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a b s t r a c t 

Concentrated power on the receiver and homogeneity of irradiance distribution are optimised in the optical 

design of solar mirrors. However, the manufactured mirror may contain some fabrication defects, which alter 

the irradiance distribution on the receiver. Surface defects introduce aberrations that cause an enlarged spot on 

the receiver and the resulting energetic losses depend on the collection features of each solar plant. To minimise 

these losses, it is essential to control the surface curvature, especially on large solar reflectors like heliostats. 

Facility of application, low-cost equipment, and elaboration simplicity are the key advantages of the proposed 

optical control. Exploiting techniques of image analysis, it assesses the mirror surface quality comparing an 

acquired image with a reference image. The application requires only a photographic camera and a screen with 

a calibrated pattern. The surface defects of the reflecting surface appear as deformations in the image of the 

pattern. This optical measurement could be adapted to examine mirrors with various shapes and sizes. It is an 

optical control that can be applied during manufacturing of the mirrors or on the produced samples. 
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. Introduction 

The installation of a heliostat field for a solar tower plant is a com-

lex operation that requires the knowledge of the characteristics of all

he single heliostats composing the field. Due to efficiency constrains,

he dimension of the luminous spot of the receiver must be as small as

ossible. Considering this spot minimization, it is necessary to know the

urvature of each single mirror, which is related to the focal length of

he mirror, because an incorrect curvature of the heliostat can influence

he shape of the luminous spot on the target. 

Systems that allow to investigate the profile of the mirrors, thus to

alculate the focal length or the curvature of the mirrors, are available.

owever, these methods of investigation are in general slow, and they

equire the preparation of complex equipment, especially if the samples

o be examined are very numerous. This is precisely the case of a helio-

tat field, where hundreds of solar mirrors are arranged to concentrate

he sun’s rays in a receiver located on top of a tower. 

In general, optical controls applied to detect surface profile defects

re based on techniques of geometrical optics [1] . This section shows

 brief review on the most common techniques used in the state of the

rt: Photogrammetry, Laser scanning profilometry, Tube reflection with

 distant observer, Structured light on opaque covering, Deflectometry.

Photogrammetry [ 2 , 3 ] is a widespread technique for the numerical

econstruction of a three-dimensional object. It involves the use of a se-

ies of photographs of targeted objects, taken from a range of different

erspectives. This is a very long activity that can take up to a day for
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 single module, and the resolution directly depends on the number of

argets used. Stynes et al. [ 4 , 5 ] describe a method employing a high-

erformance radio-controlled helicopter, holding a specialised camera,

hich is a part of a photogrammetric data acquisition system. The de-

ice identifies reflector slope errors and misalignment of the receiver

bsorber with respect to the focal line of the parabolic trough collector.

ing et al. in [6] discuss the development and validation of a portable

hotogrammetry technique, which has been used to measure the shape

f large mirror facets for solar collectors. 

Laser scanning profilometry [ 7 , 8 ] is a well consolidated technique

or surface control on mirrors. It is able to analyse a specular surface by

tudying the reflection of a laser beam projected on it. 

The method of tube reflection with a distant observer [9–12] is

pecifically addressed to examine Parabolic Trough Collectors (PTCs).

TCs are composed of a linear parabolic mirror that focuses the sunlight

n a tubular absorber, where a suitable fluid flows. The surface check

echnique exploits the geometry of the solar concentration system. A dis-

ant observer watching the concentrator observes the reflected image of

he absorber tube, magnified due to the concentrating optics. The de-

ormations of the image reflected by the parabolic mirror can indicate

ocal defects on the collector or even a global distortion affecting the

irror. If a reference grid is superimposed to the tube, the resolution of

he detection improves. 

