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Introduction

(a) The CSIRO pitch-roll heliostat design (b) Solar Field 2 at CSIRO Newcastle



Introduction

Path-independent aberrations (1, 2 and 3) and geometric optics (4) [1]

1. W. Landman and G. Zhu, “Solar optics and principles,” in Handbook Of Solar Thermal Technologies (Vol. 1). World Scientific Publishing Company, 2022, ch. 3, pp. 47-60.



Introduction

Heliostat facet slope error due to 
surface macroscopic topology [1]

(c)

Heliostat tracking error due to error 
in pointing direction

1. W. Landman and G. Zhu, “Solar optics and principles,” in Handbook Of Solar Thermal Technologies (Vol. 1). World Scientific Publishing Company, 2022, ch. 3, pp. 47-60.

Heliostat facet specularity due to 
surface microscopic topology [1]



Previous work

(b) Measured tracking error at 100Hz over a 6 hour period(a) Calibration target centroid detection

• Investigation of tracking error by analysis of calibration target images captured at high 
frequency (100 Hz) 



Present work

• Slope error analysis of measured heliostat facet point cloud data with a new 
software tool developed as part of the HelioCon initiative

• Tracking error analysis of 4745 calibration images acquired over a two-year period

• Ray tracing simulation to quantify impact of slope and tracking error on aperture 
interception 



Methodology: slope error analysis

Raw point 
cloud data

Loader Preprocessor Mesher Analyser Aggregator

Ensures basin of mirror 
at origin with normal in 
the positive z direction

Representative 
facet slope error

Determine 
representative `slope 
error’ of the facet via:
• Area-weighted RMS 

scaled by 1/ 2 
• …

Comparison with:
1. Fixed focal length 

paraboloid
2. Fitted focal length 

paraboloid
3. Fitted deformed 

paraboloid [1]

1. Cumpston, J. and Coventry, J, 2017, ‘Derivation of error sources for experimentally derived heliostat shapes’, AIP Conf. Proc., 
1850, p030013-8.

Create mesh from point 
cloud using:
1. Bivariate B-Spline
2. Delaunay triangulation



Delaunay triangulation

fmax = 1000
(A = 3.99 m2)

fmax = 100
(A = 3.94 m2)

fmax = 10 
(A = 3.92 m2)

• Normal direction of triangles with high aspect ratio are very sensitive to the precision of the 
point cloud measurements

• Filtering out triangles with high aspect ratio is necessary to avoid anomalous data
• A maximum aspect ratio of 10 was found to allow anomalous triangles to be omitted whilst 

retaining ~98% of the reflective area



Delaunay triangulation

Value used in 
present work



Methodology: tracking error analysis

Particle receiver

Calibration 
targets

Typical heliostat image on target just prior to calibration 
procedure



Tracking error modelling

0 mrad



Tracking error modelling

0.5 mrad



Tracking error modelling

1.0 mrad



Tracking error modelling

1.5 mrad



Tracking error modelling

2.0 mrad



Results: slope error analysis

(a) Slightly deformed facet
(M15, σ=0.56 mrad)

(b) Moderately deformed facet
(G14, σ=1.01 mrad)

(c) Significantly deformed facet
(F12, σ=1.24 mrad)
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Results: slope error analysis

Histograms of facet slope error for Solar Field 2 using various reference surfaces.



Results

(c) Comparison of a measured and ray traced calibration target images for the 

slightly deformed heliostat M15 (σ=0.56 mrad)

(a) Slope error map on 2D surface (b) Slope error map on 3D residual surface



Results

(c) Comparison of a measured and ray traced calibration target images for the 
moderately deformed heliostat G14 (σ=1.01 mrad)

(a) Slope error map on 2D surface (b) Slope error map on 3D residual surface



Results

(c) Comparison of a measured and ray traced calibration target images for the 
significantly deformed heliostat F12 (σ=1.24 mrad).

(a) Slope error map on 2D surface (b) Slope error map on 3D residual surface



Results: tracking error analysis

Histogram of tracking error for Solar Field 2 heliostats.



Results: ray tracing analysis

(a) 

Paraboloidal facets

Design focal lengths

0.97 mrad slope error

No tracking error
(923 kW)

• Increasing slope error from the measured value of 0.97 mrad to 1.17 mrad gives a closer agreement with 
the scanned facets case, however the asymmetry cannot be reproduced using a single conical slope error

(c)

Scanned facets

No Slope error

No tracking error
(906 kW)

(b) 

Paraboloidal facets

Design focal lengths

1.17 mrad slope error

No tracking error
(906 kW)



Results: ray tracing analysis

(b) 

Paraboloidal facets

Design focal lengths

1.17 mrad slope error

No tracking error
(906 kW)

(c)

Paraboloidal facets

Design focal lengths

1.17 mrad slope error

Mixture distribution tracking error
(847 kW)

(a)

 Paraboloidal facets

Design focal lengths

No slope error

No tracking error
(944 kW)

• Tracking error is a more significant error mechanism than slope error for Solar Field 2 
(59 kW additional spillage compared to 38 kW)



Conclusion
• Slope and tracking error for Solar Field 2 at CSIRO Newcastle have been investigated

• The average slope error for the facet population was determined to be 0.97 mrad by analysis of the 

facet scan data

• Ray tracing simulations found, however, that a slope error of 1.17 mrad gave improved agreement 

with simulations using the facet meshes generated from the scan data

• Slope error represents a moderate (4.0%) source of loss for the solar flux through the aperture of 

the ASTRI demonstration particle receiver

• 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 (6.3%) source of 
loss in aperture interception for Solar Field 2
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The Heliosim software family
A collection of libraries, plugins and applications that has been developed by the CSIRO for modelling, 
design, and control of heliostat-based concentrating solar thermal (CST) systems [1, 2]

Defining features
• Object-orientated implementation of core 

functionality in C++
• GPU-accelerated Monte Carlo ray tracing with 

mesh-based models of heliostats, receivers, etc. 
• Standalone applications with graphical and 

command line interfaces

Usage
• Provides critical tools for the design and 

operation of receiver experiments at CSIRO 
Newcastle

• Modelling capability is used in numerous 
research and commercial projects

o Detailed performance modelling 
of heliostat fields & receivers

o LCOE & LCOH based system-level 
optimisation 

1. D. Potter, et al., AIP Conf. Proc., vol. 2033, 2018, doi: 10.1063/1.5067213

2. D. Potter, “The Heliosim software family: modelling, design, and control tools for

CST systems,” in Proceedings of the Asia Pacific Solar Research Conference, 2022.
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