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Abstract

The major purpose of this paper is to develop an uncertainty estimate for the calibrationof 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 uncertainty for the instrument calibration
factor. Our results allow one to evaluate the accuracy of a radiometric measurement using thermopile

instrumentation in the light of the application, such as engineering test evaluation or for validation of
theoretical models.

Keywords @ 1% 7]®¥(Calibration Technique), 4% 3 U (Pyranometer), ¥A¥ 22U A} Direct Normal Radiation)

F HAHD QE FAANERY AW
LM 2 & Atk B3 FABE T3 FPser o
£ A% 24279 d FAEA 9%

%
A Al Azt Sty dabz z 0 FACF @ Aejrh 1y i B¢
= H

H

2 RA% 492 By A2 Ao a TVl ZoxwW SAJASTIE A
o AdsEe ve 4yl ez vy Aol Hel AR gAdefd L& A= A
T ool e Qe =Ar)ve @eep  FF BT wWEA 2 dye @A A T
$A, gz Aulo Wk orgA mA
BER S Age gake we Row &AM EA wdH = FHAY
At A7led 9 dAE FHUEHAY A

adong TE ZFHo] a#dEe] Hu el s st 5471719 wAgdudst &
A2 golg: wot Awsin AR R EdTE Fdor FAHUSL

- 6l -



2. 0|28

AxA ALY FAN $4
ol o3 wgslee AU
Ja) 249 AR, = @AW =

T

El 2
ox
-2-‘-'4
n )
ir
).

(direct normal radiation)}
HHUAA O 93] FHH ALE HA
AgdAdrF AEE M2 HIZEE A
A =gt AN FAYTEE 3

A& AbEstedl 2olH, ojde] 7]
2 A AEdA AAHojop stk mA
e 4 wANEE THUHIANAZE
B A YAl (global radiation)® UApe] 7
SAES AASY] 98 €A HE 2%
g AHg3te] AAdYAL (diffuse radiation)
S AT Fo v dEHo2 EFEAY
HAHA O} o3 AG DA FE S dloof T
th ol MRo] AdEFHE FEEAHA I

FA% Re A (Dol o) 2428 5 Aot

e o

ot o

Gb cos©z = 1 / R(Vus-Vs) (1)
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o @92 AHeldd,

AR 0z BEFre AYY Y
zHde] AHY 5L AgdA A (2o

o8] A= =
cos Oz = cos & cos b cosw + sinp sind (2

o714, & 434
= 23.45 sin [360 (284+n/365)]
n: s4kY

b 2R 9%
o @ AN w/hr=15°, AM-, PM+)

o]},

w3 FF7I7Ie HuE % £EEY
AHAIS] nAWELE EELHPAAAE 7]
712 AAstm, o] 71719 Z™Ho| g
AA4A7], & AL We = 3 FREUEY
AAIY] EEE AR Hadte WEoE H|
2 HEF g ZA AHHoZ vuH
25 Foto Ji=AEQ AHA Y #HE
AATE T 5 Aot o o g3 o
AHA Y] WAL BGFYAAIE Y o § wA
A Bt g4 g7 g H Y %S AA 2o
W, % S4Hoz AAAVY 2FE 9
8] d]o) e A (data acqusition system)
g A3t BE71719 A AAVAA £
He A58 d&5FHoz2 FAsq 4Ed

72 71719 Azl A WHEE M2 M@
gFozA EFA7d B AR B2
HASe B2 GeA B,
a7y, o e LERRY ol A
e, WA, 197 B WA
o WE BE Fol FHAAAAS WsE
dzstrlle HEQAFEEl o8 0
the 498 ofdlgel Huau), W

