
MEWERT s K25 FUT 5 S5 M DA e — o A 80 1 454 it
B ME DL SR R B
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A4 BH X EAE

Table 4 Test data of threshold comparison Wem?
) Threshold measured by Threshold measured by o
Time Deviation
standard RPSDR uncalibrated RPSDR
2020-06-13T19:25:20 124. 3 135.7 11. 4
2020-06-13T19:25:30 122.1 131. 1 9.0
2020-06-13T19:25:40 119. 7 129. 6 9.9
2020-06-13T19:25:50 115. 2 123. 4 8.2
Mean 120. 3 129. 2 9.6
Standard error 4.4 6.5 1.6
] Threshold measured by Threshold measured by o
Time Deviation
standard RPSDR uncalibrated RPSDR
2020-06-14T06:13:10 116. 4 126. 3 9.9
2020-06-14T06:13:20 119. 6 130. 4 10. 8
2020-06-14T06:13:30 123.9 134. 1 10. 2
Mean 120. 0 130. 3 10. 3
Standard error 4.4 4.6 0.5
] Threshold measured by Threshold measured by o
Time Deviation
standard RPSDR uncalibrated RPSDR
2020-06-14T19:26:30 124. 8 134. 3 9.5
2020-06-14T19:26:30 123.0 132.9 9.9
2020-06-14T19:26:30 121. 8 130.5 8.7
2020-06-14T19:26:30 118. 4 127. 6 9.2
Mean 122.0 131. 3 9.3
Standard error 3.1 3.3 0.6
] Threshold measured by Threshold measured by o
Time Deviation
standard RPSDR uncalibrated RPSDR
2020-06-15T11:05:50 123.5 134.1 10. 6
2020-06-15T11:06:00 124. 9 135. 8 10.9
2020-06-15T11:06:10 120. 7 129.9 9.2
2020-06-15T11:06:20 119.0 127. 3 8.3
2020-06-15T11:06:30 116. 3 125.4 9.1
Mean 120. 9 130. 5 9.6
Standard error 3.7 4.5 1.1

k2 A R E SR A 18 TE B X B AL
RPSDR #A T IE , SR J5 FIl A HE S 1) RPSDR 545
HE B RS FIT R A Rt B TR, A
BRI A SHP1 BURU+ B B fm g 6 Hodw 5
170006, 1% H iR R C L ER LI 2K
W PERERTEE . FE IR ] S 2020 45 7 H 22—
25 H, i 22 HFn 25 HMZ A KRA,23 HFI 24 H
R R I B an & 5 TR . & B HE IS
RPSDR 1 K H B %55 bR o B A9 AH X iR 22 78
1% AN, 1E 2020 4E 7 A 22 HFI 25 HIWZ = KK

ZAT S BA H BRI £ /)N 30 RPSDR W & 19 H
HE B BSORH 55 T 1 42 S 2R £ 7 ST A
SFIRIE A 4. 7% 6. 894 o {H S HEXT R () 46 %o 152
250919 0. 26 h 10, 19 h i B G400 H R
BH B EIRZE N 1 h 8+ 10% UK i
TR, A A 23 H BRASBOIIEAE 10 h AN
B, a0 BT O 0 A % 2 S HE R A e R R iR 22N
+1 h, 248 H 2369 B B0 A K T 10 h
I S RSORS00 S 28 2 75 v A 1) i R AR VR R 25 U
+10% X WA .

5 H B EOEE Xt

Table 5 Comparison of test data of sunshine duration

b Sunshine duration measured by Sunshine duration Absolute Relative

e standard pyrheliometer /h measured by RPSDR /h error /h error /%
2020-07-22 5. 50 5.76 0. 26 4.7
2020-07-23 11. 50 11. 61 0.11 1.0
2020-07-24 9. 04 9.08 0. 04 0.4
2020-07-25 2.79 2.98 0.19 6.8
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ZEAME RPSDR AGHE % . 384 XA v 2R e 0470
R 15 B HE ZR G0 10 A 50 TR PN e R 3 ST P AE
D SRR 2. 5%, A D SRR
1. 6. %% , A5 255 R TR DA /N 10 50 {1 o 0 R R
0. 68% AT HCIRAE 40 /i 5 AML. 5 A 20K FH
i BE 43 A A DT BC L 136 2 7 2 N X% RPSDR
Jre H R () (E A o k ER A, EE— &
RPSDR #1772 P4 B A% 1 52 50, A% Al 5 B AR
RPSDR 19 H 18 B {6 5 45 #E B A 19 7 27w 25 1
8.3 Wem /NN 0.3 W e m 2, B i A iS5 Y
RPSDR & T2 4b. 3T K UEJ5 ) RPSDR 545 #E B
PEARST R VEAT 4 d B9 H BRI B L XS0 u . 45 R W
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B TS B AR IR ZEE 1N N FEZ = R
SR T R4 xR 2 R 0. 26 h, Xl 2 LA T
NI RER RN iU R N 2 L - =R 1
RPSDR HYIl AL, DAk HAE 2 = KA T
IR ZE KR

