% applied sciences

Article

Computer Modelling of Heliostat Fields by Ray-Tracing
Techniques: Simulating the Mechanical Rotations

José Carlos Garcia Pereira I*

check for
updates
Academic Editor: Harry D.

Kambezidis

Received: 20 March 2025
Revised: 11 April 2025
Accepted: 16 April 2025
Published: 19 April 2025

Citation: Pereira,].C.G.; Rosa, L.G.
Computer Modelling of Heliostat
Fields by Ray-Tracing Techniques:

Simulating the Mechanical Rotations.

Appl. Sci. 2025,15,4508. https://
doi.org/10.3390/app15084508

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

and Luis Guerra Rosa 2

Departamento de Engenharia Quimica, Instituto Superior Técnico, Universidade de Lisboa, Av. Rovisco Pais,
1049-001 Lisboa, Portugal

IDMEC—Instituto de Engenharia Mecanica, Instituto Superior Técnico, Universidade de Lisboa,

Av. Rovisco Pais, 1049-001 Lisboa, Portugal; luisguerra@tecnico.ulisboa.pt

*  Correspondence: jose.carlos.pereira@tecnico.ulisboa.pt

Featured Application: This work is directly applied to optimize the performance of
heliostat fields used in solar concentrating facilities.

Abstract: In this work, solar concentrating heliostat fields are modeled using accurate
solar-tracking algorithms and a wide range of rotation models to investigate the parameters
controlling the mechanical efficiency of these solar facilities. Iterative procedures are first
described to determine the rotation angles needed to properly orient a single heliostat for
the most commonly used mechanical models, including the azimuth-elevation, tilt-roll,
and target-aligned models. These mathematical techniques were integrated into our Light
Analysis Modelling (LAM) software and used to study a realistic heliostat field with six
different mechanical rotation models for the full year of 2024 and a daily working range
of 08:00-16:00 Local Time (LCT). Two locations were chosen, representing the highest and
lowest latitudes from the SFERA-III EU list of solar concentrating facilities with heliostat
fields: Jiilich (Germany) and Protaras (Cyprus). The results obtained show that tilt-roll
models require less angular rotation (—15.2% in Jiilich, —20.2% in Protaras) and a narrower
angular range (—14.5% in Julich, —20.2% in Protaras) than azimuth-elevation models.
Seldom-used target-aligned models are more efficient with tilt-roll rotations (compared
with the tilt-roll model: —35.1% rotations in Jiilich, —29.2% in Protaras; —12.3% angular
range in Jiilich, —14.3% in Protaras) and less efficient with azimuth-elevation rotations
(compared with the azimuth-elevation model: +53.2% rotations in Jiilich, +39.2% in Protaras;
+96.2% angular range in Jiilich, +87.5% in Protaras).

Keywords: heliostat mechanical models; azimuth-elevation; tilt-roll; target-aligned;
heliostat modelling; heliostat rotation; ray-tracing simulations

1. Introduction

Concentrating solar power (CSP) technologies are promising renewable energy sys-
tems with high exergy efficiency [1,2] and a comparatively low environmental footprint.
Modern solar thermal power plants consist of a solar tower or a central receiver system
equipped with a field of heliostats that reflect (re-direct) the so-called DNI (direct normal
irradiance) onto a central receiver mounted at the top of a tower [3]. Each heliostat is a
two-axis tracking system with an almost flat mirrored surface. However, historically, the
first heliostats were used in another type of point-focusing concentrating solar technol-
ogy: the solar furnace. In fact, in an article published in 1958, Hughes [4] described a
two-component solar furnace, a condenser-heliostat combination, in which the condenser
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faces downward at 30° towards a heliostat comprised of numerous rows of plane mirrors
mounted on a horizontal turntable. The world’s first solar tower plant was equipped with
a field of point-focus Fresnel mirrors, and it was built and tested at Sant’Ilario, near Genoa
(Italy), in 1965 [5]. Using almost flat mirrors and following four decades of prototype
test facilities built around the world, solar tower or central receiver plants only started
gaining large commercial momentum with Abengoa’s PS10 in 2007 [6], followed by other
plants, like Gemasolar (also located in the Spanish province of Andalucia), which was
commissioned in 2011 [7].

Computer modeling of CSP facilities, namely those with a heliostat field, can be an
invaluable tool for improving their efficiency, allowing us to better understand and simplify
their inner mechanisms. In the literature, there are several examples of studies that present
interesting findings, not only concerning blocking and shading effects, e.g., [8-10], but also
analyzing the mechanical rotations of the heliostats, e.g., [11-14]. More recently, generative
deep learning models have been used to predict heliostat surfaces from target images [15],
and novel pointing correction techniques based on nonlinear Limit Cycle Oscillators (LCOs)
have been applied to the digital twin [16] of a heliostat field.

In this manuscript, computer simulations of heliostat fields are reported, specifically
those looking into the mechanical rotations needed to properly orient the heliostat mirrors.
These studies allow for the assessment of the overall efficiency of the various models
(equivalent studies covering optical aspects were reported in a previous publication [17]).

Simple mathematical models are introduced to simulate the most common mirror
orientation models, which involve two rotation axes: azimuth-elevation, tilt-roll, and
target-aligned. Simple layouts to represent realistic heliostat fields are then suggested
and simulated.

The number of ray-tracing computer packages currently available to model optical sys-
tems is vast, ranging from software commonly used to model CSP systems (Tonathium [18],
SolTrace [19]) to general-purpose optical software designed to project complex optical de-
vices, including lenses (FRED [20], Zemax [21], Code V [22], LightTools [23], TracePro [24]).
Tonathium and SolTrace are distributed as open-source software (available from the GitHub
repository). All other packages are commercially available from the cited companies.

However, the software used in this work was specifically written for these studies, pro-
viding maximum control, flexibility, efficiency, and accuracy, thus increasing our knowledge
and error detection capacity. This software includes the algorithms recently reported [25]
to calculate the sun’s position (as a function of time, date, latitude, and longitude), which
are essential for the work reported here. Code to detect shading and blocking effects, as
well as mechanical collisions and to implement attenuation effects, has also been applied
throughout this work. It would be awkward to pursue these studies using standard soft-
ware packages, given the challenges of interconnecting our input (simulation) and output
(characterization) algorithms and requirements with those large computer packages.

2. Heliostat Orientation

Once the sun’s local position is known, the second step in modeling a working heliostat
field is to properly orient each individual heliostat. This orientation depends on the
heliostat’s location relative to the target, as well as the mechanical characteristics of the
rotating device supporting the heliostat mirror. There are essentially three main designs
used to rotate heliostats, as shown in Figure 1, all of which include a primary rotating axis
(stronger, closer to the soil, colored purple) and a secondary rotating axis (lighter, closer to
the mirror, colored green).