Structured light projection (SLP) consists in designing a pattern with

ell-known characteristics, which will be projected on the object un-

er inspection. In particular, the pattern is studied to evidence specific

eatures of the object. The application of SLP techniques on reflective
er 2021 

ticle under the CC BY-NC-ND license 
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Fig. 1. Image created by a concave mirror. 
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Fig. 2. Image captured by a camera. 

i  

f

R  

 

l

 

a

 

F  

p  

y  

l

 

i

k  

w  

c

y  

 

p

y

a

H

 

s  

o

S

 

t

 

i  

t  

t  

t

 

t  

t  

r  

p  

m  

1 The explanation refers to the vertical axis, but it can also be applied to the 

direction perpendicular to the plane of Fig. 2 . This depends on the characteristics 

of the camera utilized. 
r non-reflective surfaces has different measurement set-ups and elab-

ration procedures. A SLP technique for non-reflective surfaces can be

pplied to inspect an opaque covering of the mirror [13–15] . This tech-

ique uses a Moiré pattern projected onto an opaque layer that covers

he mirror under inspection. The protective cover is only removed after

he mirrors have been permanently mounted on the support structure. 

Deflectometry [16–22] techniques are the application of the princi-

les of SLP to a reflecting object, instead of observing an opaque object.

n these techniques, the deformed pattern is not observed on the object

ut on a screen after having been reflected by the mirror under test. De-

ectometry can be used to deduce surface slopes. Any irregularities in

he object give rise to a distortion of the observed pattern, which can be

valuated quantitatively. The review of phase measuring deflectometry

y Huang et al. [16] evidences how modern deflectometry has evolved

n recent years. In [17] a null phase measuring deflectometry is pre-

ented to measure the three-dimensional shape of aspheric mirrors with

adial symmetry. Han at al. [18] describe the use of a precise square

lanar mirror for the calibration of a phase measuring deflectometry

ystem. 

The proposed technique assesses the mirror curvature examining the

mage reflected by the heliostat. It does not require the employment of

 projector, but only a Reference Pattern, a photographic camera, and a

creen with heliostat sizes. The surface defects of the mirror appear as

eformations in the photographic image of the pattern. With a simple

rocessing, it is possible to obtain the data of the local curvature of the

xamined heliostat. For industrial controlling the reference image can

e taken once for all and the camera can be placed at a fixed distance

rom the tested mirrors. The main advantages are facility of application,

ow-cost equipment, and elaboration simplicity. 

. Method to obtain the curvature radius Rc of a spherical surface

An ideal heliostat produces an enlarged virtual image if a reference

bject is placed between the focus and the mirror ( Fig. 1 ). For a concave

irror with a long focal length, the Reference Pattern and the camera

hould be placed between the focus and the mirror. 

Fig. 1 shows a concave mirror that forms a virtual image of height

 m 

of a Reference Pattern RP of height H . The virtual image is seen

nlarged if the position of the object (RP) is between the mirror and its

ocus F . 

For the concave mirror, in the conditions shown in Fig. 1 , the mag-

ification factor is 

 = 𝑆 𝑖 ∕ 𝐷 = 𝐻 𝑚 ∕ 𝐻 (1)

Where S i is the distance between the virtual image and the mirror

nd D is the distance between the mirror and the Reference Pattern. 

Moreover, considering the relationship with the radius of curvature

c 

∕D − 1∕ S = 2∕ Rc (2)
i 

2 
t is possible to obtain the curvature Rc of the concave mirror by the

ollowing expression: 

c = 2∕ 
( 

1 
D 

− 

1 
S i 

) 

(3)

From the radius of curvature Rc it is possible to obtain the focal

ength as: f = Rc/2. 

However, S i and H m 

are values that cannot be measured directly, so

 method was developed to find the S i value using a camera. 

The method for acquiring the image with a camera is outlined in

ig. 2 . The camera is in the same plane as RP and acquires, on its focal

lane, the image reflected by the mirror, which is a real image of height

 . In Fig. 2 , for simplicity, the camera lens is represented by a simple

ens, whose position coincides with that of RP. 

