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Abstract: Increasing daylighting levels contributes to improving the energy efficiency of buildings
and consequently to the fight against climate change. This work presents a new illuminator based
on a previous single-axis polar heliostat. This heliostat allows redirecting sunlight to a specific space
to be illuminated at any time of the day. The system presented is simple but compact in size. It has
been manufactured by 3D printing with recyclable PETG plastics. Three-dimensional printing has
allowed reduction of the mass of the system to less than 5 kg, which means high stability and man-
ageability. Moreover, the system has been provided with an assembly structure that facilitates its
correct installation by a single operator. The result is a heliostatic illuminator with an average point-
ing error of 10 mrad, an acceptable error for urban applications. Finally, a low-cost and high-repli-
cability device has been achieved, which makes it an easily reproducible illuminator and favors its
extensive installation.
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1. Introduction

Nowadays, there is scientific consensus that climate change is an evident reality in-
volving serious consequences for the Earth, for socio-economic systems, and for human
health itself [1]. There is also consensus regarding the main cause of climate change being
the emission of greenhouse gases derived from human activity (use of energy from fossil
fuels, industrial processes, transportation, agriculture, etc.) [2]. For these reasons, in 1979
the first World Climate Conference identified climate change as an urgent global problem
requiring joint action by governments and institutions worldwide [3]. In this regard, in
1992, countries around the world agreed on the “United Nations Framework Convention
on Climate Change” to develop initiatives and proposals to promote the mitigation of
climate change [4]. Since then, several conventions to define specific objectives and com-
mitments have been held. Among the various meetings held, the COP21 in Paris was a
milestone in terms of the agreements adopted [3] because members committed to: (i) keep
the global temperature increase below 2 °C, continuing efforts to limit it to only 1.5 °C; (ii)
promote development with low greenhouse gas emissions; and (iii) direct financial flows
to achieve climate-sensitive, low-emission development [5]. Recently, the Intergovern-
mental Panel on Climate Change (IPCC) in its 2022 report indicated that it is still possible
to limit the global temperature increase to 1.5 °C as long as governments engage with a
strong political determination to increase climate ambition [6].

At the European level, climate change policies are framed in the context of The Eu-
ropean Green Deal [7]. The aim of this deal is to promote measures to achieve a climate-
neutral, modern, and sustainable European Union (EU) by 2050. Among the measures
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proposed, the EU and its Member States are committed to reducing the EU’s net green-
house gas emissions by at least 55% compared to 1990 levels by 2030.

In addition, the war in Ukraine has highlighted the EU’s high dependence on fossil
fuel imports and the risks this entails for the economy [8]. Specifically, at a global level,
the EU imports 40% of the gas it consumes from Russia, though this percentage varies
from one country to another [9]. As a consequence, facing the threat of supply cuts from
Russia, the EU has been forced to accelerate the change of the energy model in order to
reduce dependence on Russian fossil fuels.

For all these reasons, the EU is engaged in an accelerated process of changing the
energy system. In that sense, promoting renewable energies is on its own insufficient and
additional actions by governments and society are required to reduce energy consump-
tion and to improve energy efficiency.

In this regard, Directive 2012/27/EU on energy efficiency indicates that 40% of final
energy consumption in the European Union corresponds to energy consumption in build-
ings [10]. Specifically, artificial lighting is one of the most energy-intensive loads in build-
ings [11-16]. Consequently, increasing the use of natural lighting in buildings is one of the
main actions to reduce their energy consumption and improve their efficiency [16-19]. In
addition, the use of natural light as a source of illumination also provides other important
advantages, including the improvement of the occupants’ well-being [15,16,18,20-23].