Appl. Sci. 2025, 15, 4508

30f25

Azimuth-Elevation:
(1) rotate B along x
(2) rotate a along z

Z

(04
Tilt-Roll: Target-Aligned:
(1) rotate B along y (1) rotate B along x
(2) rotate a along x (2) rotate a along z
Z Zz
/yl X
S0y
X y

RY'(B)Rx(a)=Rx(a)Ry(B)Rx(-a)Ry(a) = Ry(a)Ry(B)  Rz()Rx(B)

Figure 1. Rotating axes, primary (x angle, purple color) and secondary (3 angle, green color), for

azimuth-elevation, tilt-roll, and target-aligned mechanical designs. The 3 layouts can be described by

the product of two rotating matrices, around the orthogonal x, y, z axes.

)

@)

®)

The azimuth-elevation layout features a primary axis that points to the sky (along z)
and a secondary axis that is horizontal (along x, initially pointing East). The secondary
axis rotates by {3 first (to fix altitude), and then the primary axis rotates by « (to
fix azimuth).

The tilt-roll layout features a primary axis that is horizontal (along x, typically pointing
east) and a secondary axis (initially horizontal, along y, pointing north) that is attached
to the mirror frame. The primary axis rotates by « first (to fix altitude, the tilt) and
then the secondary axis, which rotates by (3 (around the tilted y” axis, the roll). As
shown in Figure 1, this mechanical two-rotation sequence is mathematically equivalent
(including offsets) to first rotating the secondary axis (around y) and then the primary
axis (around x). The so-called polar-oriented model [26] is obtained when the tilt-roll
secondary axis points north and the primary axis points east.

The target-aligned layout is where the main axis and the heliostat mirror point directly
to the target in the starting, resting position. This layout can be mathematically
handled by converting the Earth referential to a target referential and then determining
the orientation by applying either an azimuth-elevation or a tilt-roll approach to
the mechanical rotations, as described above, before converting back to the Earth
referential in the end.

2.1. Azimuth-Elevation (AE) Orientation

To obtain the mirror center and orientation, the following procedure can be applied,

assuming that the heliostat initially points upwards and that the origin is at the intersection

of axis a with axis b (see Figure 2):
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Figure 2. Model to orient an azimuth-elevation heliostat, showing fixed quantities (vector target t,
- . - -

vector sun s, offset 02) and variable quantities (vector c, angles «, 3, around axes a, b). Axes x, y,

and z point east, north and toward the sky, respectively.

. - — — . —
(1) Using the vectors target, t, center, ¢, and sun, s, calculate the unit normal vector, 7,
as follows:

-7 3
T
s [7F
n = @
? — —
—C S
— ﬁ'*‘j
[F=<1 " Fl

(2) Using the normal vector, 1, calculate the rotating angles, o and 3 (around the z and x
axes), as follows:

Ny cose —sina Of |1 0 0 0
ny| = |sina  cosa 0| |0 cosp —sinf| |0 )
ng 0 0 1{]0 sinf3 cosfp 1

(3) Using the rotating angles, o« and 3, and offset, 02, recalculate the center vector, ?,
as follows:

Cy cose —sina 0] |1 0 0 0
cy| = |sina cosp Of |0 cosp —sinf| |0 3)
Cz 0 0 1{ |0 sinf3 cosfP 02

(4) Repeat steps 1, 2, and 3 until convergence is reached for the o and 3 angles and the
normal and center vectors.

2.2. Tilt-Roll (TR) Orientation

To obtain the mirror center and orientation, the following procedure can be applied,
assuming that the heliostat initially points upward and the origin is at the intersection of

the vertical axis with axis a (see Figure 3):

. - — — . —
(1) Using the vectors target, t, center, ¢, and sun, s, calculate the unit normal vector, n,

using Equation (1) introduced above.
(2) Using the normal vector, 11, calculate the rotating angles, « and {3 (around the x and y
axes), as follows:
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Ny 1 0 0 cosp 0 sinp| |0
ny| = |0 cosa —sinwa 0 1 0 0 (4)
nz 0 sina cosa —sinf3 0 cosf| |1

(38) Using the rotating angles, « and 3 and offsets, 01 and 02, recalculate the center vector,

—
¢, as follows:

Cy 1 0 0 0 cosp 0 sinf 0
cy| = |0 cosa —sina 0]+ 0 1 0 0 (5)
Cy 0 sina cosa ol —sin3 0 cosf3| |02

(4) Repeat steps 1, 2, and 3 until convergence is reached for the « and 3 angles and the

normal and center vectors.

N
Figure 3. Model to orient a tilt-roll heliostat, showing fixed quantities (vector target ¢, vector sun ?,

. .. — .
offsets 01, 02) and variable quantities (vector c, angles «, 3 around axes a, b). Axes x, y, and z point
east, north, and toward the sky, respectively.

2.3. Target-Aligned (TA) Orientation

To obtain the mirror center and orientation, the following procedure can be applied,
assuming that the heliostat initially points to the target and the local mechanical model
is either azimuth-elevation or tilt-roll (see Figure 4). In the first case, the origin is at the
secondary axis, b (in green), while in the second case, the origin is at the primary axis, a
(in purple).

(1) Build the target referential as follows:
; :(Zz,le,O) — ?I;X;)

(6)

(2) Convert the sun vector to the target referential as follows (target and center vectors
are along the z axis):

Y, 5 Z) @
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(3) Applysteps 1,2, and 3 of the azimuth-elevation model or steps 1, 2, and 3 of the tilt-roll
model until convergence is reached for the « and 3 angles. This can be accomplished
because the new target-aligned xyz referential works exactly like the Earth sky-aligned
xyz referential: first, rotate the secondary x-axis to fix the altitude, and then rotate
the primary z-axis to fix the azimuth (the new elevation-azimuth model, referred to
here as TA/AE); or first, rotate the secondary y-axis to fix azimuth, and then rotate
the primary x-axis to fix altitude (the new tilt-roll model, referred to here as TA/TR).