The image of the Reference Pattern produced by the concave mirror

s recorded with a reduction factor k , expressed by 

 = q o ∕ 
(
S i + D 

)
(4)

here q o is the distance between the image plane of the camera and the

amera lens. 

Then 

 = k ⋅ H m (5)

y is obtained from the acquired image by counting the number of

ixels N i 
1 and knowing the size 𝚫 of the pixel in microns. Therefore 

 = N i ⋅ Δ = k ⋅ H m (6) 

nd it is obtained 

 m = N i ⋅ Δ ⋅
(
𝑆 𝑖 + 𝐷 

)
∕ 𝑞 𝑜 (7) 

H m 

is the size of the virtual image produced by the mirror and mea-

ured with the camera. If q o and Δ are known precisely it is possible to

btain the value of S i by the following expression: 

 i = 

(
y ⋅ D 

2 )∕ (q o ⋅ H − 𝑦 ⋅𝐷 

)
(8) 

Once the image-mirror distance S i is known it is possible to obtain

he radius of curvature Rc from Eq. (3) . 

Nevertheless, it is not always possible to know q o precisely because

ts value depends on various factors; the main two are: focusing opera-

ion of the camera and complexity of the camera objective. Moreover,

he value of Δ must be carefully obtained because it affects the resolu-

ion of the encoding with which the acquired image was recorded. 

Since it is difficult to obtain the real values of q o and Δ, the proposed

echnique tries to avoid the assessment of these two parameters. This

echnique involves recording a reference image, as shown in Fig. 3 . This

eference image is taken after having removed the concave mirror and

lacing the Reference Pattern at a 2D distance from the lens, without

odifying the position and settings of the camera. The choice of the 2D
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Fig. 3. Configuration for taking the Reference Pattern image. 
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Fig. 4. Photo of a ruler taken through the concave mirror. 

Table 1 

Measurements on a sample mirror. 

RP-mirror dist. 

D = 600 mm 

RP-mirror dist. 

D = 650 mm 

RP-mirror dist. 

D = 700 mm 

H on the ruler (mm) 48 48 48 

K p (-) 1.234 1.258 1.293 

S i (mm) 967 1102 1279 

Rc (mm) 3164 3170 3092 

f (mm) 1582 1585 1546 

Relative error (%) 3.32% 4.01% 1.44% 

Table 2 

Main characteristics of the images obtained with known profile 

surfaces. 

Type of Surface Type of Image 

Spherical with Rc > 0 Enlarged (magnification) 

Spherical with Rc < 0 Reduced (reduction) 

Tilted Flat Shifted (translation) 

Cylindrical in x (or y ) Enlarged only in x (or y) (magnification) 

Conical Translation + magnification differentiated 

with the radius (distance from the centre) 

(  

R  

c

 

r

 

p  

d  

t  

p

4

 

d  

o

istance is justified by the fact that it is equivalent to take the reference

mage with a flat mirror placed at a distance D . 

With the configuration of Fig. 3 the H dimension of the Reference

attern and its image size y 2D on the camera (plane) are linked by the

ollowing equation: 

 = y 2D ⋅ 2 𝐷∕ 𝑞 𝑜 = N 2D ⋅ Δ ⋅ 2 𝐷∕ 𝑞 𝑜 (9) 

here N 2D 
2 is the number of pixels in this case. 

Considering the ratio 

 p = N i ∕ N 2D (10)

etween the pixels number N i for the configuration in Fig. 2 and the

ixels number N 2D for the configuration in Fig. 3 , it is possible to obtain

he new expression of the image-mirror distance S i : 

 i = 

(
K p ⋅ D 

)
∕ 
(
2 − K p 

)
(11) 

. Validation 

In order to validate the described procedure for obtaining the curva-

ure radius Rc some measurements were performed on a concave mirror

ith a known focal length. Two types of tests were carried out: the first

ne consists in the determination of Rc on a known concave mirror;

hile the second one consists in the exam of the surface of a plane mir-

or. 

