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Abstract

The VISprofile is an innovative instrument for \fgig the shape-accuracy of parabolic-trough facets
Simplicity and low-cost are two strengths of thevriestrument, being composed by only three comptnen
of which the linear guide rail is the most expessiVISprofile allows measuring not only the partial
derivativesdz/ox anddz/dy, but also the profilez(coordinate) of the facet surface; therefore, défifdly from
the concurrent instruments, VISprofile can be ocatiegd asprofilometer. Moreover, VISprofile exhibits
superior accuracy: about 20ad and 50um for derivatives (arctangent) arzddeviation (from the ideal
shape), respectively. The proposed instrument itatda for the industrial quality-control, the tbta
measurement time (data processing included) bdingtal min/m, with a sampling-density of 1 point/ém
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1. Introduction

The effectiveness of solar concentrators strongdgedds on the shape accuracy of the reflectivelpane
(facets) that compose it. ENEA developed a higltipien optical profilometer (OP) [1] for in-labooaty
characterization, which was intensely used durirggR&D of reflective parabolic-trough panels of st
Italian producers.

The instrument allows to measure the panel suifaterms of itsx,y,z coordinates together with the partial
derivatives,dz/0x and 0z/dy, with high accuracy: 2Qum and 15urad for z deviation and derivatives,
respectively. Then, by means of ray tracing, a nrema figures (the most representative being therdept
factor) are evaluated. Although OP has some siityilavith V-SHOT [2], OP differs from it in several
important respects; the most noticeable is the-piadeessing method which allows to measure not trdy
partial derivatives, but also tlheoordinate.

Unfortunately OP is not suitable for the industqaiality control because of the quite long meagutime
(about 1h/m). For that purpose, actually the most reliablehmégue is the Fringe Reflection Technique
(FRT) [3]; but this technique, like V-SHOT, allowus measure only the partial derivatives'ox anddz/dy
(with 1 mrad accuracy, that is worst than OP),rmttthez coordinate. Even if concentration-effectiveness is
dominated by derivative-deviations (i.e. the difiece from that of the ideal shape), theeviation
knowledge is generally more useful for the manuwfiany-process optimization.

Recently we developed a completely new technigie:\tisual Inspection Method (VIM) [4]. Based on
VIM, now two innovative VIS (Visual Inspection Sgsh) instruments are commercialized by MARPOSS
[5] under ENEA license:

 VISfield [6], for in field measuring: i) intercedactor of a whole module (usually, 12 m long), ii)
optimizing facet-orientation and iii) final checkjrof facet-shape compliance. All these featuresemak
VISfield more performing than TOPCAT [7], its maioncurrent.

« VISprofile, fast 3D optical profilometer for labdeay/industrial quality-control of parabolic-troudhcets.



The latter is the topic of this paper.

2. VISprofile

2.1. Theory

The VIM is based on the principle of ray reversibjlalso known as the reciprocity theorem of Hedrtih
[8]; this principle states that any ray of lightam optical system, if reversed in direction, weélrace the
same path backwards. This suggests investigatageahformances of solar concentrators in revelaeing

a suitable light source instead of the receiver abserving the results from the Sun point of vidke
requirement to observe the panel from so largauigt seems to make VIM hardly applicable. Howethés,
limit can be overcome with the help of a considerat the far-field image can be reconstructed by
processing a large enough number of images taktheinear field from different observation points [

According to the VIM approach, I&f be a point light source on the focus line of a palia-trough facet,
S=(xS Yoo 25) . As shown in Fig. 1, the observer C is set in frof the reflective surface in
C=(xC Ve ZC) and see€imaged in the poian(x Y ,2) of the facet surface. As will be discussed
in sub-paragraph 2.4, the observer can eval(wat,ey) by referring to: i) facet width., ii) camera abscissa

X and iii) camera aiming; on the contrargvaluation needs a more complex procedure whiekptained
in sub-paragraph 2.2.

Fig. 1. The observer C seesthe point light source Simaged in P of the parabolic-trough facet-surface;
position and normal to the surfacein P haveto fulfill the two reflection laws

Anyway, given the position ocEandC, position and normal to the surface Fhhave to fulfill the two
reflection laws [8], summed up by the equation

—SP+PCochi [1]
where all the vectors are unit vectors, &g normal to the facet surface B.
It is easy to verify the relationship betwe@mnd the partial derivatives of the surfacePn
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2.2. Data processing

The schema of the experimental apparatus will lseréleed in sub-paragraph 2.3. For now let us dstius
processing of the acquired experimental-data-senposed by terns (ffS P ,C) , arranged in such a way
that the ensemble d? points draws a sort of regular grid across the wffiatet-surface.

Let P, be a point of the facet-surface of whizts known. On the basis of Egs. 1 and 2, the divisedz/0x
andaz/dy are uniquely determined by the experimental {6n Py C) .



Now, among the neighbor points B, let us consideP, (see Fig. 2); here,4s not known. On the other

hand, if the grid-step is short enough to assureebtthavior of the derivatives as monotonic, forideal

parabolic profile, the planes tangentfly and P, are expected to intersect one each other at midijay
X=X+ X,)/2 [3a]
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Fig. 2. Some neighborhoods of P, and paths along which to extend z and derivatives knowledge.