(4) Convert the normal and center vectors back to the Earth referential as follows:

n= nxQ—l—ny?—!—nZ? 8)
¢ = c;j—k@?—kczi> )

There is a key difference between AE, TR heliostats (initially pointing to the sky) and
TA/TE, TA/TR heliostats (initially pointing to the target) that should be noted. In the AE
and TR models, the angle controlling altitude ( in AE, o in TR) is always positive. In
the TA/AE and TA /TR models, this altitude angle can be positive or negative, depending
on whether the sun is above or below the target, as seen from the heliostat. A negative
 angle in the TA/AE model is handled by adding a 180° rotation to the « angle, as the
mechanical system always assumes a positive (3 rotation. In the TA/TR model, there is no
such solution, so the mechanical system must be able to handle a negative « rotation. In
the TA/AE model, the allowed angular range is [-180°, 180°] for « and [0, 90°] for (3. In
the TA/TR model, the allowed angular range is [-90°, 90°] for o and [—90°, 90°] for f3.

Figure 4. (a) Azimuth-elevation and (b) tilt-roll mechamcal models to orient a target-aligned heliostat,

showmg fixed quantities (vector target t vector sun s, offsets o, 02) and variable quantities (vector
7 , angles «, 3 around axes a, b). Axis z points to the target and axis x points westerly.

2.4. Radial Layout

The methods shown above for azimuth-elevation and tilt-roll models assume that for
each heliostat, the y-axis points north and the x-axis points east, so heliostats are initially
oriented in a matrix-aligned format (see Figure 5).
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matrix-aligned heliostat field radial-aligned heliostat field

Q@
| N N

(a) (b)

Figure 5. Heliostat fields: (a) matrix-aligned; (b) radial-aligned. The target (T) points north (N), to
collect the sun’s (S) rays reflected by the heliostats.

If heliostats are horizontally aligned with the target and oriented in a radial-aligned
format, the new azimuth-elevation model (here named AE/TA) and the new tilt-roll model
(here named TR/TA) can be handled by combining the iterative techniques described above
for the target-aligned model (the new azimuth-elevation model can be handled by simply
changing the primary axis rotation to accommodate the radial angle). If vector ¢ points to

5
the heliostat center and vector f points to the target, the following steps are taken:

(1) Build the target referential as follows (vector y points from the target to the heliostat):

R
?:?-?;»ﬂﬂ:o:?:% (10)
Z=(0,01) = X=yxz (11)

(2) Convert the sun vector (plus target, center vectors) to the target referential, using
Equation (7) introduced above.

(3) Repeat steps 1, 2, and 3 of the azimuth-elevation model (AE/TA) or steps 1, 2, and
3 of the tilt-roll model (TR/TA) until convergence is reached for the x and {3 angles.
In the second case, in the newly aligned referential, the model works exactly like the
tilt-roll model in the Earth referential: first, rotate the secondary axis (rotating along
the projected heliostat center-target axis), and then rotate the primary axis (rotating
perpendicular to the projected heliostat center-target axis).

(4) Convert the normal and center vectors back to the Earth referential, using Equations
(8) and (9) introduced above.

For all six mechanical models discussed here (AE, TR, TA/AE, TA/TR, AE/TA, and
TR/TA), for typical offsets of 01 (30 cm) and 02 (20 cm), fewer than 10 iterations are usually
enough to achieve convergence, even for angle tolerances as strict as 10~'° rad (the number
of iterations increases with offset). Finally, it should be emphasized that the radiation flux
distribution collected at the target, resulting from the heliostat mirror reflection, is equal
for these six mechanical models when properly applied (changes due to different mirror
offsets, ol and 02, are usually negligible).
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3. Heliostat Reflection

To handle beam reflection, the heliostat should be rotated to a horizontal orientation,

where all aspects related to ray generation, interception, and reflection are easily handled,

and then rotated back to the original orientation. The procedure is as follows:

@

@

®)

Find the rotation sequence, R (¢)Rx(0), that transforms a horizontal heliostat, which
is given by n = (0, 0, 1), to the real heliostat orientation, which is given by
n = (ny, ny, nz). Use the inverse transformation, Ry(—0)R;(—¢), to transform the
sun vector (sy, Sy, Sz) to the horizontal referential (iy, iy, i.) as follows:

Ty cos¢p —sing 0| |1 O 0 0
ny| = |sing cos¢p 0| |0 cos® —sinf| |0 (12)
Ny 0 0 1|/ |0 sinf® cosH 1

_ix 1 0 0 cos¢ sing O |sy
iy| =10 cos® sinf||-—sing cos¢ O
_iZ 0 —sinf cos6 0 0 1( |s;

(13)

%2}
<

Generate the random ray position (px, py, pz) in the flat surface immediately above
the horizontal heliostat and transform the incident sun vector (ix, iy, iz) to the re-
flected sun vector (rx, ry, rz). The actual reflection depends on the type of heliostat
curvature (planar, spherical, parabolic), as discussed in [17]. The calculation involves
the ray’s interception with the curved surface and the analytical calculation of the
normal vector at that point to obtain the reflected vector [27,28]. The position (and
slightly random orientation) of the incident Sun vector is calculated according to the
astronomy algorithm reported previously [25].

Use the direct transformation, R;(¢)R(6), to obtain, in the real heliostat orientation,
the reflected sun vector (sx, sy, s-) and the ray position (gx, gy, 4z) as follows:

Sx _cosgb —sing 0| |1 O 0 Tx

sy| = |sin¢

Sz

qy| =

0

sin ¢

cos ¢
0

Jx [cos ¢ —sing

cos ¢
0

o

o

0

1110

cost) —sinf| |ry

sinf

0
cos
sin 6

cos 0

0
—sin 6
cos @

Tz

Px
Py
Pz

(14)

(15)

9z | | 0 1L 1L

The overall mathematical sequence is shown in Figure 6. We note that these trans-

formations are purely mathematical abstractions that can be applied to any mechanical
—

model (we only need to know the normal vector n for the oriented heliostat), unlike the

operations reported above for azimuth-elevation, tilt-roll, and target-aligned models, which

describe actual mechanical rotations.

S
N > V% =
Rx(-0)Rz(-9) Rz($)Rx(6)
(a) (b) (c)

Figure 6. Mathematical sequence to handle sun ray reflections at the heliostat curvature: (a) Use
the inverse rotation sequence, Ry(—0)R;(—¢), to obtain the incident sun vector in the horizontal
heliostat; (b) Transform the incident sun ray (i) to the reflected ray (r); (c) Use the direct rotation
sequence, R;(¢)Rx (), to obtain the reflected sun vector in the real heliostat.
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4. Target Detector

To collect light rays intercepting the target, we use a pixel-based rectangle, which is

characterized by its position, normal, and up vectors (like a photographic camera). Ideally,

the target plane is oriented to be normal to the average direction of the rays coming from

the heliostat field (see Figure 7). The data acquired is used to produce images, statistical

data, and profiles, as extensively illustrated in our previous works [27-29].