For the first exemplificative test, the characteristics of the sam-

le mirror were 6 inches of diameter (152.4 mm) and 60 inches of

ocal length (1524 mm), which corresponds to a curvature radius of

20 inches (3048 mm). This mirror was chosen because it is a cali-

rated mirror, and the known focal length is ten times the diameter.

he f-number f# is 10 (the focal length divided by the diameter); it is

mall compared to those of the heliostats (typically for a small solar field

# is greater than 12), but not so far from their f#. However, it is suffi-

ient to validate the methodology allowing to perform the measurement

n laboratory. 

For having a length reference, a simple ruler was selected as Refer-

nce Pattern. Fig. 4 shows the photo of the virtual image of the ruler,

aken through the concave mirror. The measurement layout to capture

he picture of Fig. 4 is the scheme shown Fig. 3 . 

Various measurements were performed with different distances ( D )

etween the mirror and the Reference Pattern, always keeping the Refer-

nce Pattern between the mirror and the focal point. To take the photos

f the virtual images, the camera and the ruler were always placed on

he same plane, and they were shifted with respect to the sample mirror.

o take the corresponding reference images with the layout of Fig. 3 , the

uler was placed at a 2D distance from the camera. 

The procedure described in Section 2 was applied to the acquired

mages. The results obtained are shown in Table 1 , for three RP-mirror

istances. The table reports: distance between concave mirror and Ref-

rence Pattern (D), height of the Reference Pattern (H), ratio between

he pixel numbers (K p ), distance of the virtual image from the mirror
2 The explanation refers to the vertical axis, but it can also be applied to the 

irection perpendicular to the plane of Fig. 3 . This depends on the characteristics 

f the camera utilized. 

 

t  

a  

t  

3 
S i ), radius of curvature (Rc), focal length (f) and the relative error on

c (and on f). The measured values are D and H; the other data are

alculated. 

Considering 5% an acceptable value for the relative error, all the

esults lie on the confidence interval. 

To be applied in a control system, this technique requires an appro-

riate calibration, especially in the measurement of the distance D that

irectly affects the calculation of f. In fact, our calculation demonstrates

hat a measurement uncertainty on the distance D is reproduced in a

ercentage of the same amount on the calculation of f. 

. Irregular surfaces 

Surfaces with non-spherical, but well identified profiles show pre-

ictable image deformations. Table 2 shows the principal characteristics

f the images obtained with surfaces with a known profile. 

The case of the conical surface is very interesting because it is

hat of not immediate understanding. Figs. 5 and 6 show how the im-

ge of a grid of points changes when viewed through a reflector with

runcated conical surface. Fig. 5 presents the Reference Pattern, while
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Fig. 5. Reference Pattern and truncated cone mirror. 

Fig. 6. Simulation results. 
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Fig. 7. Reference Pattern and conical mirror. 

Fig. 8. Simulation results. 
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ig. 6 shows the result of the simulation of the measurement, as de-

cribed in Section 2 . 

The Reference Pattern in Fig. 5 has been drawn as a series of lu-

inous circles, whose centres are on concentric circumferences with

ncreasing diameter. This circles pattern is reflected by a mirror with

runcated conical surface. The two continuous circles, visible in orange

n Fig. 5 , are the mirror edges. 

From the simulations, it is possible to see that the circles change,

nd the image records a series of shapes, whose axis is placed in a ra-

ial direction. Fig. 6 presents the result of a simulation of the luminous

ircles observed through the truncated conical surface. The circles have

ncreasing magnification towards the centre and the magnification de-

elops only in the direction transverse to the local radius of the cone.

he magnification magnitude M depends on the local radius of curva-

ure; in the centre there will be greater magnifications than at the ends.

urthermore, the position of the image is translated towards the outside

f the cone with respect to the real object. 

