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Abstract. The authors' original concept of indirect solar flux mapping of a heliostat field
measures CRD using a compact stationary array of moonlight illuminometers on the receiver
aperture and a reference moonlight illuminometer on the dual-axis moon tracker. Two sets of
moonlight concentration experiments (CCD camera + white target; concentrated lunar beam
passing across the linear array of illuminators) were carried out on 63 heliostats at Badaling
Solar Tower Power Plant in Beijing on a full moon night in 2018. How the sun and moon shapes
differ for CRD as light sources on a solar dish is investigated. Solar/lunar CRDs are similar.
Another lunar flux mapping model is also presented, allowing different moon shapes to esti-
mate the solar CRD and contribute improvements in extrapolating measured lunar CRDs to a
solar tower working with the real Sun by repeated smooth-filtering. In this paper, some un-
known factors, effects, and improvements are carefully considered to enhance the CRD meas-
urement accuracy of a solar tower power plant by using moonlight concentration.

Keywords: Concentration Ratio Distribution, Moonlight Concentration, Flux Mapping, Solar
Tower, Solar Dish, Deep Learning

1. Introduction

Measuring solar flux distribution (also called flux mapping) on a large heliostat field receiver is
challenging but essential. Generally, measuring methods are divided into categories: the direct
and the indirect methods. Current typical indirect measuring methods comprise the moving
whiteboard, CCD camera, and heat flux sensors, which are only effective for small receiver
apertures [1]. Indirectly, Ho et al. developed the photographic flux mapping method of PHLUX
for external central receivers [2], [3]. It took pictures of the Sun and the concentrated solar
image on the receiver surface using the same camera settings. The pixel-grey values of the
shot images were calibrated to the flux density using the direct normal solar irradiance (DNI),
and the solar flux distribution was obtained. The CCD camera and the absorber reflection
properties were mainly used, but PHLUX was still not used in practice due to the complicated
and changing spatial distribution of surface reflectance. The concept of a real-time flux density
monitoring system on external tube receivers jointly developed by DLR and the company of
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CSP Services won the SolarPACES Technology Award 2021, and the indirect solar flux meas-
uring system was mainly composed of a digital camera, reflective properties of the receiver
surface, and the reference radiometer [4], [5]. This solar flux mapping technology seems good
but is still not widely used. Previous methods of solar concentrators have been limited to using
only the Sun or the full moon.

Indirectly, the lunar flux mapping in this study measured the illuminance distribution on
the receiver aperture and the direct normal lunar illuminance during moonlight concentration
experiments to determine the concentration ratio distribution (CRD). The moonlight concentra-
tion experiments were conducted at the Dahan solar power tower plant in Beijing on a full moon
night in 2018 and measured illuminance distribution on the receiver aperture using a stationary
array of illuminometers and the direct normal lunar illuminance (DNInoon) USing a reference
illuminometer on the dual-axis moon tracker [6]. The solar flux density was estimated as

F(x,y) = CR(X,_)/)moon' DNlsun (1)
with the assumption that the lunar CRD be equal to the solar CRD, i.e.,
CR(X,y)sun = CR(X,y)moon = I(X,y) / DNlmoon , (2)

where /(x,y) is the illuminance distribution. However, the accuracy of CRD measurement in
this lunar flux mapping test was not investigated further.

To indirectly measure the CRD of the solar tower concentrator by concentrating
moonlight, a solar dish concentrator was built as an optical stable point-focusing system in
the Dahan heliostat field in Beijing. Solar and lunar concentration experiments were carried
out to investigate the effect of moon shapes on CRD. A new raytracing simulation model for
the moonlight CRD of the dish concentrator was presented. The applicability of lunar flux
mapping was expanded over the lunar cycle by allowing different moon shapes [7]. Another
lunar flux mapping model was developed to better estimate the expected solar CRD. They
contributed improvements in extrapolating measured lunar CRDs to a solar concentrator
working with the real Sun [8]. This lunar flux mapping model was applied to a real solar dish
concentrator and was most probably applicable to large-scale tower power plants, recogniz-
ing the potential of a solar concentrator to enhance the similarity between the solar CRD and
a lunar CRD and compensating the residual differences by using repeatedly smoothing fil-
tering of a lunar CRD. Further research is still going on.

2. Further considerations and improvements

2.1 One simple processing of CRD images

The preliminary lunar flux mapping model does not provide an exact criterion for determining
the number N of smooth-filtering operations [8]. It is clear that N increases when the moon
phase decreases and that the bigger moon needs fewer smooth-filtering operations on the
lunar CRD. Here, a straightforward processing of CRD images for the number N of smooth-
filtering operations is presented, as Tab.1 shows.
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Table 1. Sooth-filtering times vs. ratio of the current moon to the full moon

proportion range of moon phase to full | Smooth-filtering times (N)
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2.2 Moon size effect

The angular diameter of the moon (d,,,,.») viewed from the earth, changes between the small
and the supermoons, and the supermoon appears 14% bigger and 30% brighter than the small
moon. Thus, the effect of the moon's size is significant to the lunar flux mapping. Therefore, N
times of smoothing filtering of a digital lunar CRD to approximate the expected solar CRD
should be refined and rewritten as

CRsun(x,y) = F(x,y) / DNlsyn (3)
CR(X,Y)moon = 1(X,y) / DNImnoon 4)
CRo(X,¥) = CRmoon(6%,8Y), o= Amoon/Asun (5)

- 1 M M i i
THCRoX Y} = iy Ziz—m Zj=-m CRo(x-18,y-j6) (6)

CRsun(x.y) = ¢ - THCRo(x.y)} = ¢ TN{T{CRo(x.y)}} (7)

Where c is a scalar reserved for the final modulation of the smoothed CRD image, and
0 is the pixel width.

