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Optical errors for the Solar Field 2 heliostats at CSIRO Newcastle are characterised.  Deviation of 
the mirror facets from the ideal paraboloidal design are investigated by analysis of point cloud 
surface measurements.  A slope error of 0.97 mrad is determined to be appropriate for use in ray 
tracing simulations when modelling the heliostat facets as rectangular paraboloids at their design 
focal lengths. The software used for the facet surface analysis is being developed by the CSIRO as 
part of the HelioCon initiative and will be publicly released with an open-source license.  Tracking 
error is investigated by analysis of calibration target images acquired over a two-year period. 
Heliostat tracking error is found to be well described by an equally weighted mixture of Rayleigh 
distributions with distribution parameters of 0.47, 0.75 and 1.70 mrad.  Ray tracing simulations of 
Solar Field 2 show that slope and tracking error account for 2.5 and 8.3% losses, respectively, in 
solar flux through the aperture of the ASTRI demonstration particle receiver. 

Introduction 

The optical accuracy of heliostats is an important consideration for the design and operation of 
CSP facilities.  The heliostat field represents a significant fraction of the total capital cost, and 
reliable methods for manufacturing and operating heliostats to prescribed specifications are crucial 
for ensuring adequate performance and therefore financial viability.  For example, a 1 mrad 
increase in effective slope error requires the installed heliostat cost to be halved to reach the 
breakeven point for a 30MWt modular system (Zhu et al., 2023).  Heliostat optical errors include 
slope error, specularity, canting error, tracking error and astigmatism.  Slope error is the 
macroscopic deviation of the facet surface from designed shape, whilst specularity is due to 
microscopic roughness.  Canting error is the pointing error of individual facets for multi-facet 
heliostats, whilst tracking error is the pointing error of the overall heliostat. Astigmatism occurs 
when the sun, heliostat and target are not aligned along a single axis. 

In the present work, slope and tracking error for Solar Field 2 at CSIRO Newcastle are 
characterised.  Solar Field 2 currently consists of 396 heliostats, the majority of which are the 
patented CSIRO design (Burton and Andrews, 2011) with pitch-roll actuation and a single 1.85 × 
2.44 m facet with focal lengths ranging from 27 to 55 m.  The CSIRO pitch-roll heliostat design and 
Solar Field 2 at CSIRO Newcastle are illustrated in Figure 1.  
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Figure 1. The CSIRO pitch-roll heliostat design with rotation axes indicated (left) and 
installed at Solar Field 2 at CSIRO Newcastle (right). 

Methodology 

Point cloud measurements of the 472 heliostat facets originally constructed for use in Solar Field 2 
were obtained during the commissioning of the heliostat field in 2010 using a laser scanner. 
Approximately 1000 points were sampled for each facet with an average distance between points 
of approximately 7 cm. The point cloud data is analysed by software being developed by the 
CSIRO as part of the HelioCon initiative (Zhu et al., 2023).  The software is written in Python and 
will be publicly released with an open-source license.  The software can be used via a command-
line interface for batch processing of large datasets or imported as a module for use in user-
created Python code.   The workflow for the post-processing of mirror surfaces is broken into a 
sequence of stages: 1) loading, 2) preprocessing, 3) meshing, 4) analysing and 5) aggregating.  
The user provides a set of ASCII text files containing the point cloud coordinate data obtained from 
surface metrology measurements (one file per mirror surface). The format of the files (e.g. 
delimiters, units) can be taken into consideration by the loader. A preprocessor can be applied to 
ensure the positioning of the points in the coordinate system is correct (i.e. basin of mirror at origin 
with normal in the positive z direction). A 3D surface mesh is then generated from the points using 
either B-spline curve fitting or Delaunay triangulation.  In the present work, the 3D surface mesh is 
constructed using Delaunay triangulation with mesh facets having an aspect ratio larger than 10 
omitted.  The filtering of high aspect ratio facets is necessary due to the normal direction of these 
facets being highly sensitive to small errors in the measured point cloud coordinates.   

Once the mesh has been generated, the slope error distribution over the mirror surface can then 
be determined by comparing the normal vectors from the mesh facets generated from the point 
cloud data with a reference surface. The reference surface can be created using one of two 
methods: 1) known focal length paraboloid, or 2) fit surface (planar, paraboloidal or deformed 
paraboloidal). The first method uses a paraboloidal mirror of a particular fixed focal length (e.g. the 
design focal length) as the reference surface. This is useful for determining the slope error 
distribution relative to the intended design for the facet. The fit surface option applies a linear least 
squares method to fit a surface (planar, paraboloid or deformed paraboloid) to the point cloud data. 
For a paraboloidal surface, this allows the focal length that best describes the point cloud data to 
be found and used for calculating the slope error distribution. Typically, the resultant slope error 
using this approach is lower compared to the known focal length method, as the focal length error 
has been eliminated. The deformed paraboloidal surface is described using the equations 
presented by Cumpston and Coventry (2017) and allows curvature and twist to be included in the 
reference paraboloidal surface. 
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The final step in the facet analysis is aggregating the slope error distribution over the facet surface 
to obtain a single representative slope error. The conical slope error distribution over the facet 
surface is usually found to be well described by a Rayleigh distribution with parameter σ.  A 
Rayleigh distribution of conical slope error implies that the slope error in each of the x and y axes is 
normally distributed, and the Rayleigh parameter σ is equal to the standard deviation of slope error 
in each axis direction.  In the present work, the Rayleigh parameter σ is calculated as the area-

weighted RMS of the facet slope errors scaled by 1/√2.  This is equivalent to the maximum-
likelihood estimator (MLE) for a Rayleigh distribution in the limit of a large sample population.   