5 X X W
[1] WMO. Guide to meteorological instruments and
methods of observation [ R]. Geneva: World

Meteorological Organization, 2018: 299-301.

[2] Chong W, Li W H, Zhang J, et al. Modeling and
validation analysis of Sigmoid function for solar
radiation diffuse fraction [J]. Acta Optica Sinica,
2020, 40(19): 1901001.

SHh, B oo, aRfE, & K BH RO RS 4 8
Sigmoid BRECHER S UL (] 6224k, 2020,
40(19): 1901001.

(3] LiWH, He XL, YuH]J, etal. Development of
full-automatic solar tracker and its applications []J].
Optics and Precision Engineering, 2008, 16 (12):

2544-2550.

ASCHE, BB, THE, 5. 2 A SRR &

SFRIANRL ()], Jess ¥ % T/, 2008, 16 (12):

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

0112004-10

423 5 119/2022 5 1 B/RFER
2544-2550.
Zhao S J, Liu X C, Gao T C, et al. Analysis of key
technologies of sunshine detector based on direct
radiation measurement in operational application[]J].
Journal of Atmospheric and Environmental Optics,
2011, 6(6): 457-462.
BHEZE, XIPE)I, RO, AF. B EH BRI
F5 N G AR 2 Hr [J]. RS B2 4,
2011, 6(6): 457-462.
Li W H, Chong W, Ding L. Test and analysis on
performance comparison of photoelectric automatic
sunshine duration recorder[J]. Journal of Electronic
Measurement and Instrumentation, 2015, 29 (6):
928-933.
Bocse, 246, T Ot H 3 H BRI Ee LE xR
Bl il S AR, 2015, 29(6):
928-933.
China
meteorological observation specification[ R]. Beijing:
China Meteorological Press, 2003.
HESGR. HIEEMHE M] . dEat: [
JiAt, 2003.
Méllenkamp ],

Recalibration  of

Meteorological ~ Administration.  Surface

Beikircher T,
SPN1

pyrheliometer and its relevance for the evaluation of

Héberle A.
pyranometers — against
concentrating solar process heat plants [J]. Solar
Energy, 2020, 197: 344-358.

Xu Q Y, Zheng X B, Zhang W, et al. Advanced
calibration method for sun radiometers [J]. Acta
Optica Sinica, 2010, 30(5): 1337-1342.

Wk, /AN, sk, 4. RBHRS TS E br 7
HAFFELT]. a4, 2010, 30(5): 1337-1342.
Zhai W C, LiJ J, Zheng X B, et al. Research on
method of calibrating sun channels of sun radiometers
[J]. Acta Optica Sinica, 2012, 32(4): 0412004.
BSCGH, A7, /N, S R BRI E S
SLHESER TR [T ek, 2012, 32(4):
0412004.

JiaR D, XiaZ W, Wang Y P, et al. Absolute solar
spectral irradiance measurement and its calibration
L] ]. Chinese
Luminescence, 2017, 38(8): 1097-1101.

PimAk, HAM, EEM, 5. RFHOGTE 56 B4 Xt
M R HE AR S EA [T, AEsA i, 2017, 38(8):
1097-1101.

KimBY, Lee KT, Zo 1S, etal. Calibration of the

pyranometer sensitivity using the integrating sphere

monochromator Journal  of

[J]. Asia-Pacific Journal of Atmospheric Sciences,
2018, 54(4): 639-648.
Liu H X, Sun J X, Liu Z X, et al. Design of

integrating sphere solar spectrum simulator based on



[13]

[14]

[15]

[16]

[17]

[18]

ARIL L
xenon lamp and LEDs [J]. Optics and Precision
Engineering, 2012, 20(7): 1447-1454.

