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Abstract. NREL has completed stage 1 development of an indoor optical measurement tool
for fully assembled heliostats and single facets. This tool began as an indoor version of NREL’s
outdoor Non-Intrusive Optical (NIO) measurement technique [1]. It uses similar techniques to
other available tools (deflectometry, photogrammetry, etc.), but is designed to require very little
infrastructure, labor, and time to set up and collect surface slope and canting measurements,
making it a valuable tool for quality assurance and laboratory measurement of heliostat optics.
It accomplishes this by using computer vision, photogrammetry, and multiple images stitched
together to minimize the printed target size and required setup precision. This adaptable setup
is useful for taking measurements at a variety of heliostat pointing angles, and for measuring
fully assembled heliostats on the assembly line. In this paper, we describe the methodology
behind the measurement system, present an initial analysis of its uncertainty and sensitivity,
and compare it with established optical measurement systems.

Keywords: Heliostat Optics, Measurement, Slope, Canting, Deflectometry, Photogrammetry,
Computer Vision, Concentrating Solar Power

1. Introduction

Accurate mirror optics are essential to achieving a well-performing concentrating solar field
and ensuring that low heliostat or parabolic trough cost-per-flux is delivered to the receiver.
This is a primary driver of efficiency in Concentrating Solar Power (CSP) and Concentrating
Solar Thermal (CST) plants. Ensuring precise optics during assembly is often more efficient
than measuring and adjusting optics in the field.

A variety of techniques exist to measure solar concentrator optics, both in the field and
in a laboratory or manufacturing warehouse setting [2]. The main classes of techniques are
photogrammetry [3], [4], reflected target methods, and fringe deflectometry [5]—[8]. Photogram-
metry techniques are ubiquitous and useful; however, to measure the mirror surface slope,
many targets must be attached to the mirror surface. This is time-consuming and obtaining
high-resolution surface slope measurements (as opposed to 3D position measurements) is
nontrivial. Deflectometry methods are well-established and highly accurate. QDec, a fringe
deflectometry measurement system created by the German Aerospace Centre (DLR) and CSP
Services, is commercially available for optical measurement [6], [8], [9]. SOFAST is a mature
fringe deflectometry tool developed by Sandia National Laboratories [5], [10]. These methods
achieve high-resolution results, and when implemented properly, they set a high standard for
optical measurement. However, they have several drawbacks for use as a laboratory or as-
sembly line quality assurance tool. First, these techniques require a series of multiple target
patterns to be reflected on the mirror. This means that the target must be a very large liquid-
crystal display (LCD) or projector screen to accommodate the changing images. When using
a single camera and a near-flat heliostat, the screen needs to be more than two times the size
of the mirror. Using multiple cameras can slightly reduce the required screen size, but these
systems still require large and costly infrastructure. Second, collecting optical measurements
with the mirrors at different orientations—which can measure gravitational effects—is challeng-
ing, as it requires moving and remounting the screen from the wall to the ceiling. Lastly, lighting
must be carefully controlled because the dark fringe tone is only as dark as the projection
screen under ambient lighting.
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Here, we present a new heliostat optical measurement technique, the Reflected Target
Non-Intrusive Assessment (ReTNA) measurement system, that overcomes these challenges
to enable fast, low-cost analysis of heliostat optics in a laboratory or manufacturing setting. In
a reflected target system, printed patterns are reflected in mirrors to determine mirror shape at
the reflected features. Several groups have developed this type of system for use in the labor-
atory and in the field. Andraka et al. used a large, truck-mounted pattern board to measure
heliostats at Sandia National Laboratories [11]. Beltran-Madrigal et al. reflected a deformed
dot pattern in parabolic trough mirrors to observe mirror surface deformation [12]. The ReTNA
measurement system has several unique features that make it well-suited for fast, low-cost
analysis:

o Using relatively small, modular printed targets mounted on walls or ceilings makes the
system scalable to a variety of mirror sizes and orientations.

e Collecting multiple images from a moving camera allows the analysis to be performed
with a much smaller target.

e Leveraging recent advances in computer vision, image processing, and photogramme-
try greatly reduces the time and precision required for system setup and analysis. Tar-
get and mirror positions are automatically identified with a high level of precision.

