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• Cent ral Receiver System s 

Presenter
Presentation Notes
This is a typical central receiver system. It consists of an array of heliostats, called the heliostat field. These heliostats redirect and concentrate the direct beam component of solar radiation onto a fixed receiver located on top of a tower.

Since the apparent position of the sun changes constantly relative to a heliostat during the day, the orientation of a heliostat’s mirror surface needs to be controlled continuously such that it accurately redirects the solar radiation onto the receiver. The required aiming accuracy is normally in the order of milliradians, about 1.5 to 2 milliradians. 

A heliostat reflects solar radiation incident from the sun to a fixed central receiver, which is located at the top of a tower. To do this, the normal vector n of the heliostat needs to bisect the angle between the solar vector S (vector between the centre of the heliostat plane and the centre of the sun) and the receiver vector R (vector joining the centre of the heliostat plane with the centre of the receiver aperture). The solar vector is defined by two angles, the solar altitude  𝛼 𝑠  angle, which is the angle between the solar vector and the horizontal, and the solar azimuth angle  𝑎 𝑠 , which is the angle between due South and the line connecting the vertical projection of the sun to the horizontal. Since the position of the sun changes continuously, the tracking problem consists of controlling the heliostat plane such that its normal vector constantly bisects the solar and receiver vectors. 
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- No aim ing feedback during 
operat ion requires drives w it h 
very t ight  t olerances w hich are 
cost ly

- Det erm inist ic and non-
det erm inist ic error sources cause 
drif t  requiring calib rat ion, w hich is 
t im e consum ing

• Open- loop cont rol

Presenter
Presentation Notes
Open-loop methods use astronomical formulae to determine the solar vector and can therefore infer the angles at which a heliostats have to be aligned. It uses no alignment feedback and therefore requires intermittent calibration. The state-of-the art strategy is to point a camera at a Lambertian target mounted below the receiver. A heliostat is commanded to reflect its solar image onto a reference position on the calibration target after which the solar image is captured by the camera. The difference between the centroid of the solar image and the reference position is calculated by the heliostat controller and this information is used to develop the heliostat's specific error correction model which compensates for deterministic errors.
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- Real- t im e alignm ent  feedback 
negat es t he need for expensive drives 
w it h t ight  t olerances

- M ount ing sensors on every heliost at  
can be expensive, esp. for large helio
f ields

- Sensors usually also require regular 
calib rat ion

• Closed- loop (local- feedback)

Presenter
Presentation Notes
In the closed-loop approach using local feedback various types of sensors mounted locally on the heliostat provides alignment-error feedback signals to the heliostat controller. 

These sensors include light sensitive sensors such as photo-diodes, –transistors and resistors, or inclinometer, accelerometer, magnetometer or gyroscope sensors to provide the alignment error feedback information.
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- Real- t im e alignm ent  feedback 
negat es t he need for expensive 
drives w it h t ight  t olerances

- Does not  require sensors on every 
heliost at

- M ult ip le/ All heliost at s can be 
cont rolled  sim ult aneously

• Closed- loop (‘Receiver- feedback’)

Presenter
Presentation Notes
A method which allows
lower precision drives
decreases the components per heliostat 
Multiple or all heliostats to be controlled simultaneously

is desirable and a method that promises to achieve this is to use closed-loop control with receiver feedback. 
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• 1- D (Linear) d if f ract ion grat ing

sin 𝜃𝜃𝑚𝑚 = 𝑚𝑚
𝜆𝜆
𝑑𝑑
− sin𝜃𝜃𝑖𝑖 𝑚𝑚 = 0, ±1, ±2 …

Presenter
Presentation Notes
Theoretically the light will be about the XZ plane. However, when the source of the light is the sun, it will be diffracted by quarter of a degree each side of the plane since the angular diameter of the sun is about half a degree. 