Al R 3
o o Mo JHAZIE FAA 2AHe 7t
seitre AHE AR U

EF7171¢F vl ofg wAgL -4 3
AW vl A JHA Y RHATE
APEstool gt oo Wi #AAL 2
(3)7 #Zrh

Ctest =a+bh Cref (3)
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TZ7)7] 19 Zm EX WA Bz 00210 mV/mW(3), 0.0209 mV.
E27)7] 2hed 3 5 A2 (V/Wm e] e gx98 A9 TUE 98 359 6044
U:}, MViest, MVrery H]E}‘] d 7]71'_}.'%?_‘04 ﬂ AR 4gdM
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(18747)) 7] (12471) W wns | e
A3 8 cos 8 c0s8z) ~ Go
Vo | Vo [Vevi| G | B | p D |TDN g
09:00 | 419’ | 07276 | 7119 | 2251 | 4948 | 5503 | 75 | 2B | 510 | M | 66 +50 10.45
1000 | 31°53 | 0.8491 | 8306 | 2722 | 5584 | 5566 | %0 | %5 | 4 | 68 | 6B +30 999
11:00 | 22°16° | 09254 | 8765 | 2635 | 6130 | 6100 | 07 | 26 | 6u | &» | 7B -31 916
1200 |18 | 09511 | 9543 | 2943 | 6600 | 6419 | 98 | 3B | @™ 760 -35 9.13
1240 | 20° | 09307 | 9934 | 3592 | 6342 | 5803 | 1089 | 3% | &3 | W6 | &7 +19 9.82
1339 | 30° | 08660 | 8980 | 3076 | 5904 [ 5932 | w0 | 32 | 67 | M2 | W2 +10 971
1443 |4 | 07660 | 6998 | 2221 | 4777 | 5417 | TR | @ | w0 | &8 | ea 12 9.73
1534 |50° | 06428 | 5852 | 2435 | 3417 | 4863 | 612 | 2B | B | F> | 56 21 9.23
1623 | 60° | 05000 | 4252 | 1371 | 2881 | 4676 | 45 | 143 | ae | 64 | 5B 451 1042
1713 | 7° | 03420 | 2832 | 1.070 | 1762 | 3855 | 26 | 12 | 181 | 58 | 4% +82 11.30
E 5 EZEJ|7iele| uimyo| 28 ZHO ol
2 XA (B) % 4 2 A (A/B)
A7 £2717 (A)
g A TR F a A 2AHF
09:10 940 mV BH1mWem ) | 800mV (B3BmWemS | BOmV (@667 mWem ) 1035 1.000
09:20 9.25 ( 85.25) 79 ( 8264) 79 ( 8589) 1.032 0996
09:30 959 ( 83.39) 81 ( 8473) 81 ( 87.76) 1.043 1007
09:40 993 ( 9152) 84 ( 878D 84 ( 9101 1042 1.006
09:50 10.06 ( 92.76) 86 ( 89.96) 86 ( 9317) 1.031 0995
10:00 1115 (102.76) 96 (100.42) 96 (104.10) 1023 0.998
10:10 1222 (11263) 105 (109.83) 105 (113.76) 1025 0.990
10:20 1200 (11060) 102 (106,69 102 (11051) 1037 1.001
10:30 1181 (108.85) 101 (105.65) 101 (109.43) 1.030 0.9%
10:40 1152 (106.18) 958 (10251) 9.8 (106.18) 1.036 1.000
10:50 1170 (107.83) 99 (103.56) 99 (107.26) 1.041 1.005
11:00 1167 (10756) 9.9 (10356) 99 (107.26) 1.039 1003
1110 1166 (107.47) 99 (10356) 99 (107.26) 1.038 1002
1120 1167 (107.56) 99 (10356) 99 (107.26) 1.039 1.003
1130 1167 (107.56) 99 (10356) 99 (107.26) 1.039 1.003
1140 1179 (108.66) 100 (104.60) 100 (108.34) 1039 1003
1150 11.93 (109.95) 101 (105.65) 101 (109.43) 1.041 1006
12:00 1168 (107.65) 98 (10251) 9.8 (106.18) 1.050 1014
1210 1157 (106.64) 98 (10251 9.8 (106.18) 1.040 1004
12:20 1166 (107.47) 99 (103.56) 99 (107.26) 1.038 1002
1230 12.14 (11189) 103 (107.7) 103 (111.59) 1.039 1003
12:40 1183 (109.03) 101 (105.65) 101 (109.43) 1.032 0996
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wgd dAA (B)

1A e 2 (A/B)

=R A7 E#7]7] (A)
A A 2 HF A A 24 F

12:50 11.85 (109.22) 10.1 (105.65) 10.1 (109.43) 1.034 0.998
13:00 11.91 (109.77) 10.1 (105.65) 10.1 (109.43) 1039 1.003
13:10 11.89 (10959) 10.1 (105.65) 10.1 (109.43) 1.037 1.001
13:20 11.83 (109.03) 10.0 (104.60) 10.0 (109.43) 1.042 1.006
13:30 11.79 (108.66) 10.1 (105.65) 10.1 (109.43) 1028 0993
13:40 1192 (109.86) 10.2 (106.69) 10.2 {110.51) 1.030 0,994
13:50 10.83 ( 99.82) 9.3 ( 97.28) 9.3 (100.76) 1026 0991
14:00 10.87 (100.18) 9.3 ( 97.28) 9.3 (100.76} 1.030 0.994
14:10 10.90 (100.46) 93 ( 97.28) 9.3 (100.76) 1.033 0.997
14:20 10.92 (100.65) 9.3 ( 97.28) 9.3 (100.76) 1.035 0.999
14:30 1094 (100.83) 93 ( 97.28) 9.3 (10076} 1036 1.001
14:40 10.92 (100.65) 9.3 ( 97.28) 9.3 (100.76) 1.035 0.999
14:50 10.90 (100.46) 33 ( 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 0.99
15:10 1081 ( 99.63) 9.2 ( 96.23) 9.2 ( 99.67) 1035 1.000
15:20 10.77 ( 99.26) 9.2 ( 96.23) 9.2 ( 99.67) 1.031 0,99
15:30 10.30 ( 94.93) 8.8 ( 92.05) 8.8 ( 9534) 1.031 0.99%
15:40 10.21 ( 94.10) 8.7 ( 91.00) 87 ( 94.26) 1.034 0.998
15150 10.18 ( 93.82) 8.6 ( 89.96) 86 ( 93.17) 1.043 1.007
16:00 10.16 ( 9364) 86 ( 89.96) 86 ( 93.17) 1.041 1.005
16:10 10.13 ( 93.36) 86 ( 83.96) 86 ( 93.17) 1.038 1.002
16:20 10.12 ( 9327) 86 ( 89.96) 86 ( 9317 1.037 1.001
16:30 10.08 ( 92.90) 86 ( 89.96) 86 ( 93.17) 1.033 0997
16:40 10.04 ( 92.53) 86 ( 89.96) 86 ( 93.17) 1029 0993
16:50 10.08 ( 92.90) 8.6 ( 89.96) 86 ( 93.17) 1.033 0.997
17:00 1011 ( 93.18) 86 ( 89.96) 86 ( 93.17) 1.036 1.000
o 1103 mV (10166 mWem ™) | 938 mV (@B12mWem®) | 938 mV (10163 mWem %) 1.000 1.000
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