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               K
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 K 

0.5 0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85

0.95 0.1864 0.2002 0.1380 0.1508 0.1718 0.2060 0.1605 0.1482 0.1505

0.85 0.1431 0.2303 0.3477 0.2664 0.2139 0.1520 0.1151 0.1358 0.1529

0.75 0.2213 0.2995 0.3687 0.2684 0.201 0.1870 0.1842 0.1566 0.1700

0.65 0.2818 0.3423 0.3851 0.2843 0.2713 0.1597 0.2088 0.1273 0.1834

0.55 0.3784 0.4751 0.6079 0.2892 0.2816 0.2465 0.207 0.2477 0.2396

0.45 0.4132 0.4479 0.4208 0.2337 0.2822 0.2916 0.2583 0.2457 0.2315

0.35 0.4055 0.3979 0.3478 0.2749 0.3162 0.3006 0.2871 0.2491 0.2510

0.25 0.3834 0.3614 0.3249 0.3019 0.3289 0.3417 0.3153 0.3071 0.2971

0.15 0.3624 0.3414 0.3214 0.3179 0.3339 0.3388 0.336 0.3243 0.3061

 2.3    Brunger (1987) 1a
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t

K

0.5 0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85

0.95 0.1979 0.1772 0.093 0.5472 0.0566 -0.029 0.0755 0.1579 0.1649

0.85 0.142 0.0346 -0.215 -0.159 0.307 0.1497 0.1805 0.2404 0.1719

0.75 0.0064 -0.129 -0.292 -0.161 -0.127 -0.063 0.0253 0.3003 0.1034

0.65 -0.097 -0.200 -0.272 -0.164 -0.183 -0.171 -0.052 -0.050 -0.093

0.55 -0.219 -0.342 -0.483 -0.195 -0.194 -0.124 -0.092 -0.071 -0.136

0.45 -0.268 -0.317 -0.292 -0.101 -0.184 -0.206 -0.165 -0.139 -0.202

0.35 -0.269 -0.270 -0.222 -0.152 -0.203 -0.217 -0.218 -0.222 -0.090

0.25 -0.253 -0.238 -0.207 -0.191 -0.230 -0.257 -0.233 -0.257 -0.312

0.15 -0.239 -0.225 -0.212 -0.218 -0.244 -0.258 -0.26 -0.300 -0.453
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K

0.5 0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85

0.95 0.000 0.000 0.289 0.665 0.873 2.951 2.589 2.314 2.096

0.85 2.636 2.651 5.317 1.775 1.609 1.831 2.228 2.035 1.878

0.75 2.637 2.638 2.626 4.522 1.409 1.281 1.308 1.848 1.717

0.65 3.027 3.417 4.196 5.296 2.822 1.296 1.322 1.596 1.589

0.55 5.137 7.247 11.07 2.134 3.860 2.916 1.109 1.583 1.581

0.45 7.239 9.341 11.43 11.79 6.030 2.732 1.952 1.512 1.580

0.35 8.510 9.781 10.22 9.007 6.222 4.544 2.646 1.599 0.973

0.25 8.866 9.222 8.664 7.107 5.207 4.191 3.886 2.312 1.359

0.15 8.560 8.255 7.287 5.910 4.713 4.129 4.248 1.915 1.612

 2.5    Brunger (1987) 3a

                Kt

K

0.5 0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85

0.95 1.000 1.000 0.9667 1.675 2.41 3.722 3.938 6.6941 7.864

0.85 5.525 3.648 4.421 2.859 3.726 4.612 4.155 9.449 9.034

0.75 4.385 3.245 2.841 4.084 2.245 2.593 3.112 14.74 8.618

0.65 4.318 4.252 5.259 4.367 3.486 1.918 2.836 2.099 2.492

0.55 4.369 4.420 4.588 3.726 3.744 4.076 2.558 3.450 2.886

0.45 4.534 4.699 4.978 5.369 4.524 3.762 3.376 2.964 2.322

0.35 4.768 5.002 5.306 5.633 5.897 4.266 3.594 2.640 2.677

0.25 4.969 5.171 5.339 5.372 5.112 4.326 4.392 3.518 2.397

0.15 5.076 5.183 5.195 5.051 4.730 4.349 4.372 3.268 2.319
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 Harrison (1992) 