Off-plane diffraction: Conical diffraction

Note: Term for the 0th order = Specular order.
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• Dif f ract ion grat ings

sin 𝜃𝜃𝑚𝑚 = 𝑚𝑚
𝜆𝜆
𝑑𝑑
− sin 𝜃𝜃𝑖𝑖sin 𝜃𝜃𝑚𝑚(𝜆𝜆) = 𝑚𝑚

𝜆𝜆
𝑑𝑑
− sin 𝜃𝜃𝑖𝑖sin 𝜃𝜃𝑚𝑚 = 𝑚𝑚

𝜆𝜆
𝑑𝑑
− sin 𝜃𝜃𝑖𝑖

Presenter
Presentation Notes
Describe exactly what a diffraction grating is

The propagation angle is a function of the wavelength

Constructive interference will occur at discrete angles and these will show up as bright spots

Buble: Uniform thickness but path difference due to it being round
Oil Slick: Non uniform thickness causes path difference

Diffraction and interference are similar phenomena: Interference is the effect of superposition of 2 coherent waves, diffraction is the superposition of many coherent waves. 
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• 1- D (Linear) d if f ract ion grat ing

cos𝜙𝜙𝑖𝑖 (sin𝜃𝜃𝑚𝑚 − sin𝜃𝜃𝑖𝑖) =
𝑚𝑚𝑚𝑚
𝑑𝑑

𝑑𝑑 sin 𝜙𝜙𝑚𝑚 − sin𝜙𝜙𝑖𝑖 = 0

Presenter
Presentation Notes
Theoretically the light will be about the XZ plane. However, when the source of the light is the sun, it will be diffracted by quarter of a degree each side of the plane since the angular diameter of the sun is about half a degree. 

Off-plane diffraction: Conical diffraction

Note: Term for the 0th order = Specular order.
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• Circular d if f ract ion grat ing

sin 𝜃𝜃𝑚𝑚 = sin 𝜃𝜃𝑖𝑖 + 𝑚𝑚 𝜆𝜆
𝑑𝑑

Presenter
Presentation Notes
Have to hold the camera or your eye quite close to the cd to observe the full spectrum as the groove pitch is about 1.6 nm meaning that the longest wavelengths (red) is scattered at about 
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• Overview - Aim : Det erm ine d irect ion of  t he 
spect ral propagat ion order (d irect ion 
of  t he zerot h propagat ion order 
coincides w it h t he ref lect ed beam  
from  heliost at ).

- Cam era senses t he colour of  
d if f ract ed light  f rom  som e 
propagat ion order (1st), infers 
w avelengt h

- The light  d if f ract ed in t he d irect ion 
of  t he cam era has a funct ional 
relat ionship  w it h t he zerot h order.

Presenter
Presentation Notes
The idea behind the method is that the light diffracted from the surface of a DG placed on a heliostats mirror surface is a function of how the heliostat is aimed. Therefore, once the aim if the diffracted light has been determined, then the aim of the DG (and therefore the heliostats mirror surface) can be determined. 

The aim of the method is to determine the direction of the zeroth order or reflected light vector km=0. 

Camera senses the colour of the diffracted light vector km and therefore infers the wavelength of the light. We know the diffracted vector km has a functional relationship to the zeroth order km=0.  Therefore, we can determine the direction of km=0. 

The question is, given the colour of the light sensed by the camera, how do we determine the zeroth order vector. 
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• Determ ining 𝑘𝑘𝑚𝑚=0: 
On e  c a m e ra  vie w p o in t

- 1 Ca m e ra  o b se rve s  d iffra c t e d  lig h t  a n d  o b se rve s  a  
sp e c ific  c o lo u r, in fe rrin g  t h e  w a ve le n g t h

- Sin c e  t h e  c irc u la r d iffra c t io n  g ra t in g  d iffra c t s  lig h t  
in t o  a  c o n e , t h e re  a re  a n  in fin it e  d ire c t io n s  fo r t h e  
ze ro t h o rd e r re fle c t e d  b e a m , b u t  is  c o n s t ra in e d  t o  
lie  o n  a  su rfa c e  o f a  c o n e  w it h  ve rt e x a n g le  2𝜃𝜃 a n d  
w it h  a xis  a lo n g  t h e  c a m e ra - g ra t in g  ve c t o r

- Se t  o f a ll p o s s ib le  in c id e n t  ve c t o rs  is  t h e  re fle c t io n  
(Sn e ll’s  la w ) o f t h e  s e t  o f a ll p o s s ib le  re fle c t io n  
ve c t o rs  a n d  t h e re fo re  a lso  lie s  in  a  c o n e  w it h  a n g le  
ve rt e x 2𝜃𝜃. It s  a xis  is  t h e  re fle c t io n  o f t h e  c a m e ra -
g ra t in g  ve c t o r.
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• Determ ining 𝑘𝑘𝑚𝑚=0: 
Tw o  c a m e ra  vie w p o in t s

Sp e c ia l c a se : In c id e n t  lig h t , g ra t in g  n o rm a l a n d  
c a m e ra s  lie  in  a  p la n e .