Traditionally, daylighting systems have been vertical (windows) or horizontal (sky-
lights) openings in building walls. However, these systems are affected by the high den-
sity and height of buildings in urban environments, which prevent the access of sunlight
to their insides [24]. Furthermore, the optimization of the terrain has led to an increase in
the use of subway or interior spaces without horizontal or vertical openings providing
access to sunlight [25]. Therefore, in recent years different technological devices have been
developed to improve the levels of natural lighting in buildings. In line with this, several
authors have demonstrated the usefulness of passive illuminators that take advantage of
incident irradiance and redirect it towards the interior of the spaces to be illuminated,
such as light shelves [17,26] or light pipes [27-33]. In contrast to these passive devices,
active illuminators take this a step further and try to increase the levels of solar irradiance
that will be used for natural lighting by means of concentration or solar tracking. Among
the active systems, fiber daylighting is usually composed of an initial solar radiation col-
lection system with or without solar tracking, a fiber optic cable that transports the col-
lected light to the space to be illuminated, and a final system that distributes the light [23].
The main advantages of this system over light pipes are its flexibility and easier installa-
tion, as well as its greater reach (20-50 m). However, due to multiple reflections, the light
is attenuated along its path through the optical fiber [34]. Alternatively, heliostats have a
much longer transmission distance of up to several kilometers and can therefore be very
useful for building illumination [23].

Heliostats are systems that allow sunlight to be redirected towards a certain space
thanks to a system of mirrors that follow the movement of the Sun. In addition, heliostats
act as a constant source of natural lighting throughout the day as long as there is solar
availability [35]. Given these advantages, despite being one of the most complex illumi-
nators [36] and their high cost [37], in recent years attempts have been made to develop
daylighting systems based on heliostats. For example, Tsangrassoulis et al. [38] proposed
an illuminator capturing solar irradiance using heliostats and Fresnel lenses and redirect-
ing it to the space to be illuminated using fiber optics. Similarly, Bystronski et al. [25] have
proven, using a scale model, that heliostats can improve the effectiveness of light pipes as
daylighting systems. On the other hand, Whang et al. [39] proposed an active illuminator
consisting of a heliostat and a modular mirror system that achieves uniform illumination
in the plane. Akhadovet al. [40] presented a study based on multiple heliostats to illumi-
nate underground spaces considering the Sun’s motion and avoiding light losses. Ullah
[41] introduced an interesting concept (multi-floor building is illuminated by concentrat-
ing and delivering sunlight to five floors) achieving an efficiency of 40% with uniform
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illumination in the interior. There is also remarkable work developed by Yanpavlis et al.
[42], demonstrating that a good selection of orientation angles in heliostats can increase
the operation time period of the solar receivers by 20%. The way in which heliostats are
arranged presents a challenging goal when natural illumination is required. Thus, a ma-
trix of mirror array-based heliostat [43] can increase the average efficiency of a traditional
heliostat by 3.32 times. It is shown that a correct design and implementation of heliostat-
based lighting systems generates an increase in the efficiency of such systems [44].

Likewise, Torres-Roldan et al. [45] developed a simple and low-cost single-axis polar
heliostat prototype. They simulated its pointing error under different orientation condi-
tions, validating its effectiveness as a natural illumination device in buildings [46,47].
Moreover, by means of a scale reproduction of the system, they studied its possible appli-
cation in educational spaces with poor natural lighting [46]. Specifically, they proved that
the installation of heliostatic illuminators reduces the use of artificial lighting, resulting in
energy savings of up to 64% [47].

However, a detailed analysis of the heliostat proposed by Torres-Roldén et al. [45]
shows that the device presents defects that hinder its application in large-scale buildings.
These limitations are insufficient protection of the mechanisms against the weather, diffi-
culties for its fixation and correct alignment with the Earth’s axis, excessive weight, and
clearances in the mechanical joints that generate pointing errors. Consequently, this work
describes a new version of this device in which, thanks to engineering advances, these
deficiencies have been corrected.