 (weighting factor) 

CO LCCLL )1(      (2.17) 

C  =

OL =

  [kCd/m
2
]

 [kCd/m
2
]CL =

   

)41.2exp(45.1sin27.021.04.0 ZsLO       (2.18)  

      (2.19) 
)]cos/67.0exp(1[)]sin/42.0exp(1[

]coscos28.4)1.11exp(14728.1[ 2

Zs

ZsLC

        =   [ ]

Zs     =  [ ]

     =

 [ ]

  Matsuura  Itawa (1990) 

 (linear combination) 

 CIE  diffuse 

illuminance  global illuminance (Kd)
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OCIEOiCIEiCCIEC LaLaLaL     (2.20) 

  =   [kCd/m
2
]   L

CCIEL  =  

 CIE  [kCd/m
2
]

iCIEL  =  

 CIE  [kCd/ m
2
]

OCIEL  =  

 CIE  [kCd/ m
2
]

           =OiC aaa ,,  Kd

-  Kd  0.3 

Ca  =  1      (2.21) 

 =      (2.22) ia Oa

-  Kd  0.3  Kd  0.65 

  =  1 - ( Kd-0.3)/0.35     (2.23) Ca

   =  1 -       (2.24) ia Ca

  =  0     (2.25) Oa

-  Kd  0.65 

Ca   = 0      (2.26) 

   =  1 - ( Kd-0.65)/0.35  (2.27) ia

  =  1-      (2.28) Oa ia
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Perraudeau (1988) 

 3 

)()()( ZshgfIL dh     (2.29) 

            (2.30) 
2

111 cos)3exp()( fedf

                                (2.31) 
6.0

22 )(sin)( edg

        ZsfZsedZsh sincos)( 333                   (2.32) 

   =  diffuse illuminance (lux) dhI

     =   [ ]

Zs    =  [ ]

     =

 [ ]

3322111 ,,,,,, ededfed

 discrete function   Np  2.7 

3f

       Np  =  (1-Kd)/(1-K0)     (2.33) 

 Kd = diffuse fraction 

K0 = diffuse fraction 

 2.6  Perraudeau (1988) 

Np
1d 1e 1f 2d 2e 3d 3e 3f

0.00-0.05 32.33 13.16 3.24 1.18 0.23 0.76 0.13 0.20

0.05-0.20 17.82 23.99 13.35 1.70 0.89 0.45 0.10 0.59

0.20-0.70 14.41 69.70 10.18 2.03 1.31 0.83 -0.29 0.38

0.70-0.90 13.05 124.96 7.49 2.21 1.54 0.83 -0.28 0.42

0.90-1.00 12.89 243.28 3.26 2.25 1.59 1.04 -0.41 0.20
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Perez  (1990)  Matsuura  Itawa (1990) 

CIE  sky brightness index ( )  sky clearness 

index(  )

OCIEOiCIEiCTCIECTCCIEC LbLbLbLbL       (2.34) 

  =   [kCd/m
2
]L

 =  CCIEL  CIE

 [kCd/m
2
]

CTCIEL =  CIE

 [kCd/m
2
]

iCIEL  =   CIE

 [kCd/ m
2
]

OCIEL  =   CIE

 [kCd/ m
2
]

OiCTC bbbb ,,,   =

 - 1.4

})4.0/)1(6.0/)15.0(,1min{,0max(Cb   (2.35) 

iO bb 1        (2.36) 

0CTC bb        (2.37) 

 -   1.4 3.0

6.1/)4.1(CTb       (2.38) 

      CTi bb 1        (2.39) 

     0OC bb        (2.40) 
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 - 3.0

]3/)3(,1min[Cb      (2.41) 