Figs. 7 and 8 show how the image of a series of circles changes when

iewed through the same reflector with truncated conical surface. 
4 
Fig. 7 represents a series of circles (in black) placed at a constant dis-

ance: the circles in orange are the edges of the mirror. Analogously, the

esults of the simulation are in Fig. 8 . The rings maintain their circular

hape, but their radius in Fig. 8 changes with respect to Fig. 7 . However,

n Fig. 8 the spacing between two successive rings remains constant. 

. Practical example of irregular mirror detection 

The method proposed in this article is simple and can be used on

irrors that have long focal length. 

When the surfaces have an irregular profile, the radius of curvature

hanges from point to point so that the image of the Reference Pattern

ppears distorted in a way that is not easily predictable. The need to

tudy the profile of a particular type of heliostat was an excellent op-

ortunity to test the image study technique. The heliostat under exam-

nation ( Fig. 9 ) was obtained from a hexagonal plane mirror by gluing
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Fig. 9. A photo of the heliostat under examination. 

Fig. 10. Test 1: Reference Pattern. 
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Fig. 11. Test 1: recorded Image, with deformed circles. 
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a  
 metal disc to the central rear part of the mirror. A screw connected

o the metal disc exerts a traction with the effect of bending the mirror

nd making it concave. The profile of the mirror, thus deformed, allows

he sun’s rays to converge but its surface will be very different from the

pherical or parabolic one, as can be verified by the images obtained by

sing the proposed technique with a regular pattern. 

The Reference Pattern to be used for this examination is not unique;

 wide range of patterns can be used: lattices, circles and lines within

hich deflections and enlargements can be measured, useful for high-

ighting the characteristic of interest (rectangular asymmetries, radial

symmetries, linear deformations and in general structural defects). The

imits concern their size and the problems related to their positioning

nd their portability. 

Two tests have been conducted on the heliostat, both derived from

he simulations illustrated in Section 4 . The first one (Test 1) consists in

sing as Reference Pattern a series of concentric circles, whose radius

ncreases at regular steps. The second one (Test 2) employs as Reference

attern a set of black dots placed regularly along the concentric circles

ith increasing radius. 

.1. Test 1 series of circles 

The Reference Pattern used in Test 1 is presented in Fig. 10 : a lattice

ormed by concentric circles with increasing radius. The first circle has
5 
 radius of 20 mm, and the radii of the following circles are increased by

0 mm. In Fig. 10 the coordinate system used to locate a point p on the

ircle is drawn in red. The corresponding image recorded by the camera

s reported in Fig. 11 . 

The point is identified by the coordinates 𝜃 and r , so it can be writ-

en as: p( 𝜃;r). The angle 𝜃 is considered clockwise with respect to the

orizontal line, which goes from the centre to the right side, and can

ary almost continuously between 0° and 360° The radius r of the circle

tarts from the centre of the image and has discrete values from 20 to

80 mm in steps of 20 mm. 

Even if the mirror under examination was not spherical, it was pos-

ible to apply the previous formulas to the deformed image. To do this,

wo points belonging to two successive circles were considered keeping

onstant 𝜃. In this way the analysed surface is small and can be approxi-

ated with a spherical surface. On this spherical surface the local value

f Rc is calculated and therefore the value of f. The surface is sampled

y varying the point p along the radii. The graph in Fig. 12 shows the

ocal length values for four values of 𝜃 (0 °, 90 °, 180 ° and 270 °) while

 is reported along the horizontal axis. The value of f is attributed to the

bscissa value, which corresponds to the average value between the two

uccessive radii considered, therefore the values of the horizontal axis

ange from 30 to 270 mm. 

The graph also reports two averages: the blue dashed line shows the

otal mean value, while the blue solid line shows the value averaged on

he 𝜃 values keeping r fixed. This corresponds to making the average

ollowing a circumference in the image. 