Moreover, in recent decades, industry is undergoing a new revolution based on its
digital transformation [48]. Together with the incorporation of flexible, intelligent, and
autonomous technological solutions, efficiency and sustainability have dramatically in-
creased [49]. Three-dimensional printing is one of the technologies favoring this advance
towards the so-called Industry 4.0 [50]. Three-dimensional printing favors not only the
manufacturing process of a component but also the previous design phase and the subse-
quent phase of incorporating improvements. Specifically, with regard to the design and
manufacture of parts, it avoids resorting to traditional prototyping based on mock-ups or
molds [51,52]. Three-dimensional printing is revolutionizing production systems, reduc-
ing manufacturing, assembly, and post-processing times and costs and the need for ex-
pensive tooling and fixtures [51-53]. In addition, 3D printing gives flexibility to produc-
tion systems, allowing them to adapt to market demands [50,52]. Furthermore, it enables
and reduces the cost of customization of the final products, as it does not require expen-
sive molds designed and manufactured for this purpose [54-56]. Finally, 3D printing in-
volves less raw material consumption and less waste generation, thus contributing to a
more sustainable industrial model [51]. For all these reasons, its industrial expansion to-
gether with the research developed have favored the rapid progress of 3D printing tech-
nology. The number of technologies and materials being used has improved and in-
creased, increasing the possible applications [39,57]. In fact, 3D printing is already essen-
tial in sectors such as automotive, healthcare, industrial equipment, education, and archi-
tecture, among others. [58,59]. In this context, the improved version of the heliostatic illu-
minator presented in this work has been manufactured by means of 3D printing tech-
niques, thus achieving significant improvements in comparison to the prototype of
Torres-Roldan et al. [45]. In addition, this improved heliostatic illuminator contributes to
deepening the optimization of the design and implementation of daylighting devices
based on heliostats, such as the ones previously described.

Accordingly, after this introduction contextualizing the work developed, Section 2
“Materials and Methods” describes the fundamentals of the heliostat performance and the
manufacturing process of the heliostat by 3D printing. Subsequently, in Section 3, the
characteristics of the different parts that make up the system are described. In Section 4,
the main improvements achieved in the new version of the heliostat are discussed to-
gether with an analysis of the pointing error of the proposed illuminator. Finally, in Sec-
tion 5, a summary of the main conclusions of this work is presented.
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2. Materials and Methods

This section describes the geometrical and mechanical fundamentals of the single-
axis polar heliostat, as well as its design and manufacturing process.

2.1. Astronomical Device Fundamentals

A heliostat is a device designed to redirect solar radiation to a predetermined target
point. For this purpose, the motion of the heliostat must be based on the geometrical fun-
damentals of the Earth-Sun motion described by means of the solar vector. The solar vec-
tor, §, is a unit vector that, departing from the center of the Earth, points at all times to the
position of the Sun. Equation (1) represents the vectorial expression of the solar vector in
the equatorial reference system (Figure 1).

§S=s0+s,7+ s,k = sinQt cos 5T+ cosQtcosb]+sindk, )
Fd
{ __________
F
Focus Secondary
mirror

Figure 1. Astronomical fundamentals of heliostatic illuminator motion.

In Equation (1), § is the declination, Q = 2n/24 rad/h is the angular velocity of the
Earth in its translational motion, and t is the solar time measured from solar noon. Thus,
t is a variable included in the interval (=12 h; 12 h), which is determined (in hours) by
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Equation (2) in which GMT is the mean time at the Greenwich meridian, L is the longi-
tude of the location considered (in degrees), and E; is the equation of time, given by Equa-
tion (3).

_ B, L _
t(h) = GMT + =+ =~ 12, @)

E;(minute) = 229.18 [0.000075 +0.001868 cos<

2n(d; — 1))

365
0.032077si Zn(dj _ 1) 0.014615 227r(dj _ 1) 3)
- 0. sin 365 )"0 cos 365
(. 2n(d; —1)
— 0.04089sin <2 T)]

On the other hand, in Equation (1), § represents the declination defined as the angle
between the solar vector, 3, and the plane of the equator and is dependent on the Julian
day, dj, according to Spencer’s model [60] given by Equation (4).

5(rad) = [0.006918 — 0.399912 cos (L) + 0.070257sin (o) -

0.006758 cos (2 w) +0.000907sin (2 m) - 4)

365 365
0.002697 cos (32°L2) + 0.00148sin (375-L2)),

365 365

Knowing the solar vector and, therefore, the direction of the solar rays, it is possible
to determine the orientation that the mirror of the heliostat should have at each instant of
time, i.e., the direction of the normal vector to the mirror, ;. For this purpose, it should
be considered that, being a polar heliostat, the reflected rays should be directed in the
direction parallel to the Earth’s rotation axis, that is, the z-axis of the equatorial reference
system (Figure 1). These rays reflected in the z-axis direction will be redirected towards
the target focus, F, by means of a static secondary mirror (Figure 1). Therefore, according
to the laws of reflection, n, should be in the direction of the bisector of s and k (Figure
1). Thus, vector n, should verify Equation (5).

