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Abstract

The major purpose of this paper is to develop an uncertainty estimate for the calibration of
thermopile instruments used to measure solar radiation parameters. We briefly describe the solar
radiation parameters most often measured, instrumentation, reference standards, and calibration
techniques. The bulk of the paper describes elemental sources of error and their magnitude. We
then apply a standard error analysis methodology to combine these elemental error estimates into a
statement of total uncertanty for the instrument calibration factor. Our results allow one to
evaluate the accuracy of a radiomefric measurement using thermopile instrumentation in the light
of the application, such as engineering test evaluation or for validation of theoretical models.
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0, : AAZHzenith angle)
Vis + THHUIAANA S8 AYAE
8 74%HmV)
Vs ¢ THULAHAIE A 3
¥ AN SHHMHmV)
oln, WAASF RE V/Wm’e Tz gtk
E3F WAL 0,2 ASALRY ?ﬁ—‘dﬂ HE} &
AU dA9 TF ARl 2 ()9 ofsff At
=3 & Sl

cosO, = cosd - cosp - cosw + sinp-sing (2)

A7, & ¢ dAHH
= 2345 sin [360 (284 + n/365)]
n: 4k
¢« SHAYY 9=
0 A o/hr=15", AM -, PM +)
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difference)¥8%t olujzl AJZF-3-(time reponse),
H| & (non-linearity), 2] Wizt A4 A
o WE ZE(sensitivity) Tof FHAAALA L]
IS dSar)de HYPARE Y 93 W
AN B ARe offgo] HulEu Wi
A2 JHe] HAAVIE Sl WAl Fhsdithe
e 7 ok

q77)719F vlale] ot WAL 4 A
(regression method)® Bld|H(ratio method)d
oA H744719) wHATE JkEsldof gt o]
o tigh IANL 4 3)3 £

s

Cest = a2+ b Cres (3)

Rtest = C IMVtest / < MVryef (Rref )

cusH AN oo
}‘]'EE]}:' E_ZOA E. qi= ;5:_1_%,
= 71E71E e

Riesi, Reet © MZE0] =% dAA7] A&
A} 2277 1Y Ak
ER(V/Wm %)

€ MViest, €MVt - HITAIF 717H5<1
B9} FE77N0 29 A
ALY Ha 284 mV)

o714, o] 714 AFYKIER)S ARE 3
Ceest, Cret © HZHAIY BEZI71N 242 EfAdA 95 FEHEAAMY 7131
SAE AUARFY Z28AMmV) WS A A HolM AW F VA W
a, b HIEAEZE Bt Al AW & AT BE717194¢] vl
FEZ717190M d&Aoz 2y Ho] °&%MMH1L4§@~$¥ﬂHE%ﬂE
A Hl= OH-uw} AHF
4y = 0.0210 mV/mW(AH), 0.0209 mV/mW(ZH)
T AUy E ZXEEHconstantan) ol TE1E Y3 500 60HF dFPXA
AT s Specular Chemglaze 7302
7+ F 3] Ago] GGt Aoz 717 FUFH
dAd A 3416 Q
Ad sE Ag 155.1
=3 3y A3 154.3 Q
S1E| X R A A8 0.066 &
T A WH 3
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")
7} = 0.1085 mV/mW-cm ™
EHdd 3 H F2EHconstantan) Holl TE]E UT =5 6044 fFAEA
THEEA Person S4 #steg A7
7 B3 g Agto] dA3 AXog 77 FAdFy
ddd A I 300.0 &
A S|E] 8} 150.8 &
o 3F A3 151.0 &
A Wz
TR W A 0.48%6 cnr’

(Pseudo-Precision)

Table 3. =OHX7|=dTd YArt SHUEFOAM 2EEQ THHUAAL| 4

H|= of iz g|Al PSP
7+ = ek 900 X 10° V/Wm *
4 9 4éd £ 650 Q
.