It is possible to notice that there are some values of the radius r where

he distribution of the dots has higher dispersion, e.g. r(mm) = 170, 210,

50, 270. This allows to individuate defective zones of the examined

eliostat. This analysis presents a problem: keeping constant 𝜃 it is not

ertain that two successive points taken in the deformed image actually

orrespond to two successive points on the Reference Pattern. With this

ype of pattern, only radial deformations are detectable. 

.2. Test 2 structure with black dots 

For this test, the Reference Pattern was a series of fully filled black

ircles that are located regularly along the concentric circles with in-

reasing radius. The pattern is observed through the heliostat: this

eans that the pattern of black dots is reflected by the surface of the

irror under examination. The reflected pattern is deformed, and these

ocal deformations can provide information about surface quality and

ocal slope. 

Fig. 13 presents the image of a set of black dots: each dot is char-

cterized by the position of its centre p and has a diameter of 25 mm.
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Fig. 12. Test 1: calculated focal length vs circle 

radius. 

Fig. 13. Test 2: Reference Pattern. 
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Fig. 14. Test 2: pattern observer through the heliostat, it appears as a deformed 

image. 
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s indicated in Fig. 13 , the position p is expressed by the distance from

he image centre ( r ) and the angular position in the image ( 𝜃), referring

o the horizontal line, drawn in red in Fig. 13 . The dots are arranged in

oncentric rings; the distance between two successive rings is 30 mm,

o r varies between 30 and 270 mm in steps of 30 mm. 

Fig. 14 shows the deformed image analysed by the image processing

oftware. First of all, each dot is identified by an identification number.

hen the geometric parameters of the objects identified in the image are

alculated. These parameters can be the inclination of the main axis with

espect to the vertical or the position of the centroid of the deformed dot.

The dots appear deformed according to different directions, but the

ajority of the dots beyond the 4th circle ( r > 120 mm) have taken

he shape of an ellipse, whose main axis has an inclination with respect

o the horizontal line. This inclination of the axis of the ellipse varies

adially as it happens in the simulations in Section 4 , which showed how
6 
 specular surface with a deformed conical profile deforms the image of

 circle in an ellipse. 

The graph in Fig. 15 shows the angles of inclination of the main

xis of each dot, with respect to the horizontal line. This inclination

f the axis of the ellipse is plotted versus the angular position 𝜃 of the

ot on the concentric circle. The different results, plotted in various

olours and with different markers, concern the increasing r -values of

he radial coordinate of the dot. The solid black line indicates the ideal

nclination that the ellipse axis should have when the dots are reflected

y a perfectly conical mirror. 

As can be seen from Fig. 13 , as the distance r from the centre of the

mage increases, the number of dots increases. For r = 30 mm there are

 dots, for r = 60 mm they are 8, for r = (90–120) mm they are 16 and

or the subsequent values of r they become 32. 

From the graph in Fig. 15 , it can be seen that the surfaces corre-

ponding to the dots with r > 120 mm have a trend similar to that of the

lack ideal line. Therefore, the outermost portion of the figure is similar

o a cone. 
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Fig. 15. Test 2: inclination of dot ellipse axis 

vs dot angular position. 

Fig. 16. Test 2: inclination of dot ellipse axis 

vs dot radius. 
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worst ones. 
The innermost dots appear instead of very variable size and shape,

ndicating the presence of a more complex surface. It can be seen that

he positions of the points relative to r = 240 mm show some deformed

reas, despite the general trend being the expected one. 

As proof of what has been said before, a second analysis was made,

hich is represented in the graph of Fig. 16 . In this case, the dots were

nalysed in radial lines starting from the centre. The coordinates of the

ot centre are r (on the abscissa axis) and 𝜃, which is the parameter that

istinguishes the various plotted curves. The ordinate axis reports the

nclination of the main axis of the deformed dot (with respect to the

orizontal line). 