=1

+

S+k| ®)

!

ng, =

Bearing in mind Equations (6) and (7) for § + k y |§ +k|, and substituting them in
Equation (5), Equation (8) is obtained for normal vector to the mirror 7.

S+k=sint cos8T+ cosQtcos8]+ (siné + 1)k, (6)
|5 +k| =v2+2sins, %

— _ singt Cos&i, cosNtcos S » (siné+1) 7 (8)
a V2+25in & V2+2siné V2+2sins

Considering trigonometrical equivalences (9) and (10), the normal vector is given at
each instant by Equation (11):

cosé T 8
V2+2sins cos (Z + E)' (9)
1+siné . T &
Vaxzsing oW (Z + 5)’ (10)
ng =n,l+n,j+ n,k = sinQt cos (E+§)Y+ cos 0 tcos (E+§)f+
4 2 4 2 (11)
. T 5\ 7
sin (— + —) k,
4 2

Equation (11) allows one to verify that i, is a unit vector completing each day, a
rotation around the Earth’s axis, 22 being the angular velocity of this rotation. Likewise,



Inventions 2022, 7, 127

6 of 21

for an adequate reflection of the Sun’s rays in the direction of the Earth’s axis of rotation,
T

the angle formed by this vector with the equatorial plane each day is 6, = (Z + g) The

subsequent sections are based upon this astronomical fact and show the development of
the mechanism approximating the actual motion of a mirror to that described by Equation
(11).

2.2. Mechanical Device Fundamentals

Figure 2 shows the schematic design of the proposed heliostat (Figure 2a) and its
corresponding implementation (Figure 2b). As can be seen in both representations, the
heliostat presented is based on the movement of a flat quadrilateral A’ABC and articulated
at A, B, and C. A transmission chain of articulated bars is represented, starting at the ro-
tating axis A'A. This axis will rotate thanks to the motor, M, and will transmit the rotation
to the bar AB (fixed length a). This bar will transmit that rotation to the bar BC (fixed
length b). As point C transmits the movement on a nut threaded on the hollow tube T
(inside of which the axis A’A runs), the movement followed by point C is helical, typical
of a peripheral point of a nut (Figure 3). In this way, the rotation of the motor, M, ensures
not only that the whole mechanism A’ABC rotates around the axis A’A but also that the
triangle ABC is deformed, because the distance AC varies as the rotation movement is
produced. In addition, a mirror or primary reflector is placed on the bar AB so that the
plane of this mirror is perpendicular to the plane of the mechanism ABC. In this way, the
deformation of the polygon A’ABC, represented by the variation of the angle at vertex A,
v, results in a change of orientation of the mirror. As an example, Figure 4 shows the ori-
entation of the heliostat primary mirror at two system positions that differ by a total num-
ber of 40 complete revolutions.

J Y
Equatorial

plane

(a) (b)

Figure 2. (a) Schematic diagram of the mechanical operating principle for the proposed heliostat.
(b) Significant measures for the proposed heliostat.
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Figure 3. Schematic of the motion of the deformable polygon for the proposed heliostat.

(a) (b)

Figure 4. Orientation of the heliostat primary mirror for two positions, (a) and (b), differing by 40
complete system revolutions.
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Thus, adapting the angle y to the angle &, the heliostat redirects the Sun’s rays to
the desired fixed point. This deformation angle y can be expressed as a function of the
heliostat design variables (Figure 3) according to Equation (12).

bz—az—cz—(lA—lc)z)/ (12)

c
Y =y, vy, =arctg (—ZA—ZC) + arccos( ral Tt Ual0)?
In Equation (12), [, represents the position of point C along the z-axis. Thus, when
p is the pitch of the nut of the tube T, for a total angle of rotation of the plane of the de-
formable polygon 6, . will be given by Equation (13)

o
lc==p, (13)

On the other hand, from the deformation angle, y, and Figure 3, one can extract, for
a given rotation angle 6, the real direction of the normal vector to the heliostat primary
mirror, 71, verified by Equation (14).