It is reasonable to extend this criterion also glgn therefore considering the neighbor pdiy, the

intersection of the planes tangentfy and P, is expected in

yi=(Yoty2)/2 [3b]
In both case,— P, andP,— P, , the midway criterion together with Egs. 1 andli@ves to uniquely

evaluatez, dz/dx anddz/dy in the neighbor points 0P .

Concerning the neighbor poift;, placed obliquely, it can be reached fréty by the two different paths

P,— P,— PyandP,— P,— P in this case the average of the two results isicered.

By the iterative application of this procedum,0z/0x and 0z/0y can be evaluated over the whole facet-
surface.

012
At first glance this procedure could appear triviatjuivalent toZ=Zo+z EAF , but it is not so

because the value of the partial derivatives givgrEqgs. 1 and 2 depends aritself, making a standard
numerical integration method unusable. On the oftaed, the above formula suggests a quite simpie wa

for error evaluationErr ( z) =Err (ZO)+ z Err (2—?) AT .

Once the facet surface is known, then several feqtare evaluated by ray tracing , ranging from the
intercept factor to the radiation flux on the reeeisurface; in all cases, the divergence of thar sadiation
is taken into account.

2.3. Experimental schema

The VISprofile is sketched in Fig. 3 together witle adopted reference system. The three main coenpgn
i) linear array of point light sources, ii) cameaad iii) motorized linear guide rail, are conventlg aligned
with respect to the facet.

The source array is placed along the nominal fdines of the parabolic-trough facet under test; liis t
manner, for perfectly shaped reflectors, the olesebssees the point-source images, aligned across tied pa

width (in the flat direction, y axis), at his owbszissa, i.eX= X . Otherwise, shape imperfections in the

curved direction (x axis) result in displacementhef point-source images froky. .

The array length is set so that the camera vieeptiint-source images spread across the entird paith
L.



Fig. 3. VISprofile sketch

The camera is installed on the motorized lineadguail, which is placed centrally in front of thpecimen,
and oriented parallel to the facet chord in ordereduce the variation of the distance of the canfrem the

facet,d = Z. — Z experienced during the specimen-scanning.

The scan consists of grabbing a number of framegngthe camera abscissa, so that during the gean
observed point-source-images span the whole facéde®, from one linear edge to the opposite ooetis
purpose the rail length must be a bit longer (igihyc20%) than the chord because shaping-impedesti
make the optimal scan-range wider.

The number of point-sources and e -step between one frame and the following are aha@seas to
ensure a sufficient sampling density over the faceface.

After the scan, the collected data are irregulaaced in XY plane. For both graphical and statsti
reasons, regularizing that mesh with a griddingho@{9] is convenient.

2.4. Procedure for camera alignment and image calibration

This issue is fundamental for the correctness efré#sults achieved with the VISprofile. In the doling,
image distortion due to the objective as well dstpiroll and yaw of the camera on the linear gummikare
considered negligible; otherwise each one of tiraperfection can be easily correct via software.

The procedure for camera alignment and image edidr basically consists of two steps:

+ Move the camera afc =0 ; adjust yaw and roll, respectively, centering ithage of the source-array and

aligning it with the CCD rows; lejO be the pixel-row number along which the point-sesr@ppear
disposed.

* Move the camera at the facet minimum-abscigga= X, ; adjust the objective focal-length to grab the
full linear edge of the specimen.

Henceforth the real coordinates of any point onfH#vet surface can be evaluated from its pixel dioates
(E ,n). As a matter of fact, with good approximation tHistance from the camera to the point

(XC , L/2,Z) of the facet surface, is given by
d =2zc— 7= 7o +axc— xo/(4f) [4]
beingC=(Xc , L/2,25,+ax:) and the parabolic-trough profile=x2/(4f ) .

Let Ny, x N, be the image resolution; due to the fact that leagk in para-axial approximation, and the
camera sensor is oriented parallel to the facdaserin the y direction (by way of the above pragey,
along the rowjQ the image is composed by pixels covering the sdegedf the facet-surface



Ajp=7— (5]

whered is the distance & ¢ =X, -

Conversely, along the x axis, facet and cameraesensfaces are oblique one to each other, andrdtghed
image is affected by the falling lines phenomerama consequence, the step of the facet-surfaszezbby
one pixel changes row by row and it has to be cdetpstarting fromjQ by the iterative application of Eq. 5
considering the off-optical-axis distance

where j =int (1)) .

With a few mathematical steps we get
jF1
xj:xci_ZOAj [7]
i=i

where upper and lower signs hold fpc jOor j> jO, respectively. Please note that, as conventionally
assumed, the upper left corner of the digital imagle origin of the pixel reference system.

