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Motivation

• Need of PV Prediction for Energy Management:


• Local 


• Sub-minute


• Accurate


• Low-cost

 Sky Image-based  
prediction
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Main Challenges

• Dynamic cloud motion 

• Cloud “transparency” 

• Image saturation
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Solar power & sky image measurement
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Camera comparison (sunny day)
First system 
2016/07/10, 12am

Updated system  
2016/07/30, 11am

Reduced saturation at non-sun pixels



Longest Exposure

Color checker image Calibration Target

Linear Model

yc = Acx+bc
c∈ {r,g,b}

Observed
Inner  bbox: 
Calibrated

Outer bbox: 
Expected

CalibratedInput

Annotation & 
expected output

Calibration results

Color Calibration



Camera model 

Scaramuzza, D. (2008). Omnidirectional 
Vision: from Calibration to Robot Motion 
Estimation

Extracted Corners

Error Extrinsic Parameters
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SKY MODEL



Sky Model
CloudSky + sun



 Robust PCA for movement 
decomposition

Input Foreground (cloud)Background (sun+sky)

CloudSun+ Sky (Turbidity)



Sky model (Preetham model)

fsky θ,γ, t( )= (1+ t1e
t2 /cosθ )(1+ t3e

t4γ + t5 cos2 γ )
θ: zenit angle
γ: angular different with sun
t: turdidity

t1 t2 t3 t4 t5⎡
⎣

⎤
⎦= f (t)

(Needs color corrected image)



SunSky
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Input 
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2016/12/10, 10:30

Sky model 
decomposition



SKY IMAGE PREDICTION



Sky Image Prediction

• From observed sky image sequence

…

Predict  
sky image

t = -10 (past) t = 0 (current) t = 10 (future)



Sky Plane 
Projection & 

cloud 
movement

Cloud movement  
 (linear)
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No sun movement 
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Original video (1280 x 1280) Projected video (2560 x 2560)



Sky Plane Projection

Original video (1280 x 
1280)

Projected video (2560 x 
2560)

Cloud movement is linear



Robust PCA movement decomposition + 
prediction in Sky plane projection (10 sec)

Ground truth Prediction with Sky+Cloud 
decompositionDirectly Predicted

Average error:  , SSIM Average error:  , SSIM 



PV ESTIMATION FROM SKY 
IMAGE



Sky image

Cloudy, 2016/07/12 Sunny,2016/07/10

Sun pixels saturate  
the camera sensor

Mean Image Intensity 
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Mean Image Intensity 
PV



Estimation Approach

• SKY image 

• PV Estimation

PV =α f ( )+ g( )
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Weight of pixel (u,v)

Pixel intensity

Depends on lens 
model (constant in our 
case)

with
But, pixel saturation?

Depends on 
PV cell angle

Color Channel weight

Set of saturated pixels

Unknown saturated values

Linear model

Non-Linear model

Number of saturated values

Weight of saturated values
Unit Sphere  
projection

Camera sensor

PV estimation



PV Estimation results (large data set)

(Model learnt  
using ~70 days)

Mostly cloudy Partly Cloudy

Mostly SunnyPartly Sunny



Summary

• Capturing system:  
– Camera, lens, software, PC 
– Lens model calibration & Color calibration 

• Approach: Sky image prediction + PV Estimation 
– Movement analysis:  

• Interpolation, Sky plane projection, Prediction,  
• Sky / Sun / Cloud decomposition 

– Model based PV estimation  
• Taking into account saturated pixels & lens model