The values of r range from 60 to 270 mm (for r = 30 mm there are

o points for 45 °, 135 °, 225 ° and 315 °) and 0 ° represents the centre

f the pattern. In this analysis, if the mirror profile is conical, the values

easured along r would be horizontal lines in Fig. 16 , with constant

nclination. 

The examination of Fig. 16 indicates that the outermost zone has a

ubstantially conical profile, while the central area (with r < 120 mm)

eviates from it, showing a different trend. This confirms the previous

nalysis inferred from Fig. 15 . 

As for Test 1 (using a pattern with a series of circles), the local focal

ength was obtained using the distance of the centroids of two adja-
7 
ent dots. Considering the small area, the profile was approximated to

 concave mirror and the local focal length was calculated: applying

q. (3) the curvature radius can be calculated, then the focal length is

btained. 

Referring to Test 2 (using a black dots pattern), the dots on the Ref-

rence Image were identified by varying r and keeping 𝜃 fixed. The re-

ults are shown in Fig. 17 , reporting the focal length values. The av-

rage of the r -values between which the calculation was carried out is

ssociated as abscissa. The various results (plotted as discrete points)

orrespond to increasing values of 𝜃 ; while the solid lines refer to the

ocal and global mean value of the data of the discrete points, as in

ig. 12 . 

In this case, the points analysed are truly homologous, as the same

ots are precisely identified. Information about surface defects can be

vinced examining the distribution of each set of points corresponding

o each r -value. For example, the distribution of points for r = 225 mm

s very wide: the f-values range from 12.3 to 28.7 m. This wide spread

f the f -values indicates that this is a defective zone for the heliostat,

nd the most defective point is located at ϴ = 135 °. 

Similarly, Fig. 17 indicates that the central areas, with r < 135 mm,

re much less defective; while the lateral zones with r > 135 mm are the
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Fig. 17. Test 2: focal length vs dot radius. 

Fig. 18. Comparison of Tests 1 and 2: focal 

length vs radius. 
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.3. Comparison 

The comparison between the two tests is also interesting. In both

ests, an image of a Reference Pattern is created, which is observed

hrough the same heliostat mirror, and then the deformed image re-

ected by the mirror is analysed. In Test 1, the Reference Pattern is a

rid formed by concentric circles with radius increasing at regular steps.

n Test 2, the Reference Pattern is a series of black dots, whose centres

re in concentric circles with increasing radius. 

Fig. 18 shows the graph of the focal distance for Tests 1 and 2, re-

orting few data to facilitate the comparison. Only results for angles 𝜃

ith the values 0 °, 90 °, 180 °, 270 ° are shown. 

The round and square markers refer to the measurements made with

est 1 (in steps of 20 mm). The rhomboid and triangular markers report

he measurements made with Test 2 (in steps of 30 mm). The blue lines

epresent the local mean (solid line) and the total mean (dashed line) for

est 1; and similarly, the green lines shown the local and global averages

or Test 2 results. 

It is interesting to note that the two tests lead to similar average

alues (for Test 1 f = 9.8 m, for Test 2 f = 9,2 m), also by analysing

ifferent areas, at different steps and with different values of radius cal-

ulated. It should also be remembered that while for Test 1 the value of

is indicative of the angle considered on the deformed image acquired,

or Test 2 it is indicative of the position of the dot on the Reference
attern. d  

8 
From the analysis of the combined results, it can be observed that if

ou are only interested in controlling the focal length, the simple pattern

f Test 1 is sufficient. If, on the other hand, you want to obtain other re-

ults such as the correspondence of the mirror shape to the project data,

he use of non-continuous patterns as done for Test 2 allows obtaining

his information. 

. Conclusions 

Controlling the curvature on solar mirrors is essential as the per-

ormance of solar collection systems depends on the perfection of the

urvature of their solar mirrors. This is particularly crucial when the

olar mirrors have large dimensions, like heliostats. 