Target

Heliostats

Figure 7. Pixel-based target rectangle (the collecting detector), perpendicular to the average sun

radiation coming from the heliostat field (heliostats are represented in the rest position). The angle, o,

that the target should rotate depends of the heliostats layout and geometry, the ground slope, and the

tower distance and height.

5. Computational Details

Unless we are studying an already existing heliostat field, many choices and compro-

mises must be taken into account before designing the new model, as follows:

@)

@)

How many heliostats should we model? Simulating the heliostat reflection and target
collection through ray tracing requires significant computer time, so the number of
heliostats investigated should be kept to a minimum. In this work, however, the
research is concentrated on the mechanical rotations of the heliostats, so we only
need to orient the heliostats. Therefore, the computer time required is much less
than when studying shading/blocking effects. We choose to simulate the layout
already used in our previous work [17] to obtain data results that are representative
yet simple to analyze and report. This layout is shown in Figure 8, with a total
of 66 heliostats in a staggering arrangement. Only the six end heliostats (in green,
henceforth named SW, S, SE, NW, N, and NE) are independently oriented, as we
identify them as representatives of the whole set.

Shall we simulate a horizontal field or a field with a south-north slope angle of 10° or
20°? Using a slope is more interesting, but choosing a horizontal flat terrain is simpler,
closer on average to real land conditions, and better emphasizes the differences
between the front and back heliostat rows. In our previous work, we aimed to study
shading/blocking effects, so we extensively investigated 0° and 10° slopes [17]. In
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®G)

(4)

©)

(6)

@)

this work on mechanical rotations, we want to avoid shading/blocking as much as
possible, so we always used the more favorable 10° slope.

Should we use square or rectangular heliostats? Additionally, what dimensions should
we use? Larger sizes provide more radiant energy but are less flexible to handle and
require stronger mechanical structures to withstand the wind. Rectangular heliostats
might handle wind better than square heliostats of the same area due to their lower
height. In our previous work, we investigated square 2.0 m x 2.0 m and rectangular
25 m x 1.6 m heliostats, both with an area of 4 m? each (typical sizes in tilt-roll
heliostat fields). In this work, we used both geometries (see Figure 9); however, for
the mechanical rotation studies, the rectangular heliostats were chosen because they
seem to be less affected by shading/blocking effects [17].

What should be the distance between the heliostat mirrors in the resting, flat position?
Land is expensive, so heliostats should be kept as close as possible (see, for exam-
ple, [14,26]) to maximize the collected power, but not closer, to avoid blocking and
shading events and mechanical collisions. For square heliostats, we choose 1.0 m for
both east-west and north-south separation. For rectangular heliostats, we choose
the same 1.0 m for east-west separation and 1.9 m (2.5 + 1.0 — 1.6) for north—south
separation (so that the same 1.0 m separation is maintained if the heliostats are rotated
90°). In our simulations, we also check if the four mirror vertices are touching the
ground or neighboring mirrors.

For the proposed 66-heliostat field, where should the target be positioned to avoid
significant blocking/shading effects? We choose to position the target 15 m high and
10 m away from the center of the closer row of heliostats (similar to the target built
for the heliostat field at the IMDEA Energy premises in Méstoles, Spain [26]). Under
these conditions, the distance between the tower collector and the average position in
the heliostat field ranges from 21.3 m (for square heliostats with a 10° slope) to 22.5 m
(for rectangular heliostats with a 10° slope).

Assuming that we choose a spherical curvature for the heliostats, what should the
deflection be? 2 cm? 1 cm? 0.5 cm? For the sake of simplicity, we choose to use the
same deflection for all heliostats, so closer heliostats produce larger, less concentrated
target images (for example, in the 169-heliostat field of IMDEA Energy in Méstoles,
Spain, two different curvatures were used for heliostats closer to and farther from the
target [26]). We choose 1.0 cm for deflection, as in our previous work [17], as we do not
want to completely focus the radiation at the target, only to slightly concentrate the
radiation. With this deflection, the focal distance becomes 49.7 m for 2.0 m x 2.0 m
square heliostats and 54.8 m for rectangular 2.5 m x 1.6 m heliostats (a detailed
discussion on this topic can be found in our previous work [17]).

Finally, we need to set the location of the heliostat field, as latitude plays a significant
role in determining the Sun’s trajectory over the local site throughout the year. Asin our
previous works [17,25], we selected two locations with higher and lower latitude from
the list reported by SFERA 1II [30] for European Union CSP research infrastructures
with heliostat fields: Jiilich, Germany (latitude = +50.9133°, longitude = +6.3878°) and
Protaras, Cyprus (latitude = +35.0125°, longitude = +34.0583°). This 15° difference in
latitude between the two locations is enough to produce insightful changes between
the two sets of results.
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Heliostats

EEENOONNENRN

sw S SE

\I North
Target ——8 — Sun

Figure 8. Layout for the simulated heliostat field, with 66 heliostats in a staggering arrangement.
The target points north to collect the sun’s rays reflected. Only the 6 green heliostats are simulated.
The heliostat mirrors are either square (2.0 m x 2.0 m, separated by 1.0 m in both north-south and
east—west directions), as shown in this picture, or rectangular (2.5 m east-west x 1.6 m north-south,
with 1.0 m separation east-west and 1.9 m north-south). The two central heliostats are rotated 45° to
emphasize that they cannot touch.

A second group of choices must also be considered regarding working conditions,

as follows:

(a)

(b)

It seems logical to scan a full year, from 1 January to 31 December, say 2024. But
what should the scanning frequency be? To obtain an accurate measurement of the
total mechanical rotations executed and the maximum mechanical angles achieved,
the Sun position and mirror orientation calculations must be updated at least every
minute, as shown below in Section 7, Results and Discussion.

This can be easily achieved in these mechanical rotation studies: for each updated
Sun position, the heliostats” orientation needs only to be recalculated. In the previous
work [17], we chose to simulate the heliostat field conditions every hour because this
frequency was sufficient to detect shading/blocking events, but also because the ray
tracing simulations involved require significant computation.

What is the daily working range? As in our previous work, the range from 08:00 to
16:00 LCT time (i.e., Local Time [25]), which is commonly applied in CSP research
facilities, was chosen. This range depends on the date and latitude, but on aver-
age, it seems a reasonable choice. Daylight Saving Time (DST) and other purely
administrative or political changes to standard local time are ignored in this work.
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(c) The heliostats should start each day from the resting position and come back to this
position at the end of the day (mostly to protect the heliostats from strong winds
during the night). This seems to be the most reasonable option, but it increases
the number of rotations that the heliostats must perform. In the parking position,
heliostats point either to the sky (elevation-azimuth, tilt-roll models) or to the target
(target-aligned models), in all cases perpendicular to the main mechanical axis.