               CCT bb 1        (2.42) 

     0Oi bb        (2.43) 

      (2.44) ]041.11/[]04.1/)[( 33 ZsZsIII dhbndh

          (2.45) )/( ondh IIm

   =  sky brightness index 

    =  sky clearness index 

 [W/m
2
] =   diffuse illuminance dhI

bnI  =  [W/m
2
]

onI  =  [W/m
2
]

m    =   air mass 

Zs   =  [ ]

 Perez  (1993) 

 Kittler (1987)  sky clearness index  sky brightness index 

)](cos)exp(1[)]exp(1[

)](cos)exp(1[)]cos/exp(1[
2

2

ZsedZscba

edcba

L

L

Z

(2.46)

    =  [kCd/m
2
]L

ZL   =  [kCd/m
2
]

    =   [ ]

Zs    =  [ ]

    =

 [ ]
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dcba ,,, e  sky brightness index ( )  sky 

clearness index ( )

])()([)()( 4321 ZsaaZsaaa     (2.47) 

])()([)()( 4321 ZsbbZsbbb     (2.48) 

421 ]))(exp[( 3 cZsccc
c

      (2.49) 

4321 )](exp[ ddZsddd      (2.50) 

])()([)()( 4321 ZseeZseee     (2.51) 

   2.7 – 2.9 4321 ,...,,, eaaa

 2.7     Perez 

(1993)

3214321 ,,,,,, bbbaaaa 4b

 sky clearness 
1a 2a 3a 4a 1b 2b 3b 4b

1.000 – 1.065 1.352 -0.257 -0.269 -1.436 -0.767 0.0007 1.2734 -0.123

1.065 – 1.230 -1.221 -0.773 1.414 1.101 -0.205 0.036 -3.912 0.915

1.230 – 1.500 -1.100 -0.251 0.895 0.015 0.278 -0.181 -4.500 1.176

1.500 – 1.950 -0.548 -0.665 -0.267 0.711 0.723 -0.621 -0.681 2.629

1.950 – 2.800 -0.600 -0.356 -2.500 2.325 0.293 0.0496 -5.681 1.841

2.800 – 4.500 -1.015 -0.367 1.007 1.405 0.287 -0.532 -3.850 3.375

4.500 – 6.200 -1.000 0.021 0.502 -0.511 -0.300 0.192 0.702 -1.631

          6.200     --- -1.050 0.0289 0.426 0.359 -0.325 0.115 0.778 0.0025
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 2.8    Perez 3214321 ,,,,,, dddcccc 4d

                      (1993) 

 sky clearness 
1c 2c 3c 4c 1d 2d 3d 4d

1.000 – 1.065 2.800 0.600 1.237 1.000 1.873 0.629 0.973 0.280

1.065 – 1.230 6.975 0.177 6.447 -0.123 -1.579 -0.508 -1.781 0.1080

1.230 – 1.500 6.975 0.177 6.447 -0.123 -1.579 -0.508 -1.781 0.108

1.500 – 1.950 24.72 -13.08 -37.70 34.84 -5.000 1.521 3.922 -2.620

1.950 – 2.800 21.000 -4.765 -21.59 7.249 -3.500 -0.155 1.406 0.398

2.800 – 4.500 14.000 -0.999 -7.140 7.546 -3.400 -0.107 -1.075 1.570

4.500 – 6.200 19.000 -5.000 1.243 -1.909 -4.000 0.025 0.384 0.265

          6.200     --- 31.06 -14.50 -46.11 55.37 -7.231 0.405 13.35 0.623

 2.9      Perez  (1993) 321 ,, eee 4e

 sky clearness 
1e 2e 3e 4e

1.000 – 1.065 0.035 -0.124 -0.571 0.993

1.065 – 1.230 0.262 0.067 -0.219 -0.428

1.230 – 1.500 -0.015 0.159 0.419 -0.556

1.500 – 1.950 0.465 -0.329 -0.087 -0.032

1.950 – 2.800 0.003 0.076 -0.065 -0.129

2.800 – 4.500 -0.067 0.401 0.301 -0.484

4.500 – 6.200 1.046 -0.378 -2.451 1.465

          6.200     --- 1.500 -0.642 1.856 0.563
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 Darula  Kittler (2002) 