Heliostat tracking error has been investigated by analysing Solar Field 2 calibration target images.  
The dataset considered in the present work consists of 4745 images acquired over a two-year 
period.  Solar Field 2 has two Lambertian targets on the tower that heliostats are periodically aimed 
at to recalibrate the geometric parameters used in the tracking model.  Ground-based digital 
cameras are used to capture the backscatter from the Lambertian targets, and image processing of 
the intensity map is then used to determine the actual pointing direction of the heliostat.  The 
heliostat tracking error can then be calculated as half the angular displacement between the 
intended and actual pointing directions.  Although this method of measuring tracking error using 
single images is unable to characterise oscillations due to actuator digitisation and wind induced 
vibrations, previous work with high frequency image captures has found that these oscillations are 
generally of a much smaller magnitude than the time averaged tracking error. 

Results 

Slope error contour maps for various Solar Field 2 facets are illustrated in Figure 2.  The cross-
bracing support structure that the facets are adhered to is clearly visible as regions of very low 
slope error for the moderately and significantly deformed facets.  This indicates that the support 
structure has the correct shape according to the design paraboloid, but that the facet is deforming 
in regions that are not directly connected to the support structure. 

   
(a) Best facet 

(M15, σ=0.56 mrad) 
(b) Moderately deformed facet 

(G14, σ=1.01 mrad) 
(c) Significantly deformed facet 

(F12, σ=1.24 mrad) 

Figure 2. Slope error contour maps for various Solar Field 2 facets. 

Histograms of slope error for the 393 facets active in Solar Field 2 using three different reference 
surfaces are presented in Figure 3. The mean slope error for the sample population decreases as 
more variables are brought into the reference surface model.  The decrease from the design 
paraboloid to the fitted paraboloid is only 7%, indicating minimal focal length error. A considerably 
larger drop in mean slope error of 17% occurs from the fitted paraboloid to the fitted deformed 
paraboloid, indicating that some twist and curvature deformation exists in the facet population. 
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Figure 3. Histograms of facet slope error for Solar Field 2 using various reference 
surfaces. 

 

Figure 4. Comparison of a measured and ray traced calibration target images for the 
significantly deformed heliostat F12. 

Ray tracing simulations using the Heliosim software (Potter, 2022) were performed for selected 
calibration target images.  The heliostat facet was modelled in two different ways: 1) as the design 
paraboloid surface with a Rayleigh distributed conical slope error model, and 2) as the Delaunay 
triangulation mesh obtained from the scanned point cloud data with no slope error model applied.  
The comparison of these Heliosim simulations with a calibration camera image for heliostat G12 
(see Figure 2c) is presented in Figure 4.  Due to the significant deformations present for this facet, 
the simulation with the design paraboloid surface and modelled slope error has numerous 
qualitative differences to the calibration image. This demonstrates the inherent limitations of 
attempting to model heliostat facet deformations with statistical slope error models. 

The histogram of tracking error for the Solar Field 2 heliostats is presented in Figure 5.  The 
histogram is seen to be best described by a mixture of three equally weighted Rayleigh 
distributions with σ parameters of 0.47, 0.75 and 1.70 mrad.  This suggests that there may be 
subpopulations of heliostats with different tracking error magnitudes. 
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Figure 5. Histogram of tracking error for Solar Field 2 heliostats. 

Using the slope and tracking error distributions determined in the above analyses, ray tracing 
simulations were performed of Solar Field 2 with the ASTRI demonstration particle receiver on the 
tower.  This receiver has a circular aperture with diameter of 90 cm.  For an ideal heliostat field 
with no slope or tracking error, the solar flux through the aperture at the design point is 945 kW.  
Applying a slope error of 0.97 mrad reduces the aperture flux to 923 kW, and then adding the 
Rayleigh mixture distribution tracking error model further reduces the aperture flux to 872 kW.  

Conclusion 

Slope and tracking error for Solar Field 2 at CSIRO Newcastle have been characterised.  The 
average slope error for the facet population was determined to be 1 mrad and represents only a 
relatively minor (2.4%) source of loss for the solar flux through the aperture of the ASTRI 
demonstration particle receiver.  Conical tracking error is found to be well described by a mixture of 
equally weighted Rayleigh distributions with σ parameters of 0.47, 0.75 and 1.70 mrad, and 
represents a more significant (5.5%) source of loss in aperture interception for Solar Field 2. 
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