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Abstract. In this study, the results obtained through the algorithm presented for calculating the
surface error will be analyzed. This aims to achieve a more precise characterization of the
heliostat surface, independent of external conditions such as environment or solar field config-
uration. This can be accomplished by acquiring data obtained through HelioscharPlus charac-
terization system, which has been presented in previous works and is distinguished by being
based on data measured in real conditions, providing insights into the actual operation of the
heliostat. This measurement mode offers the possibility to apply refinement process to the
results, crucial for enhancing the accuracy of the characterization and aligning it more closely
with real-world conditions.
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1. Introduction

In solar-thermal energy, among the essential performance parameters that define a heliostat,
the optical quality is highly significant as it indicates how effectively the heliostat concentrates
light onto the receiver. In this context Helioscharplus characterization system was designed,
previously described in [1] publication. This characterization system consists of an array of
cameras and detectors distributed along a pole or tower. The fundament of HelioscharPlus
system is based on the use of the movement of the sun as a scanning element for scanning
the heliostat reflected light beam through the detectors and cameras, maintaining the heliostat
immobile. This system offers the unique ability to simultaneously characterize both the flux of
the heliostat’s reflected beam and its surface. Previous works have demonstrated its function-
ality through results from different testing campaigns, highlighting advantages in surface char-
acterization over standards methods with high-resolution optical measurements[1], [2].

This work focuses on delving into the heliostat surface characterization to establish an
approach that leads to the development of a more versatile characterization system. This sys-
tem is intended to be applied in any environment under any condition, with the goal of obtaining
more accurate results than those using standard surface characterization methodologies such
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as deflectometry and photogrammetry. The main objective of this study is to analyze the results
obtained through a different approach for calculating the surface error, aiming to achieve a
more precise characterization of the heliostat surface independent of external conditions such
as environment or solar field configuration.

2. Surface Normal Vector Calculation Algorithm

A complex algorithm is presented, designed to calculate the normal vector of each point on
the heliostat surface using images of the heliostat. Through this algorithm, high precision can
be achieved in characterizing the heliostat surface, as it enables an accurate reconstruction of
its surface’s geometry. This characterization methodology stands out for being based on data
measured in real conditions, providing insights into the actual operation of the heliostat.

The algorithm uses data obtained through the Helioscharplus system [1], based on scan-
ning the reflected light beam by the heliostat using cameras and detectors. This facilitates the
possibility to obtain measurements of the time it takes for the reflected beam of light to sweep
the system, providing valuable information about the heliostat’'s performance under specific
measurement conditions.

Analyzing the images taken during the beam scanning, the algorithm is based on the op-
tical configuration of the cameras, ensuring that the illuminated area on the heliostat surface
in the images corresponds to the region reflecting direct sunlight onto the camera. This way in
this work the incident vector is referred to the rays that came from the sun and falls to the
heliostat surface and the reflected vector is referred to the ray that come from the heliostat
surface and because surface reflective properties directs the light in another direction than the
one it hits the surface direction. Therefore, knowing the sun’s position at a specific location and
time, the positions of the heliostat point and the camera, the incident and reflected vectors for
each point on the heliostat can be determined. By applying the law of reflection, the normal
vector direction relative to the incident and reflected light vectors is determined.
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Figure 1. Diagram of Incidence, Reflection, and Normal Vectors that hits in a surface point with inter-
section Areas on a Surface

As an innovative approach, this algorithm considers the potential incident rays originating
from the sun, taking into account the solar diameter as observed from Earth, that could inter-
sect at the same moment for each point, as illustrated in Figure 1 [3]. This results in a collection
of multiple normal vectors identified for each point at every analyzed moment. To ensure that
the obtained values closely approximate reality, restrictions are applied to this set of normal
vectors. These limitations depend on the number of cameras used (spatial restriction) and the
duration of the heliostat beam scan (temporal restriction), making them contingent on the sys-
tem configuration and external factors, such as environmental conditions.
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2.1 Temporal constraint

This constraint is related to the duration of the heliostat’s reflected beam scan. As can be seen
in Figure 1, at each instant in which an image related to the position of the sun is acquired,
there are several solar vectors incident on the surface, which will lead to the calculation of a
set of possible normal vectors for that surface. This calculation can be made using Snell's law,
since, by knowing the position of the camera and whether the beam reflected by the heliostat
is pointed towards it, the reflected ray can be determined. This will give rise to different sets of
normal vectors corresponding to each camera and each instant of time, in which there will be
common normal vectors at the consecutive intersections of both sets.