 CIE 

 gradation function 

 indicatrice function 

)0(

)(

)(

)( Z

Zsf

f

L

L

Z

     (2.52) 

     (2.53) ))cos(/exp(1)( ZbaZ

ba exp1)0(       (2.54) 

  (2.55) 
2cos))2/exp()(exp(1)( eddcf

                 (2.56) ZseddZscZsf 2cos))2/exp()(exp(1)(

  (2.57)
1)cossinsincoscos(cos AzZZsZZs

SAz        (2.58) 

    =  [kCd/m
2
]L

ZL   =  [kCd/m
2
]

Z   =  [ ]

Zs  =  [ ]

    =  [ ]

S   =  [ ]

 Darula  Kittler   

 15  2.10 

edcba ,,,,
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 2.10  Darula  Kittler (2002)edcba ,,,,

a b c d e

1 4.0 -0.7 0.0 -1.0 0.0 CIE Standard Overcast Sky, Steep luminance 

gradation towards zenith, azimuthal uniformity 

2 4.0 -0.7 2.0 -1.5 0.15 Overcast, with steep luminance gradation and 

slight brightening towards the Sun 

3 1.1 0.8 0.0 -1.0 0.0 Overcast, moderately graded with azimuthal 

uniformily

4 1.1 -0.8 2.0 -1.5 0.15 Overcast, moderately graded and slight 

brightening towards the Sun 

5 0.0 -1.0 0.0 -1.0 0.0 Sky of uniform luminance 

6 0.0 -1.0 2.0 -1.5 0.15 Partly cloudy sky, no gradation towards 

zenith, slight brightening towards the Sun 

7 0.0 -1.0 5.0 -2.5 0.3 Partly cloudy sky, no gradation towards 

zenith, brighter circumsolar region 

8 0.0 -1.0 10 -3.0 0.45 Partly cloudy sky, no gradation towards 

zenith, distinct solar corona 

9 -1.0 -0.55 2.0 -1.5 0.15 Partly cloudy sky, with the obscured sun 

10 -1.0 -0.55 5.0 -2.5 0.3 Partly cloudy, with brighter circumsolar region 

11 -1.0 -0.55 10 -3.0 0.45 White-blue sky with distinct solar corona 

12 -1.0 -0.32 10 -3.0 0.45 CIE Standard Clear Sky, 

Low luminance turbidity 

13 -1.0 -0.32 16 -3.0 0.3 CIE Standard Clear Sky, 

Polluted atmosphere 

14 -1.0 -0.15 16 -3.0 0.3 Cloudless turbid sky with broad solar corona 

15 -1.0 -0.15 24 -2.8 0.15 White-blue turbid sky with broad solar corona 
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 8  (Fontoynont et al., 1998) 

 sky scanner 

 Heliosat (Cano et al., 1986)  input data 

  Perez et al. (1990)  

Janjai et al. (2008) 

(root mean square difference, (RMSD)  0.133) 

2.5.2  (Artificial Neural Networks)

 (artificial neural networks)  ANN  ANN 
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 (solar radiation)  (Daylight) 

Al-Alawi  Al-Hinai  (1998) 

(global radiation)  (climatological variables) 

 93 % 

. . 2008  Bosch 

 (daily solar irradiation) 

 12 

 11 

 RMSD  6 % 

Lam  (2008)  (daily 

global radiation)  (sunshine duration)  40 

 2008  Pattanasethanon 

 (illuminance)  (irradiance) 

( . )

 (empirical model) 

 novel sinusoidal 

Kazanasmaz  (2009) 

 98 % 
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 3 

 (sky luminance) 