2.3 Bias effect of Moon shape center

The grayscale moon image by a CCD camera with a telephoto lens is processed and used as
a moon shape for the light source. In Fig.1, the analyzed image center (centroid) biases from
the reference moon disk center are 0.94 mrad in the horizontal direction and -1.51 mrad in the
vertical direction. This bias is equivalent to some tracking error and affects the lunar CRD, so
it should be carefully considered.

Figure 1. In Beijing, a moon picture(left), analyzed the moon image(middle) and the center bias on
April 30, 2023.
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2.4 2-in-1 calibrator for solar CRD from lunar CRDs

Regarding the reserved scalar c in Eq. (7) used to modulate a lunar CRD to the expected solar
CRD, a compound "2-in-1 calibrator" is designed. Fig. 2 shows the moonlight metering station
and the Fresnel point-focusing reflector with small flat mirrors. The Fresnel point-focusing re-
flector is to produce uniform central flux on the target plane. Initially, the moonlight metering
station is configured as a pair of DN/noon measuring sensors, azimuth-elevation dual-axis moon
tracker, and the rotational housing dome with a wide window for the moon sighting. Then, the
moonlight metering station and the Fresnel point-focusing reflector are combined into the "2-
in-1 calibrator", sharing the same dual-axis moon tracker.

Figure 2. Moonlight metering station (left), Fresnel point-focusing reflector with small flat mirrors (mid-
dle) to produce uniform central flux (right), wholly as the calibrator for solar tower CRD from lunar CRD
measurements.

2.5 Heliostat tracking the moon using Sun traces

To make the lunar flux mapping method universal and without modifying the engineering reli-
able heliostat sun-tracking control programs, the model and algorithm of the heliostat to track
the moon at night with the apparent trajectory of the Sun during the day are developed.

The #7.1 heliostat in the Dahan field is taken as an example; the north-east-height
coordinates of the heliostat center are (73.546m,27.869m, 5.836m) and the aim point in the
target plane on the tower is set as (-74.0m,0m,74.5m). At the local time of 19:27:27, May 2,
the control system date and time are changed to 10:00:00, March 21; that is, the time shift is
9.4576h.

As Fig. 3 shows, the tracking effects of the angular residual differences between
Sun/Moon traces are further compensated by dynamically modifying the heliostat aim points,
which matches the aiming point strategies for solar flux control. This "Sun tracks Moon" model
is verified by the moonlight concentration test on the #7.1 heliostat. The details of the "Sun
tracks Moon" geometric model, solving algorithms, and the test verifications will be reported in
another full paper.

altitudes vs time coordinate correction trace on target plane of heliostat aimpoint (#7.1) (Sun tracks Moon) aimpoint coordinate correction in target plane
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Figure 3. Comparison of Sun & Moon position angles (left), Aimpoint correction trace in the target
plane (middle), and dynamic aimpoint correction along shifted daytime for May 2, 2023, in Beijing.
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2.6 Deep Learning tools used to predict solar CRD images from lunar CRD
images

Deep Learning in Al is now fascinating and powerful, and the algorithms are used in many
engineering areas. A lot of sunlight and full-moon light concentration experiments on the #7.0
heliostat in the Dahan solar field have been done. A CCD camera takes many solar images on
the target plane to generate an adequate dataset for the Deep Learning models. Lunar CRD
images are successfully transformed into the solar CRD images of the #7.0 heliostat using the
Deep Learning algorithms of CycleGAN and Pix2Pix in Python [9], as Fig.4 shows.

the Dahan solar field

solar image from CCD camera

Real Real
\ , _ image image
# Moon Apré Moon Apré %
18:00—07:00 e
pix2pix CycleGan
sun sunimage

image

Figure 4. Deep Learning is used to predict solar CRD images from lunar CRD images. The upper-left
picture is the #7.0 heliostat in the solar field; the upper-middie is a solar image on the target plane; the
upper-right is the solar image of the heliostat by a CCD camera set in the solar field; the bottom-left
section illustratively shows the comparisons of the sun/moon traces for two different days; the bottom-
right section shows four example images in the same size in terms of pixels, and they are the real
moon from the CCD camera, the real sun image from the CCD camera, the predicted solar CRD im-
age from the real moon image by the Pix2Pix algorithm, and the predicted solar CRD image from the
real moon image by the CycleGAN algorithm, respectively.

3. Conclusions

Following the new lunar flux mapping model for a solar tower system, our authors carefully
consider some unknown factors, effects, and improvements to enhance the CRD measure-
ment accuracy of a solar tower power plant by using moonlight concentration:

e Heliostat tracks the moon using Sun traces for engineering reliable and convenient rea-
sons (Sun-track-Moon); residual differences between Sun/Moon traces are further com-
pensated by dynamically modifying the heliostat aim points.

e The moon size and shape center bias effects are considered the newly modeled.

e A 2-in-1 calibrator (Moonlight metering station + Fresnel reflector with flat mirrors) is de-
signed for solar CRD from smoothed lunar CRDs by modulation of the scalar ¢ in the new
lunar flux model.

e The lunar CRD images have been successfully converted to the solar CRD images of the
#7.0 heliostat using the Deep Learning algorithms of CycleGAN and Pix2Pix.

Ongoing work is hard. Cooperations in the community of SolarPACES are welcome.
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