Therefore,
X=Xj—(ﬂ—i)Aj [8a]
y=(Ex—E)A, [8b]
WhereER is the pixel-coordinate of the right facet-edgeegioy
Ny d
=—|1+—
ER 2 do [9]

3. Experimental

The linear array of point light sources is simplade with a linear fluorescent Neon lamp enclosed in
metallic extrude, of which one face is suitablylldd (see Fig. 4). The array length is set to 1500, so that
from 6 meter away the point-source images appeaadpover 1200 mm, that is the width (along thaig)a
of the facets developed during the R&D of the #alCSP project. The observation distance is sétrtoto
allow to measure the facet with both VISprofile ahd older OP; this makes the comparison of theltses
achieved with these two instruments more rigorous.

Fig. 4. Linear array of point light source

From previous studies we found that the iteratistaeprocessing method described in sub-paragrabls 2.



certainly reliable when the sampling-density is leeter than 1 point/cA{1]; for this reason the number of
point light sources and -step are set to 151 and 1 cm, respectively.

As shown in Fig. 4, the lamp envelope is hung fiame by two joints, which let us free to orieng ttirilled
face towards the specimen as well as the camegdatier is essential during the calibration prarei

E -

Fig. 5. Hamamatsu C8484-05G on the motorized linear guiderail

The motorized linear guide rail is 4 m long and mups a FireWire camera Hamamatsu C8484-05G
(1344x1024) equipped with a Nikkor AF 28-105 mm 1:3.5-B.%see Fig. 5).

Facet, source array, and rail were positioned bymaef a total station Leica TDA5005.

Data acquisition and processing are controlled witustom software written in C++, using the opaurse
librarieslibdc1394 andopenCV; the GUI was written irQt4. Measurement and data processing for panels
shaped as half parabolic-trough (chord 3m) with @amg-density of 1 point/citakes about 2 min. It is
noteworthy that this very good results are madesiptes by the FireWire connection and the C++
programming.

Concerning image-distortion due to the objectivd eall, pitch and yaw induced by the rail, onlygbitand
yaw are significant, and they are properly takea atcount during the image analysis.
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Fig. 6. Main graphical outputs achieved with the VI Sprofile on afacet shaped as half-parabola; from
left to right, z-deviation, dz/0x-deviation, inter cept factor, and maximum distance from the focal line
of thereflected solar-beam. The solar divergence istaken into account.

As an example, Fig. 6 shows the main graphicalwstpchieved with the VISprofile for a panel shapsd
half-parabola, width 1200 mm and aperture 3000 rhout As expected, the concentration effectivernéss
the facet, well represented by the intercept-faiter the ratio of the rays reflected towards theeiver and
geometrically captured by it) as well the maximuistahce from the focal line of the reflected sdleam



(divergence included), is mainly dominated By/dx deviation. The most deviating regions are the
neighborhoods of the linear edges and the centrédntal border between the two thin sheet glassons
composing the reflecting surface.

The z-deviation graph gives direct information oowhto optimize the manufacturing process; in the
example, the facet-surface is depressed of abouh3n the neighborhood of the left upper-corner.

Beside maps, the VISprofile data-processing softvaovides several important averaged values, analif
the mean intercept factor, 99,2% for the abovetfadéthese numbers are conveniently collected idata-
base.

Concerning the experimental errors, the positiorsioguracy of facet, array and rail is 0.3 mm (rrtisdf is
the one provided by the total station Leica TDAS0RBferring to Egs. 1 and 2, this value is the fpmsing
accuracy oSandC; it is noteworthy that these are systematic erioisteadP is affected by a random error
due to the centroid evaluation of the spot madehleypoint-light-source image; this is approximateély
pixel, a spot-diameter being few pixel tenths widlee error on the (x,y) coordinates of P is abalitrdm.
The relative error of the arctangent of the deivest ranges from 1g@rad, at x=0, to 2rad, at x=3000 mm.
Finally, the error orz deviation increases almost linearly with the diseafromP,,, the point from which

the iterative method starts; in the actual exaritptereases up to around Hién.

We compared VISprofile and OP by measuring the ssamaple in the same conditions: the achieved sesult
were always in very good agreement. With respe@Ry VISprofile offers a much faster measuring time
(about 300 times); this allows to set the samptliegsity on x and y uniform. On the contrary, toitithe
measuring time, with OP the sampling-density oray to be set to 1/5 of that on x.

5. Conclusion

The VISprofile is an innovative instrument to vegrthe shape-accuracy of parabolic-trough facets. Adw
instrument is characterized by simplicity and loest; being composed by only three components ofhwhi
the most expensive is the linear guide rail. 0wl to measure not only the partial derivatidge®x and
0z/ldy, but also the profile z( coordinate) of the facet surface, therefore th&pvbfile belongs to the
profilometric instrument class. The same can notlaened by the most popular instruments, such as V
SHOT and FRT instruments. Moreover, with respedhtise instrument, the VISprofile exhibits a superi
accuracy: about 2@rad and 5Qum for arctangent of derivatives andeviation, respectively.

For facets shaped as half-parabola, width 1.2 mapedture 3 m, the total measurement time, inctudiata
processing, is about 2 minutes with a resolutiod gioint/cnd. This makes the VISprofile suitable for the
industrial quality-control.
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