Although reflected target techniques have lower resolution than fringe deflectometry methods,
recent work suggests that a lower spatial resolution, on the order of one point every 2.5 cm of
facet side length, is adequate to estimate the intercept factor and flux distribution profiles within
1% [13].

This method has wide-ranging applications, but it is particularly valuable for smaller-scale
plants where a large, costly quality assurance installation would be impractical. It will also be
useful for R&D, enabling researchers to quickly gain information on heliostat or trough optics
under a variety of orientations and simulated loadings.

2. Methodology

All deflectometry systems use the same basic principles. Given the location of a camera or
sensor, a target or source point in space, and the precise location of its reflection in a common
reference frame, simple geometry and the law of reflection can be used to identify the surface
angle of the mirror at the point of reflection. For optical metrology software, this measurement
must be performed quickly, accurately, and automatically.
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Figure 1. A photogrammetry model of the scene, with target points located in the mirror's ref-
erence frame.

The first step is to create a library of target point locations, organized by row and column, in
the mirror’s reference frame. Currently, this is done using commercial photogrammetry soft-
ware. In the future, this will be done by using a mirror stand or an assembly line at a known
location with respect to the target; alternatively, this photogrammetry step will be incorporated
directly into the ReTNA tool. For now, existing photogrammetry software meets this require-
ment. Once we have a model for the target, it takes only 5-15 new images to link these to a
new mirror position and translate them to the new reference frame. To check the accuracy of
the photogrammetry model, we examine the precision vector length of each target point, as
shown in Figure 2 (left). The library of target point positions is stored in a Pandas DataFrame
for easy operation in Python, as shown in Figure 2 (right).

Target Point Precison
180
160

Counts

Precision (mm)

Figure 2. Photogrammetry is used to generate a library of target point locations (left). The
precision of each target point is plotted (right).

Initial tests of the ReTNA system used projected targets, which can easily be changed to test
different target styles and densities. Figure 3 shows example images on a curved parabolic

3

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.



trough panel and a small, multifaceted heliostat. Printed targets, which will be used in the next
version of ReTNA, were also tested successfully.
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Figure 3. Example images used in the ReTNA analysis for a parabolic trough facet (left) and
a multifaceted heliostat (right). Smaller, printed targets were also tested.

In an analysis image, like the ones in Figure 3, several features must be identified to generate
the ReTNA measurements. These features are indicated in Figure 4. Nonreflected features
like the corners of the mirror are used to create a common reference frame for the system.
These points, which are at known relative positions with respect to one another (the length and
width of the mirror panel), are used to directly solve for the position of the camera. Directly
solving for the camera position allows ReTNA to use multiple images with a moving camera,
without requiring the camera location to be known with high accuracy. Right now, these corner
points are identified manually, but finding mirror corners using computer vision has been
demonstrated by the ReTNA team and other researchers [14]-[16], and is a likely next step
for the software.

| Reflected
7'_ “key points”

Reference pointsto | =
locate camera

All reflected
target points

.....

Figure 4. An expanded image of targets reflected in a mirror facet. Mirror corners, reflected
target points, and reflected coded key points are identified for analysis.

All reflected target points are identified automatically using contouring and Hough Circle meth-
ods. The final pre-processing challenge is to map the reflected points to their corresponding
points on the target. To do this automatically, key points are added to the target. These points
are surrounded by unique code markings. Once four of these key points are identified in the
reflection, ReTNA generates a transformation matrix, projecting reflected points onto the tar-
get. Each reflected point is transformed into the target’s reference frame, and then a k-d tree
is used to identify the closest point on the target. This method has been demonstrated to be
fast (<1 second to associate over 500 points) and 100% effective for all tests on heliostat
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mirrors. Finding target points for distorted point positions can be challenging. This issue can
be mitigated by adjusting the distances between the mirror and the target, however, it could
present a challenge for mirrors with greater curvature. Testing this projection technique on
parabolic trough mirrors is a priority for the next year.

Normalized Siope Error X

os

04 2

03

02

Figure 5. Photogrammetry is used to create a 3D scene (left). Once the camera point is
solved, the mirror's surface slope can be measured (top right) to yield ReTNA results (bottom
right).