3.1

 (sky 

luminance)  

 sky luminance  sky scanner 

(13.82 N, 100.04 E)  (7.20 N, 100.60 E)

 sky scanner  EKO  MS-301LR (  3.1) 

 sky scanner  EKO  MS-321LR (  3.2) 

 3.1  sky scanner 
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 3.2  sky scanner 

 sky scanner  (sensor) 

(tracker)  (azimuth) 

 (altitude)  145  3.3 

 11 

3.4

 3.3  145  sky scanner  sky luminance 
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 3.4  sky scanner 

 sky scanner  145 

 4 

 30 

 3.1

 3.1  kCd/m
2

 sky scanner

1 . . 09  (kCd/m
2
)

Time 1 2 3 4 5 6 … 145 

6:00:04 -0.02 -0.01 -0.01 -0.01 -0.02 0.00 … 0.00 

6:30:04 -0.01 0.01 0.00 0.00 0.00 0.00 … -0.02 

7:00:04 0.24 0.30 0.30 0.33 0.33 0.40 … 0.45 

7:30:04 0.93 0.95 0.96 1.00 1.08 1.14 … 1.38 

8:00:04 2.00 1.99 2.06 1.61 1.34 1.40 … 2.02 

8:30:04 2.62 2.15 1.80 1.74 1.89 2.16 … 3.91 

9:00:04 5.99 4.79 3.75 3.26 3.17 3.23 … 4.83 

9:30:04 8.78 6.74 5.35 4.71 4.41 4.27 … 6.85 

10:00:04 10.98 9.38 7.67 6.33 5.45 4.93 … 10.13 
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10:30:04 9.81 8.24 7.23 6.34 5.60 4.98 … 5.33 

11:00:04 8.99 8.31 7.56 6.72 5.79 5.09 … 2.16 

11:30:04 11.49 10.51 9.18 8.11 6.83 5.77 … 2.84 

12:00:04 13.98 13.25 11.39 9.80 8.51 7.25 … 3.20 

12:30:04 11.12 12.14 11.95 10.82 9.29 7.86 … 7.05 

13:00:04 10.56 10.90 10.55 10.20 9.37 8.55 … 10.20 

13:30:04 8.39 9.89 8.05 9.43 9.96 8.82 … 12.66 

14:00:04 9.79 10.80 10.62 8.25 8.36 8.19 … 7.15 

14:30:04 9.39 11.94 13.77 17.02 16.78 15.34 … 2.72 

15:00:04 6.46 8.12 10.23 13.00 15.99 15.83 … 2.40 

15:30:04 2.81 3.40 3.54 3.32 4.68 5.22 … 7.21 

16:00:04 1.43 1.43 1.36 1.43 1.68 1.63 … 6.39 

16:30:04 1.24 1.34 1.32 1.31 1.38 1.55 … 2.27 

17:00:04 0.83 0.87 0.92 1.06 1.25 1.91 … 1.75 

17:30:04 0.42 0.50 0.51 0.59 0.86 2.26 … 0.50 

18:00:04 0.02 0.07 0.07 0.11 0.08 0.11 … 0.01 

 8:30 .  16:30 .  2007

 2009  2008  2008  

 (sky view)  Prede  PSV-100 

 (  3.5)  (  3.6) 

 sky luminance 
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 3.5  sky view 

 3.6  sky view 
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3.2

 (sky view) 

 8:30 .  16:30 .  2007

 2009  7  8 

1.  (clear sky)  1 

 8  3.7 

   

(a) (b)

 3.7

    (a)   sky view 

    (b)   contour  sky luminance 
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2.  (partly cloudy) 

1 - 7  8  3.8 

          (a)              (b) 

 3.8

    (a)   sky view 

    (b)   contour  sky luminance 

 sky 

luminance  5 

CIE  partly cloudy  3.2 

 3.2  CIE  partly cloudy (CIE 6 – CIE 10) 

CIE

6

7  (circumsolar region) 

8  solar corona 

9

10  (circumsolar region) 
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3.  (overcast sky) 

 8  3.9 

   