The diagram in Figure 2.a describes the procedure by which the algorithm applies the time
constraint to the sets of normal vectors calculated for each point on the surface. The normal
vectors of each heliostat point at each instant, when an image is taken, are calculated and
analyzed, and these are compared with the set of normal vectors for the corresponding instant.
Next, the intersection between the sets of the first and second instants is determined, selecting
only the normal vectors that belong to this intersection. This process applies to the arrays of
all cameras present in the system. Once the normal vectors of the intersection have been
selected, this new subset is analyzed with the next instant, iterating in this way until all the
images (all instants of time) of that point on the surface have been analyzed. The same pro-
cedure is then repeated for the next point on the surface.
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Figure 2. Flowchart explaining the algorithms that apply the constraints to the set of normal vectors. a)
Flowchart of the temporal constraint algorithm. b) Flowchart of the spatial constraint algorithm.
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2.2 Spatial constraint

This constraint is called special because it depends on the positions of the cameras (see Fig-
ure 3).
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Figure 3. Diagram of the incidence, reflection, and normal vectors with intersection areas on a surface
corresponding to the position of each camera.

The diagram in Figure 2.b illustrates the procedure by which the algorithm applies spatial
constraint to the sets of normal vectors calculated for each instant of time on the surface of the
heliostat. For each point on the surface, the normal vectors obtained at different times, identi-
fied by the system's cameras, are analyzed. Thus, for each point at any given moment, as
many sets of normal vectors will be generated as there are cameras present in the system.
The intersection of these camera arrays is then determined for each point at each instant of
time. This resulting set is preserved to be applied to the next instant of time. The process is
repeated until the analysis of all the instants of time is completed, and then the next point on
the surface is carried out. This approach ensures that only vectors that are present in all cam-
eras are considered, optimizing the accuracy of the analysis.

Once the spatial and temporal constraints have been applied to the normal vector sets of
each point on the surface, only those vectors that match both constraints are selected. This
results in an even smaller set of normal vectors for each point on the surface. This process of
refinement by applying both constraints is crucial to improve the accuracy of the characteriza-
tion and align it more closely with real-world conditions.

Finally, the angle of difference (Slope deviation) is calculated for each point on the surface,
between the normal vectors that have been subjected to the constraints and the ideal normal
vector corresponding to that point.

3. Experimental set-up

As detailed in the publication [1], the data were obtained at CENER's heliostat testing facility,
located in Tudela de Navarra, Spain. As mentioned in the publication and the previous section,
there is the Helioscharplus equipment system, which consists of a mast of 7.5 meters in length,
with an active length of 6 meters, equipped with 24 optoelectronic photodetectors evenly dis-
tributed along the mast and an opening angle of the detectors of 7°, plus 3 cameras concen-
trated in the central section of the mast

The heliostat to be analyzed is a reference heliostat designed to be robust and flexible,
the same one shown in the publication [1]. This heliostat is located 200 meters south of the
system and is composed of 9 flat mirrors (facets) arranged in a 3 x 3 distribution. Each mirror
is a silver second surface mirror, with an area of 1 m? and a thickness of 4 mm. The spherical
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shape of the mirrors is achieved using 5 support points per mirror: one in the center and four
more offset towards each corner. This configuration allows the shape and angle of inclination
of the mirror to generate a reflective surface that forms a section of a sphere with a radius of
400 meters.

The data to which the algorithm's processing will be applied corresponds to a series of
measurements carried out at that facility on May 17, 2022, during which the environmental
conditions were optimal, with no clouds and low wind speed. The measurements were carried
out between 1:39 p.m. and 1:45 p.m., around solar noon, when the height of the sun was
67.93°.

As explained in the publication [1], the measurement is done by keeping the heliostat sta-
tionary during data collection, which ensures a uniform and constant scan, without steps or
deviations. This method is based on the movement of the sun as a scanning element of the
light beam.

The data format for processing the measurements consists of monochromatic images of
the heliostat captured by each camera at each instant of time, as the reflected beam sweeps
across the system due to solar movement. Thus, the reflected beam scans the system made
up of detectors and cameras, recording the intensity of the beam at all times and capturing
images every second during the scan.

The test begins by orienting the heliostat in a position where its reflected beam does not
reach the system. As the sun moves, the beam approaches the system until the scan is com-
plete.

Once the beam has completely swept the system, images are taken with the cameras,
increasing the exposure time to obtain photographs of the heliostat in diffused light. This will
allow to use these images to detect the corresponding facets.