(d) Forresearch purposes, we used a large target, measuring 9 m x 5 m, allowing different
heliostat reflections to be pointed at different regions of the target to analyze them
simultaneously (Figure 9 provides an example of this).

22 Sep

12:30

12:24

12:18 12:12  12:06 12:00 11:54 11:48 11:42 11:36 11:30

20 Jun

12:30

12:24

12:18 12:12 12:06 12:00 11:54 11:48 11:42 11:36 11:30

Figure 9. Radiation collected at the target screen (represented in a blue-red scale accounting for
minimum-maximum intensity) after the reflection of the N heliostat (see Figures 7 and 8), calculated
with 108 ray tracing events. The square (2.0 m x 2.0 m) heliostat is fixed and aligned with the target
center at 12:00 LCT. The radiation successively received in the target from 11:30 to 12:30 LCT, every
6 min, on 22 September (equinox) and 20 June (solstice) at Protaras is superimposed to illustrate how
quickly the collected radiation is drifting away. The results for Jiilich are similar as the sun’s angular
speed is the same.

6. Model Limitations

To validate this type of modeling work, it is essential to compare the (extensive)
computer data accumulated for each heliostat (angles, date, time, parking actions) in a
modern real heliostat field with our modeling data obtained for the same CSP facility.
Unlike optical studies, these mechanical studies should be quite feasible.

In this model, we are not considering parallax errors affecting the sun’s position,
weather conditions affecting functionality, dust on the mirrors compromising reflectivity, or
strong winds affecting mirror orientation. These factors are important in the real world, but
they are difficult to measure and include in a purely mathematical model. Fortunately, the
inaccuracies resulting from them can be considered relatively secondary compared with the
factors studied in this work. Radiation attenuation models and weather-predicting software
platforms were mentioned when studying the optical behavior in heliostat fields [17].

7. Results and Discussion

As previously reported in [25], the sun’s angular speed as seen from Earth is maximal
during the spring and autumn equinoxes (angular speed = 15.00° /hour) and minimal
during the summer and winter solstices (angular speed = 13.76° /hour). Figure 9 shows
the reflection of the north (N) heliostat (see Figure 8) in the target, from 11:30 to 12:30 LCT
(with intervals of 6 min), on 22 September (autumn equinox) and 20 June (summer solstice).
The heliostat is fixed and aligned with the target center for 12:00, and the image shows
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that the reflection image quickly drifts away at different times. As the sun travels west,
the reflection moves east. The results are almost identical for Protaras and Jiilich, as the
angular speed is the same; only the sun’s trajectory is different.

These results show that the heliostats” orientation must be updated at least once a
minute to maintain a reasonably stable thermal distribution over the target. On the other
hand, updating the heliostats’ orientation too often might result in unnecessary wear on the
mechanical rotation components. To simulate realistic conditions, the heliostats” orientation
was updated every 30 s (updating the heliostats’ orientation every second increases the
total rotation for the entire year by less than 0.002%, so the accuracy is unaffected).

7.1. Mechanical Rotation Angles

To understand how the two o and (3 heliostat rotation angles change throughout the
day, they were plotted in Figures 10-13 as a function of time for the SW, S, SE, NW, N, and
NE representative heliostats, using the two most important mechanical models: azimuth-
elevation and tilt-roll. The heliostats were simulated under the most favorable conditions:
the longest day (20 June) at the lowest latitude (Protaras) for rectangular heliostats with a
10° sloped ground, to minimize shading and blocking effects, as reported previously [17].
The equivalent results for Jiilich are relatively similar, so they are not shown here. For the
shortest day (21 December), the curves also present the same general trends, although the
Sun’s trajectories are much lower, causing the angles controlling altitude (angle (3 in the
AE models, angle o« in the TR models) to be about 30° higher to compensate (the heliostat
mirrors are more vertical).

\Azimuth-Elevation Axis a

\\W

\\

\\\\
\\IE N

SE

9 10 11 12 13 14 15 16

Hours

Figure 10. Primary axis rotation, « (in degrees), for the 6 representative heliostats (SW, S, SE, NW, N,
and NE), with an azimuth-elevation model, calculated on 20 June at Protaras, from 08:00 to 16:00 LCT.
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Figure 11. Secondary axis rotation, 3 (in degrees), for the 6 representative heliostats (SW, S, SE,
NW, N, and NE), with an azimuth-elevation model, calculated on 20 June at Protaras, from 8:00 to
16:00 LCT.
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Figure 12. Primary axis rotation, o« (in degrees), for the 6 representative heliostats (SW, S, SE, NW, N,
and NE), with a tilt-roll model, calculated on 20 June at Protaras, from 8:00 to 16:00 LCT.
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Figure 13. Secondary axis rotation, (3 (in degrees), for the 6 representative heliostats (SW, S, SE, NW,
N, and NE), with a tilt-roll model, calculated on 20 June at Protaras, from 8:00 to 16:00 LCT.

The heliostat curves represented in Figures 10-13 are surprisingly symmetrical for
both mechanical models, particularly for the tilt-roll. The primary axis curves for the
elevation-azimuth model (Figure 10) are similar to the secondary axis curves for the tilt-roll
model (Figure 13), as both essentially control the sun’s azimuth. Similarly, the secondary
axis curves for the elevation-azimuth model (Figure 11) are quite similar to the primary
axis curves for the tilt-roll model (Figure 12), as both essentially control the sun’s altitude.

However, even a qualitative analysis shows that the curves for the tilt-roll model
are simpler, require fewer rotations, and a smaller angular range. This is evident when
comparing the angular range in Figure 13 ([-50°, +50°]) with that in Figure 10 ([-70°,
+70°]), and in Figure 12 ([25°, 45°]) with that in Figure 11 ([25°, 60°]). For each tilt-roll
heliostat, the primary angle (controlling altitude, in Figure 12) is essentially constant during
the day, while the secondary axis (controlling azimuth, in Figure 13) rotates essentially at a
constant angular speed. This is the rationale behind the so-called polar-oriented single-axis
heliostat. Close inspection of Figure 13 shows that this speed is about 7.5° /hour. This is the
expected value, as the sun’s angular speed changes approximately 360° /24 h = 15° /hour:
when the input ray is fixed and the mirror rotates 9, the reflected ray rotates 26. Similarly,
when the input ray rotates 29, for the reflected ray to remain fixed, the mirror must rotate 5.
Actually, the sun’s angular speed changes slightly throughout the year, as exemplified in
Figure 9. For 20 June 2024, the angular speed is exactly 13.76° /hour [25], so the mirror’s
angular speed should be around 13.76°/2 = 6.88° /hour. Measuring, for example, the
average slope for the two red curves in Figure 13 (S, N heliostats) gives approximately
7.32° /hour. These results show that for this model, the two rotation axes are almost
decoupled, and the axis a remains almost fixed throughout most of the day.