n, = sin6 - cosy?+cost9-cosyf+siny§, (14)

According to the above, the heliostat pointing will be more accurate, the closer the
directions of the vectors n, and n_p’ are approximated. Thus, Figure 5 shows, as an exam-
ple, the position of n—p’ on a unit sphere centered at P as the value of 6 increases. In addi-
tion, the end point of n, (Equation (11)) has been superimposed on this sphere as a
shaded area. Figure 5 allows us to appreciate that the proposed mechanism, in general,
will not be able to exactly match the mirror position, given by 7ip, to that of the ideal value
according to the principles of astronomy, 7. Therefore, the system is designed and auto-
mated so that, at each time, the position offered by the heliostat (7)) is optimally close to
the desired position (1) given by Equation (11). However, in general, an approximation
or pointing error will exist. These errors must be characterized and evaluated on a case-
by-case basis.

Extreme point of i

Extreme point of i,

y

Figure 5. Graphical comparison between the possible positions for 71, and 1.

Finally, regarding the mechanical design of the device, it is important to highlight
that the design of this type of device must consider the following limiting conditions:

1.  The bar lengths must be allowed, for a summer solstice day, to have a value of 6,
T+ % = 56.73, according to Equations (12) and (13).

resulting in a value of ¥;,4, = "
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T

2. Similarly, for a winter solstice day, the value y;;, = i % = 33.27° must be
achievable by the mechanism.

3. Finally, because the pointing error depends on the dimensions of the device, a thor-
ough analysis of the pointing error must be performed. In addition, dimensions

should be chosen to provide a manageable error for the intended application.

For the fulfillment of conditions 1 and 2, a geometrical construction of the bars in
these extreme positions is recommended. Thus, the non-existence of geometrical incom-
patibilities would be observed. These diagrams are shown in Figure 6. Specifically, Figure
6a,b show valid configurations for the summer and winter solstices, respectively. How-
ever, the configuration shown in Figure 6c is not valid for the summer solstice because the
length of bar BC (b) is too short with respect to the length of bar AB (a). Similarly, the
configuration shown in Figure 6d is not valid for the winter solstice because the length of
bar AB (a) is too short.

- .
—_ " ™~
) \/'\ a=30cm
/™ a=30em —— ~
_.—{Q \ \\\
.,
\\\ o ™~
B 4 L ]
/,—' £ c=10cm b=10cm
A a &
~~ b=20em
—.(’/
c=10cm
(a) (b)
u\ - L
a=30cm a=30cm
&=50cm \ {=40cm
/
/
fx' b=20cm b=20cm
/
/ ]
e
c=10cm c=10cm
() (d)

Figure 6. Graphical validity checks of the combinations of mechanical design variables for the pro-
posed heliostat: (a) the represented combination meets the condition of positioning at the summer
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solstice; (b) the represented combination meets the condition of positioning at the winter solstice;
(c) the represented combination does not meet the condition of positioning at the summer solstice;
(d) the represented combination does not meet the condition of positioning at the winter solstice.

2.3. Heliostat 3D Manufacturing

According to the advantages previously described, 3D printing has been used for the
fabrication of the improved heliostat presented here. This facilitates manageability, repli-
cability, adaptability, and a low manufacturing cost compared to the machining of metal
parts. However, for the more mechanically demanding parts, steel has been used to avoid
vibrations and lack of precision in the heliostat pointing.

The design of the heliostat has been made in such a way that it is feasible to be printed
on any common FDM (Fused Deposition Modeling) 3D printer. Specifically, Table 1
shows the print settings used in this work for the illuminator manufacturing.

Table 1. Print settings for the FDM manufacturing of the proposed heliostatic illuminator.