XUPERSE, PNGAR, XU, 55, (U Rk O A AR
JCIR R BROR BEOGIEAEAUER [T . b2 K% T,
2012, 20(7): 1447-1454.

Yang . H, Yan D Y, Shi R L.

integrating sphere solar simulating source [ ]J].

Research of

Spacecraft Environment Engineering, 2005, 22(2):
116-119.

pte, EikiE, SR . FUEROK PR BRI
B (0], ALK BSFFEE TR, 2005, 22(2): 116-119.
Yang J J, Zhang G Y, Sun G F, et al. Research on
the calibration system and calibration method of
photoelectric sunshine duration recorder[]J]. Chinese
Journal of Scientific Instrument, 2017, 38 (11):
2805-2812.

WRA, KEE, ek, 55 Obh X H I ER &R
GEERME T S L] AU AR M, 2017, 38
(11): 2805-2812.

lkeda H, Aoshima T, Miyake Y. Development of a
new sunshine-duration meter [ ]J].
Meteorological Society of Japan, 1986, 64(6): 987-
993.

Liu S. Study on key technique of collimation solar

Journal of the

simulator with high-precision [ D]. Changchun:
Changchun University of Science and Technology,
2014: 23-27.

XA ek B T xR PHAE DL 28 T FE OGS R 5
[D]. K& KEMT KRS, 2014: 23-27.

Meng HF, Xu G N, Zhang ] C, et al. Comparison
of photoelectric performance measurements for
GalnP/InGaAs/Ge triple-junction space solar cells
based on solar simulator and high altitude natural
sunlight[J]. Acta Optica Sinica, 2021, 41 (3):
0312004.

IR, RET, KRR, & RBRIDLS S
SRS T i IR =45 e £ B A B i itk s rl A e
XL, JEsR, 2021, 41(3): 0312004.
General Administration of Quality Supervision,
Inspection and Quarantine of the People’s Republic of
China,
People’s

Administration of the
Standard

Standardization

Republic of China. National

[19]

[20]

[21]

[22]

0112004-11

E 2% F1H/2022 F1 B/RFER
(Recommended) of the People’s Republic of China:
meteorological solar simulator. GB/T 33707—2017
[S]. Beijing: Standards Press of China, 2017.

v N RN ] [ 5K o W B A 00 A 9 e Ry, TP
ESAREAE B2 5t 2. A A R L [ 41 1
FhrfE: TR KBS GB/T 33707—2017[S].
Jemt: b EpRE AR, 2017.

Li Q, Wang C, Zha ], et al. Spectral characteristic of
short-arc xenon lamp and application in solar
simulators[J]. Spectroscopy and Spectral Analysis,
2012, 32(6): 1447-1450.

ZEfE, Tk, &R, & NGOG R R K
FHALELES o (1] . DGk 2= 5061% 400, 2012, 32
(6): 1447-1450.

The
Photovoltaic devices-part 9:
IEC 60904-9-2020 [S].
Geneva: IEC Central Office, 2020.

General

International  Electrotechnical Commission.
classification of solar

simulator characteristics:

Administration of Quality Supervision,
Inspection and Quarantine of the People’s Republic
of China,
People’s

Standardization Administration of the
Republic of China. Standard
(Recommended) of the People’s Republic of China:

National

photovoltaic  devices-part  9:  solar  simulator
performance requirements. GB/T 6495.9—2006[S].
Beijing: Standards Press of China, 2007.

rhAe RN [ ] 58 0T e R S e R, TR E
EZEE I Z 5 2. e N RILHE
FARUE : JGIRZFAE 55 9 T K BB 25 Pk ik 2ok
GB/T 6495.9—2006 [S]. bt B bz ofis th piat:,
2007.
General Administration of Quality Supervision,
Inspection and Quarantine of the People’s Republic of
China. Metrological Specifications Standard of the
People’s Republic of China: calibration specification
for solar simulators JJF 1615—2017 [S]. Beijing:
China Quality and Standards Publishing and Media
Co., Lud., 2017.

] G o B 6 A 22 S SRy . O RS L e A T AL Y
JIF 1615—2017[S]. dbst: i 5 b ol H A% Bk
AMRAT, 2017.