In both models, the westerly heliostats (SW, NW) require higher angles than the
easterly heliostats (SE, NE) because the sun’s altitude is always lower on the westerly side
at 16:00 LCT than on the easterly side at 8:00 LCT, prompting a larger effort from the SW and
NW heliostats to properly align. This occurs because both Jiilich (longitude = +6.3878°) and
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Protaras (longitude = +34.0583°) are located on the eastern side of the corresponding time
zone (see [25] for details). As expected, in both models (Figures 11 and 12), the southern
heliostats (SW, S, SE), which are closer to the target, require smaller rotations (smaller
altitude-controlling angles) to align the altitude than the northern ones (NW, N, NE).
Table 1 reports the most relevant data for the six mechanical models (see Figures 4
and 5) studied in this work: (1) azimuth-elevation matrix-aligned AE; (2) azimuth-elevation
radial-aligned AE/TA; (3) tilt-roll matrix-aligned TR; (4) tilt-roll radial-aligned TR/TA;
(5) target-aligned with azimuth-elevation rotations TA/AE; and (6) target-aligned with
tilt-roll rotations TA/TR. The table includes minimum and maximum rotation angles and
total yearly rotations, averaged for the six representative heliostats studied (SW, S, SE, NW,
N, and NE), for both the primary («) and secondary ([3) rotation axes for Jiilich and Protaras.

Table 1. Minimum and maximum «, 3 rotation angles, plus total accumulated «, 3 angular rotations,
averaged for the 6 representative heliostats (SW, S, SE, NW, N, NE), from 1 January to 31 December
2024, with rectangular heliostats and 10° slope, for Jiilich and Protaras, for the six mechanical models:
AE and AE/TA, TR and TR/TA, TA/AE and TA /TR (see Section 2. Heliostat Orientation).

. o Min o Max 3 Min 3 Max « Total 3 Total

Location Model ©) ©) ©) ©) ©) ©)

AE —67.19 61.40 0.00 82.25 49 674.96 50 661.70

AE/TA —69.38 59.35 0.00 82.25 49 675.73 50 661.70

Jilich TR 0.00 80.16 —53.32 46.83 43 093.39 41 960.26

TR/TA 0.00 81.65 —51.62 46.52 46 789.12 39 575.73

TA/AE —180.00 180.0 0.00 53.77 115 182.43 38 581.16

TA/TR —16.89 42.77 —46.62 51.87 15 496.01 39 663.53

AE —71.50 68.65 0.00 79.56 53 776.67 50 328.07

AE/TA —72.50 64.99 0.00 79.56 53 776.67 50 328.07

Protaras TR 0.00 76.33 —51.56 47.49 40 061.38 43 107.48

TR/TA 0.00 78.66 —4791 43.72 44 306.41 40 191.39

TA/AE —180.00 180.00 0.00 51.87 107 184.19 37 739.69

TA/TR —11.51 46.79 —43.90 48.12 18 529.54 40 318.35

According to these numbers, the three tilt-roll models (TR, TR/TA, and TA/TR)
require less total rotation and smaller rotation ranges than the azimuth-elevation models
(AE, AE/TA, and TA/AE). This is essentially due to the rotation axis controlling azimuth
(the « primary angle in AE models and the (3 secondary angle in TR models). The most
striking difference is between the two target-aligned models, TA/AE and TA /TR, which
rank respectively last and first in this mechanical rotation ranking. While TA /AE requires
the whole [-180°, +180°] range to orient the heliostat, TA /TR requires only a much smaller
[—47°, +52°] range. It should be mentioned that rotations are actually allowed to proceed
beyond the fixed angle limits [-180°, +180°], so for example, if the angle goes from +179°
to +181°, the final angle is registered as —179°, but the actual rotation, which is added to
the total rotation, is recorded as only 2°.

As a consequence, TA /TR requires about 6-7 times fewer yearly rotations than TA/AE.
This is mainly due to the front row heliostats (SW, S, SE), which are closer to the target and
require significant rotations in winter to properly orient in the TA/AE model. TA models
are seldom used due to their enormous installation and maintenance disadvantages, but
these results seem to suggest that TA/TR is a very efficient mechanical rotation model,
requiring much fewer yearly rotations than TR, the second-best model in this study. The
ratio between the total rotations (« + 3) needed by TR and TA /TR models amounts to 1.54
in Julich and 1.41 in Protaras, suggesting that TA /TR would be particularly efficient in
more adverse light conditions, as observed in Jiilich.
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The results reported in Table 1 for the AE/TA and TR/TA radial-aligned models are
very similar (AE) or even slightly worse (TR) than those reported for the matrix-aligned
AE and TR models. Given the increased complexity of these aligned models, where the
y-axis is aligned with the target direction instead of simply pointing south-north, as in the
matrix-aligned AE and TR models, it seems safe to conclude that they do not represent an
improvement over the commonly used AE and TR models.

It is important to mention that every morning, the heliostats start from the rest ori-
entation (x = 0, 3 = 0) at 08:00 LCT and return to this orientation at the end of the day, at
16:00 LCT. These parking rotations are a significant part of the total rotations performed
by each heliostat during the day and therefore contribute to the total rotations reported in
Table 1. In Protaras, when parking is not applied, the total annual «-f3 rotations decrease
by 0.1-77.4% (AE), 0.1-77.4% (AE/TA), 1.4-45.4% (TA/AE), 90.3-0.1% (TR), 70.2-0.1%
(TR/TA), and 29.3-0.1% (TA/TR). Clearly, parking primarily affects the axis controlling the
altitude: the secondary axis, b, in azimuth-elevation models (AE, AE/TA, and TA/AE) and
the primary axis, a, in tilt-roll models (TR, TR/TA, and TA/TR).

To show how the various heliostats behave throughout the year, Figures 14-17 repre-
sent the total (x + (3) daily rotation for the six representative heliostats (SW, S, SE, NW, N,
and NE; see Figure 8) during the year 2024, for the azimuth-elevation (AE) and tilt-roll (TR)
models (arguably the heliostat models most commonly used in research and production)
in Jlich and Protaras. Although the general trends are similar for Jiilich and Protaras,
rotations are larger in Protaras for the AE model (Figures 14 and 15). This is expected since
the sun’s altitude changes significantly more in Protaras than in Jiilich throughout the day;,
both in summer and winter (see [25]).