Print Settings Dimensions Unit
Print Area 220 x 220 x 250 mm
Layer Height 0.2 mm
Nozzle 0.4 mm
Initial Layer Height 0.3 mm
Infill Density 30 %
Printing temperature 245 °C
Build Plate temperature 90 °C
Print speed 60 mm/s
Fan Speed 0 %
Support Not needed

As far as printing materials are concerned, there is nowadays a wide range of mate-
rials available. Thus, when choosing the printing material, it is advisable to consider its
mechanical and physical properties in order to choose the material whose characteristics
are best suited to the conditions of use of the product to be printed. In the case of the
heliostat, it was necessary to choose a material that would behave well in conditions of
high temperatures because of continuous exposure to sunlight. Moreover, the behavior of
the material during printing is a key factor in the choice, because not all materials print
equally easily. Additionally, it is important to note that most plastics available for 3D
printing are 100% recyclable, which is an important advantage, especially when designing
technological solutions that aim to improve the sustainability of our environment.

Accordingly, ABS, ASA, and PETG plastics are materials that could be optimal for
the construction of the heliostat. However, the different tests performed showed that the
parts made in ABS and ASA presented many printing problems and also did not meet the
dimensional tolerances of the design. Therefore, PETG was finally used because the ease
of printing and its dimensioning tolerance made it undoubtedly better in the overall com-
putation of characteristics.

Finally, through 3D printing, flexibility has been achieved to incorporate and evalu-
ate successive improvements until the final device is obtained. Economic and time costs
have been reduced by not resorting to traditional prototyping. As an example, Figure 7
shows the simulation of the printing of the mirror base. As shown in the Figure, the final
cost of the part is EUR 3.59, which is much lower than the cost of conventional machining.
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(® 10 hours 30 minutes ®

(3 179g-58.70m-€3.59

Figure 7. Simulation of mirror base printing.

3. Results
3.1. Proposed Heliostatic Illuminator

The designed system allows redirecting sunlight to a fixed point acting as a daylight-
ing device in buildings. Table 2 shows the dimensions of the main design magnitudes of
the heliostat illuminator.

Table 2. Main design features for the proposed heliostatic illuminator.

Features Nomenclature Length (mm)
Arm length a 88.52
Pusher length b 65.00
Separator length c 33.50
Screw pitch p 1.50

The different parts of the heliostat resulting from the design and manufacturing pro-
cess are described in detail below.

3.1.1. Deformable Polygon

Figure 8 shows the parts that constitute the deformable polygon of the heliostat sys-
tem on which the main mirror of the heliostat rests. The part has been manufactured by
3D printing in PETG (represented in green in Figure 8), except for the extensions between
the tips and the base, which are made of aluminum to provide greater rigidity (repre-
sented in grey in Figure 8). This deformable polygon, according to the mechanical funda-
mentals described in Section 2.2, is in charge of properly orienting the mirror for correct
solar tracking. For this purpose, the movement of the deformable polygon is articulated
around the threaded tube T, with a pitch of 1.5 mm. This is an aluminum tube with a
diameter of 20 mm and an inner hole of 10 mm. As explained above, this threaded tube T
is responsible for supporting the entire deformable polygon. At the same time, the T tube
constitutes the line of displacement of the points AA’ of the deformable polygon in its
solar tracking movement.
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ROD(BC)

SEPARATOR(CA’)

(oo

SHAFT FIXING (A)

SPINDLE(T)

Figure 8. Deformable polygon for the proposed heliostatic illuminator.

3.1.2. Transmission Parts

The motion of the system is generated by a DC motor with encoder (Figure 9). The
motor has a reduction ratio of 1:150 and provides a maximum torque of 6 Nm. In addition,
the encoder has 2400 control points per revolution of the shaft, which allows the position
of the heliostat to be precisely adjusted.

Meanwhile, the transmission consists of a 10mm threaded metal rod that moves in-
side the threaded tube T. The end piece of this transmission (in green in Figure 9) is at-
tached to the deformable polygon, transmitting the movement to the whole system.

Finally, the coupler is the junction point between the transmission and the motor. It
is made of plastic with 10 mm holes for the transmission and 6 mm holes for the motor
shaft.

DRIVE SHAFT

SHAFT COUPLER

Figure 9. Transmission parts.
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3.1.3. Support parts

As stated above, the heliostat should be oriented with its A’A axis parallel to the
Earth’s rotation axis. To facilitate accurate positioning and calibration, an adjustable
bracket has been designed for both tilt and rotation on the horizontal plane (Figure 10). It
consists of an L-shaped metal plate to which the T-tube is fixed by two nuts and a motor
support made by 3D printing in PETG that is attached to the general support by two nuts.