          (a)              (b) 

 3.9

    (a)   sky view 

    (b)   contour  sky luminance 

 1  sky scanner 

 8:30 .  16:30 .  2008  2008 

 sky luminance  7 

 7 
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3.3

 (relative sky luminance) 

 CIE (  3.1) 

 (zenith luminance)  relative sky luminance  3 

 (Zs)  (Z) 

( )  3.10 

          Relative sky luminance 
)0(

)(

)(

)( Z

Zsf

f

L

L

Z

   (3.1) 

))cos(/exp(1)( ZbaZ       (3.2) 

               ba exp1)0(        (3.3) 

              
2cos))2/exp()(exp(1)( eddcf    (3.4) 

ZseddZscZsf 2cos))2/exp()(exp(1)(    (3.5) 

 3.10  (P) 

 Zs   Z 

s

P
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 CIE  (analytical  model) 

 15 

 1  (  2.10) 

 3.2 – 3.5  3.1 

 relative sky luminance  Zs Z  Zs Z  

 3.3.1  

 (multi-layer perceptron) 

 (backpropagation algorithm) 

 3  (Zs) 

 (Z)  ( )

relative sky luminance  relative 

sky luminance  3.11

 3.11  relative sky luminance 
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 (hidden layer)  1 

 1 

3.3.2  (training pairs)  (testing data) 

 2007 – 2008 

 2009  2008 

 (Zs)  (Z) 

( )  relative sky luminance 

excel

 7 

 3.3.3  

 7 

 (5 )

 7 

 (backpropagation algorithm) 

1)  (training pairs) 

2)

3)  delta rule (Basheer, 2000) 

       (error) 

4)

 2-4  error 
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 7 

 7 

 CIE  relative sky luminance 

Zs Z 

3.4

 2009  2008 

 CIE 

 root mean square difference 

(RMSD)  mean bias difference (MBD)  3.6  3.7 

N

i

i

N

i

ii

O
N

OS
N

RMSD

1

1

1

1

 100%   (3.6) 

N

i

i

N

i

ii

O
N

OS
N

MBD

1

1

1

100%    (3.7) 

iS

iO

         N

 relative sky luminance 
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 -  

 clear 

 CIE 13  CIE 13 

 CIE 11  CIE 12 

 partly cloudy  CIE 7 CIE 8  CIE 10  overcast  CIE 4 

 3.12 – 3.28   root mean square difference (RMSD)  mean 

bias difference (MBD)  ANN 

 3.3 

  3.3   root mean square difference (RMSD)  mean bias difference (MBD) 

 ANN 

RMSD (%) MBD (%) RMSD (%) MBD (%) 

ANN CIE ANN CIE ANN CIE ANN CIE 

1. Clear ( )

    CIE 13 

2. Partly cloudy 

    CIE 7 

    CIE 8 

    CIE 10 

3. Overcast 

    CIE 4 

31.0

41.9

46.3

41.2

17.4

37.9

39.7

49.8

47.9

34.0

3.3

-4.3

-12.4

2.5

1.7

-7.2

-5.2

-12.3

-0.3

-5.3

47.7

36.3

42.2

35.9

17.1

56.4

29.5

40.2

46.7

39.6

-1.3

4.2

-7.1

6.6

6.7

-9.2

1.7

-6.8

2.6

0.7
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 A1

Step

1 6 30 Cells 12

2 18 30 Cells 12

3 30 24 Cells 15

4 42 24 Cells 15

5 54 18 Cells 20

6 66 12 Cells 30

7 78 6 Cells 60

8 90 1 Cells -

 sky scanner  145 

 4 

 sky scanner 

 A3 

 1



106

L

 A3  luminance (L)  sky scanner

          (Z = zenith angle) 



107

   

   20  .6 . . .  71120 

   

. . 2545  6 

. . 2549 

. . 2550 


	Title_page
	Abstract
	Content
	Chapter1
	Chapter2
	Chapter3
	Chapter4
	Bibliography
	Appendix