Julich Azimuth-Elevation

366
Days / Months

Figure 14. Total daily rotation (in degrees), adding the two angles for primary and secondary axes,
for the six representative heliostats (SW, S, SE, NW, N, and NE), calculated for the azimuth-elevation
mechanical model at Jiilich, for the whole year of 2024.
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Figure 15. Total daily rotation (in degrees), adding the two angles for primary and secondary axes,

for the six representative heliostats (SW, S, SE, NW, N, and NE), calculated for the azimuth-elevation

mechanical model at Protaras, for the whole year of 2024.
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Figure 16. Total daily rotation (in degrees), adding the two angles for primary and secondary axes,
for the six representative heliostats (SW, S, SE, NW, N, and NE), calculated for the tilt-roll mechanical

model at Jiilich, for the whole year of 2024.
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Figure 17. Total daily rotation (in degrees), adding the two angles for primary and secondary axes,
for the six representative heliostats (SW, S, SE, NW, N, and NE), calculated for the tilt-roll mechanical
model at Protaras, for the whole year of 2024.

For the AE model, both Jiilich and Protaras show that the westerly-oriented heliostats
(SW, NW) rotate more, and the easterly-oriented heliostats (SE, NE) rotate less than the
central heliostats (Figures 14 and 15). As discussed above, these significant differences
occur because throughout the whole year, the sun’s altitude is always lower at 16:00 LCT
than at 08:00 LCT in Jiilich and Protaras, due to their eastern location in the time zone [25].
Therefore, the closer westerly-oriented heliostats at 16:00 LCT require more daily rotations
than the farther easterly-oriented heliostats. It is important to note that in winter, it is
night at 16:00 LCT in Jiilich (the sun’s altitude is negative) (see [25] for more details), so the
mechanical rotations needed slightly decrease.

Daily rotations in the AE models are larger in summer, when the sun’s trajectory
reaches greater ranges of altitude and azimuth (Figures 14 and 15). Interestingly, the
opposite occurs in the TR models because the smaller rotations needed in TR models
are more affected by low Sun trajectories in winter, making orientation more difficult
(Figures 16 and 17).

In the TR model, both in Jiilich and Protaras, the southern heliostats (SW, S, and SE),
which are closer to the target, rotate less than the northern heliostats (NW, N, and NE).
However, this trend is not observed in the azimuth-elevation model, where the heliostat
that rotates more is the SW, and the heliostat that rotates less is the SE.

Figures 16 and 17 show that in spring and autumn, the three southern heliostats (SW,
S, and SE) in the TR model experience a sudden slight increase in total rotation (o + f3)
toward the winter direction, which is almost discontinuous. This increase is only due to
the primary angle « (which controls altitude) and occurs around 4 March and 5 October in
Julich and around 8 April and 5 September in Protaras. These dates are not associated with
any notable astronomical dates for Jiilich or Protaras [25].
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7.2. Mechanical Rotation Issues

Close inspection of Table 1 shows some interesting results. Models AE and AE/TA
show exactly the same yearly total rotations. These models differ only in the azimuth
() angle, so this equality was expected for the altitude () angle. However, detailed
software testing shows that the total « rotations (updating every 30 s) for a workday (from
08:00 to 16:00 LCT) across all 366 days of 2024 are exactly equal for the AE and AE/TA
models (within six decimal places), as differences in the morning are compensated for in
the afternoon. The small difference observed for Jiilich in Table 1 is due to the fact that it is
night at 16:00 LCT in winter (from 3 November to 21 January), so no rotations occur at that
time, resulting in a break in the daily symmetry.

For 30 s at Jiilich (31 March 2024 at 09:11 LCT) and 60 s at Protaras (28 February 2024
at 09:26 and 09:27 LCT), the model TA/AE is unable to align the SW heliostat (see Figure 8).
No such misfit was registered for any other heliostat or mechanical model during the whole
year. This occurs because at these precise moments, the 3 angle tends to 0°. At Protaras,
as time progresses, 3 keeps decreasing until it reaches 0.152°, then the misfit occurs, and
then 3 starts increasing again, starting from 0.044°. In Jiilich, 3 keeps decreasing until it
reaches 0.084° and stops aligning, and then [ starts increasing again, starting from 0.193°.
In the AE and AE/TA models, this problem cannot happen because an aligned heliostat
cannot point to the sky (3 = 0°). However, in the TA/AE model, this is possible when the
sun is exactly at ’ch_e> target position as seen from the heliostat (when the vector sun, s, and

the vector target, t, are aligned; see Figure 4a). Admittedly, this misfit is partially due to
the very strict convergence criterion used throughout this work: both the « and 3 angles
must converge to less than 1071 rad in fewer than 1000 iterations for the mirror orientation
task to be successfully accepted. Easing the convergence criterion to 10~ rad resolves the
problem (for the time instances mentioned above, the 3 angle becomes 0.135° at Jiilich and
0.093° and 0.038° at Protaras). Increasing the number of iterations, even to 100 000, does
not resolve the problem.

In all azimuth-elevation models (AE, AE/TA, and TA/AE), it is assumed that the
angle ranges from 0° to some positive value, usually not exceeding 90° (corresponding to
the polar angle in spherical coordinates). In AE and AE/TA models, this angle cannot be
negative; otherwise, the heliostat would be pointing away from the target. In the TA/AE
model, when the sun is above the target (in summer, around 12:00 LCT), the heliostat needs
to rotate upward, making the (3 angle positive (the x-axis points westerly; see Equation (6)
and Figure 4a), and relatively small « rotation angles are needed to achieve the required
orientation. However, when the Sun is below the target center (in winter, around 08:00
and 16:00 LCT), the heliostat needs to rotate downwards, resulting in a negative 3 angle.
As the (3 angle is always assumed to be positive (as if the mechanical axis only rotates to
one side), the  angle needs to rotate close to 180° to meet the required orientation. This
is why the « angle needs to rotate so widely in this TA/AE model, from —180° to +180°.
This problem affects the front row heliostats more (see the working range required for the
o angle with the TA/AE model in Table 2), as they are more prone to see the sun below the
target (see Figure 18). At Protaras, the  angle in the back row heliostats ranges only from
—93.02° to +100.81° (still a large range) throughout the whole year. The land slope of 10°
used throughout this work (see Section 5, Computational Details) also increases the height
of the back row heliostats, emphasizing these differences in the « angles.
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Table 2. Minimum and maximum « angles for the TA/AE model, for Jiilich and Protaras, and for the
six representative heliostats: SW, S, SE, NW, N, and NE (see Figure 8). The angular range is larger for
the front row and for Jiilich.