The system also includes an angle adjuster, manufactured in PETG by 3D printing.
This adjuster allows one to vary the inclination of the complete support. Consequently,
the heliostat is tilted favoring its correct orientation in such a way that the angle formed
by the A’A axis of the heliostat with the horizontal is equal to the latitude of the site.

Finally, the base of the support, made of 4 mm steel, is the junction point of the whole
system with the place where the heliostat is installed. It has slots that provide the ability
to vary the rotation to easily find the desired orientation.

SPINDLE BRACKET

MOTOR MOUNT

Figure 10. Support parts.

3.1.4. Installation Structure

For mounting and installation of the heliostat, a steel structure is used to support
both the primary and secondary heliostat mirrors (Figure 11). This structure has been de-
signed in such a way that the correct position of both mirrors can be easily adjusted. Spe-
cifically, the base on which the heliostat is fixed to the structure has the capacity to rotate
360 degrees. It also has bolts to adjust the height at four points so that it is completely
levelled with the horizontal.

In addition, as mentioned above, the heliostat mount has an angle adjuster that al-
lows the system axis (A'A) to be precisely positioned at the proper tilt so that the axis is
parallel to the Earth’s rotation axis. In this way, the Sun’s rays reflected by the main mirror
will be directed along this direction. Thus, by matching the center of the heliostat’s sec-
ondary mirror with this direction and giving it the desired orientation, thanks to the
spherical support that joins it to the structure, the solar radiation can be redirected to-
wards the place to be illuminated.
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Figure 11. Device designed for mounting the proposed heliostatic illuminator.

Finally, in accordance with the description of the proposal, an economic valuation
has been made of the proposed heliostat manufacturing costs, which are estimated to be
less than EUR 250.

4. Discussion
4.1. Pointing Error Analysis

This section analyzes the pointing error of the device as a heliostat illuminator. For
this purpose, it is assumed as a case study that the heliostat will be installed to illuminate
a classroom with little direct access to the solar resource. It is located in the basement of
the Albert Einstein building of the Rabanales campus of the University of Cordoba (Spain,
latitude: 37.85° N; longitude: 4.18° W) (Figure 12).

Figure 12. Case study: Albert Einstein building (C2), Rabanales campus of the University of Cor-
doba (Spain, latitude: 37.85° N; longitude: 4.18° W).
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In this way, the annual operation of the device at that location is simulated, consid-
ering three-minute intervals. In each of these 175,200-time instants (175200 = (60/3) -
24 - 365), the solar vector (Equation (1)) has been determined, checking whether the in-
stant corresponds to day or night. Specifically, considering that ¥, is the vertical vector
of the location, given by Equation (15) as a function of latitude ¢ (Figure 1), it will be
daytime if v, - § > 0.

v, =00+ cosg]+ singk, (15)

In addition, considering the dimensions of the device (Table 2), the distance 4, — [
of the device was determined for each day of the year (Figure 13). This distance is related
to the angle of the polygon A’ABC at its vertex A and, consequently, to the orientation of
the mirror.
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Figure 13. Evolution of I, — [ versus Julian day.

Finally, the values of 7, (Equation (11))and 7, (Equation (14)) have been generated
for the time instants corresponding to the day. Under these conditions, it is possible to
define the device approximation error, ¢, as the angle between n, and ﬁ;’, which will be
given for each time instant by Equation (16).

e = arcos (ng - 1), (16)

From such approximation error, the pointing error will be the one formed by the re-
flected ray 7 = k in the ideal situation where the heliostat is oriented perpendicular to 7,
and the reflected ray in the real situation #' when the heliostat mirror is perpendicular to
n,. As shown in Figure 14, according to the laws of reflection, the pointing error is twice
the approximation error (Equation (17)).

§=(ate)—(a—¢) =2 (17)
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Figure 14. Geometric definition for pointing error £.
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Figure 15. Monthly representation of pointing error &.

Thus, for each day of the year, a set of instantaneous pointing errors is obtained. Fig-
ure 15 shows the evolution of these errors for each month of the year.
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From these instantaneous errors, a classification has been made for each day of the
year. Thus, Figure 16 shows the mean (Figure 16a) and maximum (Figure 16b) pointing
errors for each Julian day and their evolution throughout the year.
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Figure 16. Representation of pointing error £ vs. Julian day: (a) mean pointing error; (b) maximum
pointing error.