- 2 Ca m e ra  e a c h  o b se rve s  d iffra c t e d  lig h t  a n d  e a c h  
o b se rve s  a  sp e c ific  c o lo u r, e a c h  in fe rrin g  t h e  
w a ve le n g t h .

- Fo r e a c h  vie w p o in t , t h e re  a re  a n  in fin it e  n u m b e r o f 
d ire c t io n s  fo r t h e  ze ro t h o rd e r re fle c t e d  b e a m , b u t  
is  c o n s t ra in e d  t o  lie  o n  a  su rfa c e  o f a  c o n e

- Th e  in t e rse c t io n  o f t h e  b a se s  o f t h e  c o n e s  is  t h e  
u n iq u e  so lu t io n  fo r t h e  d ire c t io n  o f t h e  ze ro t h o rd e r
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• Determ ining 𝑘𝑘𝑚𝑚=0: 
Tw o  c a m e ra  vie w p o in t s

Ge n e ra l c a se : In c id e n t  lig h t  lie s  in  a  a n  a rb it ra ry p la n e

- Th e  se t  o f p o ss ib le  re fle c t io n  ve c t o rs  a g a in  lie  a lo n g  
t h e  su rfa c e  o f a  c o n e  fo r e a c h  vie w p o in t , b u t  in  t h is  
c a se  t h e re  a re  t w o  in t e rse c t io n s . 

- Th e re fo re  t h e re  is  n o t  a  u n iq u e  so lu t io n  fo r t h e  
d ire c t io n  o f t h e  ze ro t h o rd e r ve c t o r



19

• Determ ining 𝑘𝑘𝑚𝑚=0: 
Th re e  c a m e ra  vie w p o in t s

Ge n e ra l c a se : In c id e n t  lig h t  lie s  in  a n  a rb it ra ry p la n e

- Ad d in g  a  t h ird  c a m e ra  vie w p o in t  w ill c o n s t ra in  t h e  
d ire c t io n  o f t h e  sp e c t ra l o rd e r t o  a  u n iq u e  so lu t io n  
(d ire c t io n )
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• Determ ine Wavelength observed?

Tracking accuracy
required ~ 2 m rad

Resolve w avelengt h
Observed: 3 nm

Presenter
Presentation Notes
Every wavelength of visible light is perceived as a spectral color. A spectral color is a color that is evoked by a single wavelength of light in the visible spectrum, or by a relatively narrow band of wavelengths, also known as monochromatic light.

RGB Cameras are only able too detect three frequencies (bands?): A low frequency red, a mid frequency green and a high frequency blue. Therefore they are called RGB cameras, and therefore they have very low spectral resolution. 

Transforming from a given spectrum to the RGB Colour space is well defined by the standard CIE 1931 RGB color space and CIE 1931 XYZ color space
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• Determ ine Wavelength observed?

RGB

RGB

𝐴𝐴𝐴𝐴 = 𝑐𝑐

𝐴𝐴 ∈ 𝑅𝑅3×−𝑛𝑛 and 𝑠𝑠 ∈ 𝑅𝑅𝑛𝑛

c o n s t ra in

Presenter
Presentation Notes
Transforming from a given spectrum to the RGB Colour space is well defined by the colour matching functions defined by the CIE 1931 RGB color space and CIE 1931 XYZ color space, or so clled matching functions. 

But we want to go from an RGB value to a spectrum! The main difficulty in converting from RGB to spectra is that for any RGB colour there are an infinite number of spectra combinations that can produce that RGB colour. These spectra are known as metamers of each other. 
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• M anufacture of  Dif f ract ion Grat ings
– Single Point  Diam ond Turning

• Can achieve grat ing resolut ion, but  expensive
– Phot olit hography

• Cheap, but  can’t  achieve grat ing resolut ion
– Holographic

Presenter
Presentation Notes
Read the patent again on possible solutions to diffraction orders that can overlap
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• The m ethod is possib ly a low  cost  solut ion 
for cont rolling heliostat s

• Can cont rol m ult ip le heliostat s 
sim ult aneously 

• Challenges: 
–Resolving a w avelengt h
–M anufact ure of  circular d if f ract ion grat ing?
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