4. Results

This section shows the results obtained after applying the algorithm described above on the
set of data acquired in the tests carried out explained in the experimental set-up section.
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Figure 4. Figures Displaying SD calculations in a facet: a) without any imposed constraints. b) apply-
ing spatial and temporal constraints

Figure 4 shows the slope deviation obtained at each point on the surface of one of the
facets that make up the heliostat. In these results, the average of all the slope deviations of
the points of the facet has first been calculated, and then this average value has been sub-
tracted from each point, which allows the changes to be observed more clearly. Thus, Figure
4.a shows the slope deviation obtained without applying any constraint on the calculated nor-
mal vectors, while Figure 4.b shows the slope deviation obtained after calculating the normal
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vectors, after applying the temporal and spatial constraints; that is, only the set of normal vec-
tors present after applying both constraints is considered.

In the results obtained from Figure 4 it can be seen that, in both cases, a similar result is
obtained in the deviation of the slope of the surface. However, when applying constraints, it is
noticeable how especially the area that appears with a higher red value is sharper, there is
greater variation in slope deviation. Some areas of the heliostat surface, which had initially
been detected as areas of low slope deviation, actually show a higher value of deviation after
applying the constraints. This is clearly seen in the lower section of the facet. The same hap-
pens the other way around, where areas of the surface that a priori were observed with a high
value of slope deviation after applying the constraints it is observed that in reality the value is
lower, observed in the upper right part of the facet. This indicates that, in the image where
constraints are applied, greater precision is achieved in gradient changes from a point on the
surface to the adjacent point.

Figure 5 below illustrates the results of Slope Deviation (SD) on all facets of the heliostat,
obtained from the algorithm with and without constraints imposed on the calculation of the
normal surface vector.
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Figure 5. Figures Displaying SD calculations in a complete heliostat: a) without any imposed con-
straints. b) applying spatial and temporal constraints

The results show that, both with and without constraints, the slope deviation obtained on
the surface of the heliostat is very similar.

Importantly, in Figure 5, the lower right facet shows considerable slope deviation. This is
because when the tests were carried out, it was detected that this facet had slack. This indi-
cates a defect in the facet, which is slightly loose compared to the structure. On the other hand,
there are areas, such as at the bottom of the lower left facet, where certain spots never light
up. As a result, they are assigned the maximum slope deviation value, as that area should
reflect the heliostat beam back to the camera, but due to optical distortions it does not.

As with single-facet analysis, applying constraints to all facets of the heliostat allows for
more accurate observation of slope deviation values in each area of the surface.

5. Conclusions

The results, which show a heat map of slope deviation values in a facet of the heliostat, provide
an approximation of the behavior of the rays reflected on the surface. These results provide
insight into optical distortions, which can be caused by environmental conditions (such as tem-
perature and humidity) as well as surface imperfections.

On an ideal surface (under optimal conditions and without damage), it would be observed
that the facet would have a uniform slope deviation color or value throughout its area. In this
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way, the inhomogeneities observed in the facet allow us to interpret that, if a facet is poorly
edged to a certain side, all its normal vectors will also show a deviation to that side, reflecting
a slope deviation according to that incorrect inclination.

These surface errors affect the efficiency of solar plants, as maximum deflection at all
points results in a proportional deflection in reflected light. For example, in the facilities that
have been measured, a slope deviation of 1 mrad would mean a beam deviation of 0.2 meters
at 200 meters. Therefore, consequently, obtaining more accurate information about the optical
behavior of the heliostat surface is essential for increasing the energy efficiency of solar ther-
mal tower plants.

In this way, this tool, which applies restrictions considering the period during which the
data was collected and the configuration of the system, allows any heliostat to be analyzed
regardless of the conditions under which it operates, providing precise information about the
optical behavior of the heliostat. The implementation of this methodology in commercial plants
will not only enable continuous monitoring of the optical quality of the heliostats, but also link
this quality to their geometry and mechanical operating conditions. This will provide valuable
insights for developing precise procedures and actions in operations and maintenance tasks,
ensuring that the heliostat fields remain in optimal working condition throughout their opera-
tional lifespan.

6. Future work

A deeper analysis of the combined optical, geometric, and mechanical aspects remains pend-
ing. This is necessary to establish practical recommendations and actions that can enhance
the optical quality of heliostats throughout their lifespan, from installation and commissioning
to routine operation. The ultimate goal is to develop a procedure based on this knowledge,
providing maintenance personnel with precise instructions to improve the optical performance
of heliostats as soon as any deviation from their design behavior is detected. This could involve
setting guidelines for adjustments, specifying not only which mirror facets to address but also

which specific fasteners (bolts, nuts, washers, etc.) to act upon, and how to do so to correct
the identified deviations.
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