A . 1cm“9] 98 (Person &4 338 #g))

LT g +1% (W7)e% -20 ~ +40°C)

T A = +05% (0 ~ 2800 W/m )

i 5 Al ZH 1 2

4 5 A4 =1%(3747 0"~ 70C), +3 %42 70"~ 80T)

79 5 A kS Wz ke

1A A E A A 20¢’s

2l A F 1 cal/em “min (W7)Q%E +25C)
FAPIA U= CAVITYE At JdgapAel ZAYEYANA L9290 AU GAA
FERDGAE BEP2 48] dAsg 0@ e 47 E 1, 29 B 39 2
oh w4 9F BEIG g Ao Ak w3, BFIARAET £E7)719 mage)
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Table 4. Ef2FRAARRICHHO| 28t HZE7(|7(|=be] H|WEE HO[E

09:00 143719 | 0.7276 | 7119 | 2251 | 4948 | 5503 | 745 | 235 | 510 | 7701 651 +50) 10.45
10:00 131°53" | 0.8491 | 8306 | 2722 | 5584 | 5566 | 89 | 285 | B84 | 683 | 633 +30 9.99
11:00 1227167 | 09254 | 8760 | 2635 | 6130 | 6,109 | 917 | 276 | 641 | 692 | 723 -31 9.16
12:00 |18 095111 9543 | 2943 | 6600 | 6419 | 998 | 308 | 690 | T2 | 760 -3 9.13
12:40 | 20° 09397 | 9934 | 3592 | 6.342 | 5803 | 1039 | 376 | 663 | 706 | 687 +19 9.82
13:39 | 307 080600 | 8980 | 3.076 | B9 | 5932 | 939 | 322 | 617 | 712 | 02 +10 971
14:43 | 40° 0.7660 | 6998 | 2221 | 4777 | 5417 | 732 | 232 | 500 | 603 | 64l +12 9.73
15:34 {50 06428 | 582 | 2435 | 3417 | 483 | 612 | 255 | 357 | 205 | Ofo -21 9.23
16:23 | 60 05000 | 4252 | 1371 | 2881 | 4676 | 445 | 143 | 302 | 604 | 953 +51 10.42
1713 70 03420 | 2832 | 1070 | 1762 | 385 | 296 | 112 | 184 | 5% | 46 +382 11.30
11.0
1| Cuu = 0.05077 +0.84641 C |
10.5 - .
i o
10.0 - /‘f
E 9.5- s
£ -
£ 9.0- d
£ ] y/
w
§ 8.5_- // (-{
E 80- -
754
7.0 — T T T T 1 T T T T T Flg I,
9.0 9.5 100 105 110 115 120 125 - 130 ZZF7|7|21e| "|nHof| <fst
Reference Instrument (mV) : TEZx7|7|2 m|AXT| £ AL0]9|
| AbhEtA|
S A7te) AR HESAA g 23S o % 5 ANsgler wdde 1Y 13 2
ST AESAA0) dg 24z M T4 Y 20 ANST ol AFE agUE 9
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Table 5. EZFE7(7|2te| vl o|sF FHOH|0O|H
09:10 9.40mV(86.64mWem %) 800mV(83 P ) 800mV(86 67chm 1.035 1.000 |
09:20 9.25 ( 85.25) 79 ( 82.64) 79 ( 85.80) 1.032 0.996
09:30 959 ( 8339) 81 ( 84.73) 1 ( 87.76) 1.043 1.007
09:40 993 ( 9152) 84 ( 81.87) 4 ( 91.01) 1.042 1.006
09:50 10.06 ( 92.76) 86 ( 89.96) 6 ( 93.17) 1.031 0.995
10:00 11.15 (102.76) 96 (100.42) 6 (104.10) 1.023 0.998
10:10 12.22 (112.63) 105 (109.83) 105 (113.76) 1.0% 0.990
10:20 12.00 (110.60) 10.2 (106.69) 10.2 (11051) 1.037 1.001 |
10:30 11.81 (103.85) 10.1 (105.65) 101 (109.43) 1.030 0.995
10:40 1152 (106.18) 98 (10251) 8 (106.18) 1.036 1.000