In developing solar collection plants, there is a design phase and an

mplementation phase. Solar thermal plants are composed of a series of

urved reflectors, the heliostats, which focus the sunlight on a receiver

ypically placed on the top of a tower. The light distribution on the

eceiver is very sensitive to the curvature of the heliostats. A change in

he radius of curvature (or focal length) can worsen the quality of the

mage focused on the receiver. The curvature (as Rc or f ) of every solar

irror is defined in the design phase optimising total collected power

nd homogeneity of irradiance distribution on the receiver. 

Subsequently the heliostats are practically manufactured, and these

olar mirrors can contain construction imperfections like local surface

efects or, more often, surface deformations of the curvature and asym-
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etries. When the manufactured heliostats are mounted in the actual

olar field, these surface defects cause an incorrect irradiance distribu-

ion on the receiver. Typically, surface imperfections cause a spot en-

argement on the receiver. However, the most important effects are the

nergy losses, which strongly depend on the optical design and concen-

ration characteristics of the heliostat field. 

Identifying the causes of these energy losses is the aim of the pro-

osed optical control for solar mirrors. Therefore, for each heliostat it is

ecessary to know at least the curvature or the focal length. In particu-

ar, each solar field contains thousands of heliostats, so it is important to

se a quick and economical method of control. The proposed technique

s based on the analysis of an image (of a suitable Reference Pattern)

eflected by the mirror under test. Exploiting techniques of image anal-

sis, it assesses the mirror surface quality comparing an acquired image

ith a reference image. The application requires only a photographic

amera and a screen with a calibrated pattern. 

The technique is simulated and then applied on a real sample of he-

iostat. Two types of Reference Pattern are considered in the simulations

nd, correspondingly, two tests are carried out on the same heliostat, us-

ng the two Reference Patterns. 

The focal distance results for the two tests are compared, and there is

 good agreement even if they can evidence different characteristics of

he heliostat under examination. Test 1 is able to determine the change

n focal length for different zones of the heliostat, whereas Test 2 could

lso provide some information on the shape of the mirror. The use of

on-continuous patterns, as in Test 2, permits to assess the correspon-

ence of the mirror shape to the optical design. 

Another important aspect is the possibility of examining different

ones of the heliostat. Depending on the industrial manufacturing pro-

edure, each type of heliostat has zones where the defects appear most

ften. 

Using suitable patters, it is possible to apply this method to mirrors of

 different shape than mirrors with spherical curvature. As an example,

 concave mirror with a truncated cone shape is chosen. Two different

atterns are simulated, and the results are comparable. 

The design of the pattern is an important step because the difference

etween what is recorded and what is expected provides the informa-

ion necessary to confirm the correctness of the realisation of the mirror

urface. 

The main advantages of the proposed optical control are the low-cost

quipment, the ease of application and the simplicity of processing. The

esults are immediate: the defective areas are immediately visible in the

hotographic image reflected by the mirror. This optical technique can

e customised to examine reflecting surfaces with different shapes and

imensions. Suitable Reference Pattern can be chosen to identify spe-

ific deformations, asymmetries, or other particular surface defects of

he examined mirror. On an industrial level, this control can be applied

uring the manufacture of mirrors or on produced samples. Moreover,

or industrial control the reference image can be acquired once for all

nd the camera can be positioned at fixed (known) distance from the

amples to be tested. Exemplificative application cases demonstrated

he efficacy of the method. 

The practical application of this mirror control technique is more

ifficult on an already existing solar plant than indoor. The principal

imitations of the method, when applied to the heliostat in the field,

re the dimensions of the screen (depending on the heliostat sizes), the

creen positioning, the external light and in general the greater ambient

oise. In the laboratory, optical noise can be minimised, and environ-

ental conditions can be monitored, so the laboratory measurement is

ore accurate and reproducible than in the field. 
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