It is observed that the proposed heliostat is more accurate at positions with a high
value of y, corresponding to the summer solstice. However, the maximum values in win-
ter are bounded by the maximum absolute error of 22 mrad. The overall errors are char-
acterized by the histogram shown in Figure 17. It can be seen that there is a high proba-
bility that the error is less than 10 mrad, which implies, for real purposes, that the device
can deflect the reflected beam up to 10 mm for each meter of distance between the heliostat
and the focus. Thus, for a spotlight located 20 m away, the error will not exceed 20 cm,
being very acceptable when this pointing occurs in the center of a window.

5 10 15 20 25 30
Pointing error (mrad)

Figure 17. Frequency histogram of the proposed pointing error E.

4.2. Enhanced Heliostatic llluminator: Improvements Achieved

According to the previously mentioned work, in this work an improved version of
the single-axis polar heliostat proposed by Torres-Roldan et al. [45] is described.
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Specifically, a new, more compact mechanical design has been developed to improve the
stability and accuracy of the system. Likewise, the heliostat has been equipped with a
direct transmission system that improves its movement. In addition, the system has been
provided with a new mounting structure that greatly facilitates its correct installation for
any desired orientation.

In addition, it has been manufactured using 3D technology with PETG, a plastic ma-
terial that withstands the inclemencies typical of a device installed outdoors. Moreover,
PETG is a plastic that can be recycled, which has an impact on the sustainability of the
device presented. Furthermore, 3D printing significantly reduces the mass of the system.
Specifically, while the heliostat proposed by Torres-Roldan et al. had a mass exceeding 35
kg, the new heliostatic illuminator has a mass of approximately 5 kg. This improvement,
in the first instance, has an impact on its manageability. This reduction in mass, together
with the new mounting structure, makes the heliostat installable by a single operator. It
also has an impact on the stability of the system and its technical requirements, allowing
the use of a lower cost motor. This, together with the cost of the plastic materials used,
lowers production costs. Additionally, manufacturing by 3D printing facilitates its repli-
cability. With all these improvements, the system daylighting is expected to be easily re-
producible so that its implementation as a daylighting system can be extended.

5. Conclusions

One of the possible solutions to improve the energy efficiency of buildings consists
of the installation of illuminating systems that increase the levels of natural lighting inside
buildings, reducing energy consumption in artificial lighting. In line with this, it is worth
mentioning the heliostatic illuminators that, although they can be complex systems, are
very effective because they are equipped with a solar tracking system that increases the
solar radiation used as natural lighting inside buildings. Accordingly, Torres-Roldan et
al. [45] proposed a single-axis polar heliostat and analyzed its possible application as an
illuminator [61]. However, this system suffers from important shortcomings that hinder
its reproducibility and, consequently, its extensive implementation. In this work, an im-
proved prototype of the single-axis polar heliostat proposed by Torres-Roldan et al. [45]
is presented. Specifically, as has been discussed, the following improvements have been
achieved:

e  Mechanical design more compact and equipped with a direct transmission system
that improves its movement;

e  Significant reduction of the mass thanks to 3D manufacturing;

¢  Manufactured with recyclable and weather-resistant plastics;

e New structure for a more easy and precise installation;

e  Greater stability and manageability;

e  Lower production costs;

e  Enhanced replicability.

Finally, in the present work an analysis of the pointing error of the proposed system
has been performed, finding that the average pointing error is 10 mrad. This error implies
a deviation of the reflected beam with respect to the target of only 10 mm for each meter
of distance between the target and the heliostat. Thus, this error is acceptable in urban
applications where these distances are around tens of meters. In this way, the proposed
heliostat can improve the energy efficiency of buildings and contribute to the improve-
ment of the sustainability of our cities and urban centers and the reduction of climate
change. In line with this, future work will study and quantify the improvement in lighting
conditions brought about by the installation of this type of lighting. The possible ways of
user control over the illuminator as well as the levels of user acceptance and satisfaction
will also be studied.
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