Anel Heliostat

1 ngie

Location 8 SW s SE NW N NE
Jitlich o Min (°) —180.00 —180.00 —180.00 —180.00 ~101.12 —179.60
wie o Max (°) 180.00 180.00 180.00 179.70 102.19 179.90

Prot o Min (°) —180.00 —180.00 —180.00 —93.02 —88.56 —83.65
rotaras « Max (°) 180.00 180.00 180.00 88.41 94.14 100.81

Target

. Mirror
Mtlrior rotates
rotates U

\ down e P

Back row
Front row

Figure 18. For simplicity, it is assumed that this image represents the heliostat field for TA/AE model
when daily working period starts (at 08:00 LCT in our simulations). Initially, all heliostats are at
parking orientation (x = 3 = 0°), with the mirrors pointing to the target (defined by vector ?). The
front row heliostats see the Sun (defined by vector ?) below the target, so they must rotate down
(B < 0°) to align. The back row heliostats see the Sun above the target, so they must rotate up (3 > 0°)
to align. The land slope is set to 0° for simplicity.

As expected, these issues work differently in the TA/TR model. At Protaras on
28 February 2024, both « and {3 angles change from negative to positive values around
09:27 LCT (for heliostat S, see Figure 8), where the two angles reach a combined minimum,
with o = 0.006° and 3 = —0.038°. At Jiilich on 31 March 2024, both « and (3 angles again
change from negative to positive values around 09:12 LCT (also for heliostat S), reaching a
combined minimum with & = 0.004° and 3 = 0.135°. At both instances, the Sun is exactly
aligned with the target (as seen from heliostat S), the model performs well, and the flux
radiation image collected at the target is accurate. The angular range needed to align the
six heliostats (see Table 3) throughout the whole year is surprisingly small for both o« and 3
angles: [-16.89°,46.79°] and [—46.62°, 51.87°], respectively (see Table 1). Again, the front
row heliostats require more negative « angles than the back row heliostats (see the working
range required for the o angle, with the TA/TR model, in Table 3).
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Table 3. Minimum and maximum o angles for the TA/TR model, for Jiilich and Protaras, and for the

six representative heliostats: SW, S, SE, NW, N, and NE (see Figure 8). o« Min is more negative for the

front row and for Jiilich.

Anel Heliostat
L 1 ngie
ocation 8 SW s SE NW N NE
Jitlich o Min (°) ~15.96 ~16.71 ~16.89 —5.75 —5.90 —6.66
wie o Max (°) 42.77 13.98 36.93 32.93 23.37 31.00
Prot o Min (°) ~11.52 ~12.23 ~14.33 —0.84 —223 ~3.69
rotaras & Max (°) 46.79 18.82 43.62 38.51 31.26 38.01

The issues described above for the TA/AE model could be solved, for example, using

the following two approaches: (1) every time the « angle is outside the [-90°, 90°] range

(likely because the 3 angle is negative, necessitating a large « rotation), the direction of

the {3 rotation could be inverted (inverting the axis b); (2) the initial (parking) angle 3 = 0°

could be redefined to point to the sky instead of pointing to the target, ensuring that the 3

angle is always positive (with the x-axis pointing easterly, as in the other azimuth-elevation

models). The usefulness of these solutions may be questioned, however, considering that

they require more complex mechanical systems, the other target-aligned model (TA/TR)

operates well, and target-aligned models are seldom used anyway due to their complex

implementation.

8. Conclusions
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The heliostats” orientation must be updated at least once a minute to adequately
follow the sun’s trajectory.

The daily rotation curves are quite symmetrical for both the primary and secondary
axes, as well as for the azimuth-elevation and tilt-roll models.

In azimuth-elevation models, the primary axis controls azimuth, and the secondary
axis controls altitude. In tilt-roll models, the primary axis controls altitude, and the
secondary axis controls azimuth.

The daily rotation curves are strikingly similar in both the azimuth-elevation and
tilt-roll models, for the axes controlling azimuth and the axes controlling altitude.
Tilt-roll models are more efficient than azimuth-elevation models, requiring smaller
angular ranges and smaller angular rotations throughout a full working year, every
day from 08:00 to 16:00 LCT.

When the daily working period is defined without taking into account the local
longitude, westerly and easterly heliostats require different rotations, even when
symmetrically located in the heliostat field.

Front and back row heliostats have significantly different mechanical requirements.
Front heliostats are notoriously more difficult to orient in TA/AE models, particularly
at low sun altitudes (in the morning, during winter, at high latitudes).

The yearly rotation curves indicate that to achieve orientation, azimuth-elevation
heliostats rotate more in summer, while tilt-roll heliostats rotate more in winter.
Axial-based azimuth-elevation and tilt-roll models exhibit similar performance to that
of the (more complex) equivalent radial-based models.

Target-aligned models with tilt-roll rotations work better than the tilt-roll model.
Target-aligned models with azimuth-elevation rotations perform worse than the
azimuth-elevation model. In the limit, target-aligned models with azimuth-elevation
rotations might be vulnerable to numerical inaccuracies.
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(11) Parking heliostats at the end of each working day significantly increases the total
mechanical rotations for the axis controlling altitude in both azimuth-elevation and
tilt-roll models.

The wide range of significant conclusions achieved in this work shows that accurate
computer modeling of large solar facilities is essential for improving our knowledge of the me-
chanical (and optical) aspects involved, decreasing costs, and maximizing economic efficiency.
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Abbreviations

The following abbreviations are used in this manuscript:

AE Azimuth-elevation
AE/TA Azimuth-elevation, radial-aligned with target
—

c Heliostat center vector

csp Concentrating solar power

ix, ly, iz Unit incident sun vector in the horizontal referential
LCT Local time

" Unit normal vector

ol Offset 1 (distance between axis a and axis b)

02 Offset 2 (distance between axis b and mirror)

Px, Py, Pz  Ray position in the horizontal referential

qgx, gy, 9z Ray position in the original real referential

Tx, Ty, Tz Unit reflected sun vector in the horizontal referential
5

s Unit sun vector

? Target vector

TA Target-aligned

TA/AE Target-aligned, with azimuth-elevation rotations
TA/TR Target-aligned, with tilt-roll rotations

TR Tilt-roll

TR/TA Tilt-roll, radial-aligned with target
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o Angle corresponding to axis a (primary axis)
B Angle corresponding to axis b (secondary axis)
d Angle that the target plane makes with the vertical direction
0 Polar angle (in spherical coordinates)
¢ Azimuth angle (in spherical coordinates)
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