Once the camera position has been calculated and the reflection points have been identified
and referenced to their respective target points, the reflection points are projected from the x-
y plane (defined by the corners of the mirror) onto the actual expected mirror surface. For a
curved trough mirror, this means simply extending a ray from the camera location through the
reflection location on the x-y plane and finding the intersection point with the ideal mirror sur-
face. Surface slope can then be calculated in the x and y directions and subtracted from the
ideal surface shape to get the optical surface error at each reflected target point.

3. Initial results

ReTNA has successfully generated surface slope measurements on multiple facets of a heli-
ostat simultaneously (Figure 6) and on a parabolic trough mirror (Figure 7). To display these
results, we plot a circle at the measurement location on the mirror surface and colour it accord-
ing to the slope error value (in milliradians). Separate plots are generated for slope error in the
x and y directions. When examining slope error, each facet is normalized, shifting the distribu-
tion of error measurements to be centred around zero.
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Heliostat Results (two adjacent panels)
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Figure 6. ReTNA results on adjacent heliostat facets in the x-direction (left) and y-direction
(right).

Parabolic trough panel results
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Figure 7. ReTNA results for slope error in the x-direction on a parabolic trough mirror.

We compared ReTNA measurements to measurements collected with NREL’'s SOFAST in-
stallation. This comparison is shown in Figure 8. On the left of this figure, ReTNA results (cir-
cles) and SOFAST results (background) are plotted on the same color scale, showing strong
qualitative agreement. The ReTNA measurements can be directly subtracted from the SO-
FAST slope measurements in the x and y directions, generating the difference distribution
shown on the right of Figure 8. The differences here are likely due to both inaccuracy in
ReTNA'’s camera position calculation and an issue with NREL’s SOFAST setup. The SOFAST
measurements were not centered around zero, which implies some facet canting. It is unclear
what this would mean for a single mirror. More analysis is necessary to resolve these small
discrepancies.
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Figure 8. Left: ReTNA slope errors in the x direction (circles) are plotted directly on top of the
same measurements from SOFAST (background). ReTNA and SOFAST results are plotted
on the same color scale, showing good agreement. Right: ReTNA point values are sub-
tracted from the SOFAST measurements to produce a difference distribution.

As shown in Figure 9, non-normalized ReTNA measurements can also be used to measure
the relative canting of mirror facets. The average measured value on each facet can be com-
pared, giving relative canting in the x and y directions. We compared two ReTNA measure-
ments with slope measurements from a high-precision digital level. Both ReTNA measure-
ments were well within the digital level’s uncertainty of £0.05 degrees, or 0.87 milliradians.
However, more data must be collected to establish ReTNA'’s uncertainty.
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Figure 9. Left: The relative canting of adjacent facets is measured by comparing average
measured slopes. Right: Two ReTNA results are compared to a high-precision digital level
measurement.

Finally, some consistency issues remain with the ReTNA system. Figure 10 shows an extreme
example of this. In images from two different ReTNA measurements, the same surface error
structures are visible, but the magnitudes differ greatly. A sensitivity study has indicated that
this is likely due to uncertainty in the camera position calculation. In the next year, we hope to
resolve this by locating the camera more accurately with additional automatically identified
reference points.
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Figure 10. An extreme example of error in the ReTNA system. In two different data sets (top
and bottom), the same surface error structures are visible, but magnitudes differ significantly.

4. Conclusions and next steps

This paper describes initial work to design and test the ReTNA measurement system. Although
the initial results are promising, further work is required to establish this metrology system. We
have identified the following next steps:

e Conduct more rigorous quantitative analysis and/or measurement system uncertainty.
Further automate the system using computer vision.

¢ Refine the camera position calculation with additional automatically identified reference
points.

e Build a fully automated prototype system with an automatic camera track to scan mir-
rors.

The ReTNA system is a powerful tool for heliostat and parabolic trough research and design
(R&D) and assembly line quality assurance and control. During R&D, it can quickly and accu-
rately measure a range of heliostat geometries at any orientation, with very little setup cost and
time. During manufacturing, ReTNA can be directly incorporated into the assembly line pro-
cess without large, costly projector screens or photogrammetry targets attached to the mirror
surface. ReTNA works by leveraging recent developments in open-source computer vision and
image processing technology and has been demonstrated to accurately measure mirror sur-
face slope and relative facet canting.

5. Data availability statement

At this stage, all measurements were performed on NREL’s laboratory test mirrors. These data
are available from the authors on request.
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