1050 1170 (107.83) 9 (103.56) 9 (107.26) 1.041 1.005
11:00 11.67 (107.56) 99 (103.56) 9 (107.26) 1.039 1.003
11:10 11.66 (107.47) 99 (103.56) 99 (107.26) 1.038 1.002
11:20 1167 (10756) 99 (103.56) 99 (107.26) 1.039 1.003
11:30 1167 (10756) 9 (103.56) 9.9 (107.26) 1.039 1.003
11:40 11.79 (10866) 100 (104.60) 10.0 (108.34) 1.039 1.003
11:50 11.93 (109.95) 10.1 (105.65) 10,1 (109.43) 1.041 1.005
12:00 11.68 (107.65) 9.8 (102.51) 98 (106.18) 1.050 1014
12:10 1157 (106.64) 98 (102.51) 8 (106.18) 1.040 1.004
12:20 1166 (107.47) 99 (103.56) 9 (107.26) 1033 1.002 |
12:30 12.14 (111.89) 103 (107.74) 103 (111.59) 1.039 1.003
12:40 11.83 (100.03) 101 (105.65) 10,1 (109.43) 1.032 0.99
12:50 11.85 (109.22) 101 (105.65) 101 (109.43) 1.034 0.998
13:00 11.91 (109.77) 10.1 (105.65) 10.1 (109.43) 1.039 1.003
1310 11.89 (10959) 10.1 (1065.65) 101 (10943) 1.037 1.001
13:20 11.83 (109.03) 10.0 (104.60) 100 (10943) 1.042 1.006
13:30 11.79 (10866) 10.1 (105.65) 10.1 (109.43) 1.028 0.993
13:40 11.92 (100.86) 102 (106.69) 102 (11051) 1.030 0.994
13:50 1083 ( 9.82) 9.3 ( 97.28) 9.3 (100.76) 1.0%6 0.991
14:00 1087 (100.18) 3 ( 97.28) 9.3 (100.76) 1.030 0.9
14:10 1090 (100.46) 3 ( 97.28) 9.3 (100.76) 1.033 0.997
14:20 1092 (100.65) 93 ( 97.28) 9.3 (100.76) 1.0%5 0.999
14:30 1094 (100.83) 9.3 ( 97.28) 9.3 (100.76) 1.0%6 1.001
14:40 1092 (10065) 93 ( 97.28) 9.3 (100.76) 1.03%5 0.999
14:50 10.90 (100.46) 9.3 ( 97.28) 9.3 (100.76) 1.033 0.997
15:00 10.89 (100.37) 9.3 ( 97.28) 9.3 (100.76) 1.032 0.996
15:10 1081 ( 99.63) 9.2 ( 9%6.23) 92 ( 9967 1.0% 1.000
15:20 10.77 ( 99.26) 9.2 ( 96.23) 92 ( 99.67) 1.031 0.996
15:30 10.30 ( 94.93) 88 ( 92.05) 8 ( 95.34) 1.031 0.99
15:40 1021 ( 94.10) 87 ( 91.00) 7 ( 94.26) 1.034 0.993
15:50 10.18 ( 93.82) 86 ( 89.96) 86 ( 93.17) 1.043 1.007
16:00 10.16 ( 9364) 6 ( 89.96) 6 ( 93.17) 1.041 1.005
16:10 1013 ( 93.36) 6 ( 89.96) 86 ( 93.17) 1.033 1.002
16:20 1012 ( 93.27) 8.6 (89,9 6 ( 93.17) 1.037 1.001
16:30 1008 ( 92.90) 86 ( 89.96) 8, _( 93.17) 1.033 0.997
16:40 1004 ( 9253) 6 ( 89.96) 6 ( 93.17) 1.029 0.993
16:50 10.08 ( 92.90) 86 ( 89.96) 86 ( 9317 1.033 0.997
17:00 1011 ( 93.18) 86 ( 89.96) 86 ( 93.17) 1.036 1.000
B 11.03mV0L66mWem ™) | 9.38mV(9R12mWem S | 9.38mV(101.63mWem ) 1.000 1.000
AEEAA 956X 10° V/Wm * 9.23%10° V/Wm”
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