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A B S T R A C T

A new open-loop solar tracking system for a small-scale linear Fresnel reflector with three movements has
been designed, fabricated, and simulated. The control system of the solar tracker is governed by a Raspberry Pi
together with other auxiliary devices which include a Global Positioning System. The electronic control system
consists of a master controller (Raspberry pi 3), 4 slave microcontrollers (Arduino), Global Positioning System
module, thermocouples, laser sensors, transversal positioning sensors, and longitudinal positioning sensors. It
also allows the communication between these microcontrollers based on long range wireless solutions (XBee).
All the electronic circuits have been designed and constructed. The solar tracking system uses offline data. The
software has been designed and developed to track the sun path using astronomical equations. In this way, the
solar tracking system is able to position itself automatically using the solar position algorithm and the Global
Positioning System with an accuracy of ±0.006◦. The solar tracking system can be deployed automatically
at any location on the Earth. The total cost of the implemented solar tracking system has been calculated.
The system performance, in terms of the tracking error, annual energy, energy-to-area ratio and levelized cost
of energy has been evaluated. Tracking errors smaller than 0.06 (◦) are acceptable (they cause power losses
smaller than 1%), whereas errors larger than 0.36 (◦) start being noticeable (power losses greater than 3%).
The proposed new tracking system gives 16.64% more energy, a 78.46% higher energy-to-area ratio, and a
4.62% less levelized cost of energy that the classic tracking system with one movement used in large-scale
linear Fresnel reflectors.
1. Introduction

The solar energy is one of the most important renewable energies
because of its abundance (the Sun is the main source of Earth’s energy)
and its sustainability. As an important candidate for solar thermal
utilization, the Linear Fresnel Reflector (LFR) employs a large field
of rows of mirrors which are used to concentrate the sunlight on the
focal line of an absorber tube with a much smaller area. The absorber
tube that runs longitudinally above the mirror rows is located at the
common focal line of the mirrors. The absorber tube is specially coated
to increase its capability to absorb the incident sunlight and it is
encased in a cavity receiver to reduce the convective heat losses. The
concentrated solar energy is transferred through the absorber tube to
some thermal fluid capable of maintaining itself in liquid state at high
temperatures.

∗ Corresponding author.

Linear Fresnel Reflector (𝐿𝐹𝑅) technology can be used in various
applications. Large-scale linear Fresnel reflectors are used in electricity
generation [1,2] and in industrial processes [3,4], whereas small-scale
linear Fresnel reflectors (𝑆𝑆𝐿𝐹𝑅𝑠) are used in the building sector
[5,6].

Considering a linear Fresnel reflector aligned in a North–South
orientation, the angle of incidence of solar irradiance on the absorber
tube will be calculated in two projection planes [7]: the transversal
incidence angle and the longitudinal incidence angle.

In the transversal plane, the secondary reflector redirects Sun beams
towards the absorber tube. Different secondary reflector shapes have
been proposed throughout the last years: compound parabolic de-
sign [8], involute design [9], parabolic design [9], butterfly design [10,
11], trapezoidal design [12], triangular design [13] and other complex
geometries. In the longitudinal plane, not all the Sun’s rays reflected
306-2619/© 2021 Elsevier Ltd. All rights reserved.
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by the mirrors fall on the absorber tube. There is a part of the absorber
tube which is not illuminated by Sun’s rays, called the inactive part
of the tube. This fact produces losses known as end loss [14]. On
the other hand, there are Sun’s rays reflected by the mirrors that do
not fall on the absorber tube. These rays are known as reflected light
loss [14]. The end loss efficiency can be calculated with the following
equation [15]:

𝜂𝑒𝑛𝑑−𝑙𝑜𝑠𝑠 =
𝐿𝑎 − 𝐿𝑒𝑛𝑑−𝑙𝑜𝑠𝑠

𝐿𝑎
⋅ 100 (1)

here 𝐿𝑎 is the length of the absorber tube and 𝐿𝑒𝑛𝑑−𝑙𝑜𝑠𝑠 is the part
f the absorber tube that is not illuminated. The end losses of the
bsorber tube depend on: the latitude of the site, the moment when
t is evaluated and the geometry of the mirrors’ field [16].

In large-scale linear Fresnel reflectors, the rows of mirrors and the
bsorber tube form an angle of 0 (◦) with the horizontal plane. In
ddition, due to their size, both the rows of mirrors and the absorber
ube are not provided with a longitudinal movement. In this case, the
ows of mirrors can be rotated on the North–South axis, so as to follow
he Sun’s daily movement (transversal movement). In this reflector, due
o the size of the absorber tube and the height of the receiver, the
nd loss efficiency is approximately 97%, in Almeria (Spain) [14], and
he reflected light loss is not usually considered in the mathematical
xpression normally used to determine the power absorbed by the
bsorber tube [17,15,18].

In 𝑆𝑆𝐿𝐹𝑅𝑠 due to the small size of the rows of mirrors and the
bsorber tube, in several references it is reviewed the possibility of
oving these parts. Authors such as [19,20,14,21,22] describe various

ypes of simultaneous movements. Dai et al. [19] propose a design
orth–South oriented with three movements: the transversal move-
ent, the East–West translation of the entire reflector field according to

he relative position of the Sun and the rotation of a secondary reflector
ocated in the receiver. The movements proposed by [20,14] with a
orth–South oriented design, are: the transversal movement, the East–
est axis rotation of the mirrors row and the East–West axis rotation

f the absorber tube. Other prototypes present an East–West oriented
esign: [21] and [22]. In [21], it is presented a design that includes a
eflective surface that forms a parabola and a receiver which can move
long the axial axis. In [22], it is proposed a design rotated around the
orizontal North–South axis, which has the possibility to adjust the tilt
f the entire collector with the solar height.

In 𝑆𝑆𝐿𝐹𝑅 without longitudinal movement, the longitudinal posi-
ion and the length of the absorber tube are two critical parameters for
ts design [14]. The use of non-optimal values leads to decreases of up
o 80% in the energy production [14]. The most favorable values of
he longitudinal position and of the length of the absorber tube depend
n the latitude of the site. As the economic aspect is very important to
he trade of the 𝑆𝑆𝐿𝐹𝑅, the 𝑆𝑆𝐿𝐹𝑅 manufacturing process could be
mproved if its design was independent of the latitude of the site. This
oal would be achieved, providing longitudinal movement to the rows
f mirrors and to the absorber tube.

The 𝜂𝑒𝑛𝑑−𝑙𝑜𝑠𝑠 in 𝑆𝑆𝐿𝐹𝑅 increases as the height of the receiver
ecreases [14]. The most common height value of the receiver in an
𝑆𝐿𝐹𝑅 is 1.5 (m) [23,22]. In 𝑆𝑆𝐿𝐹𝑅 configuration with the rows of
irrors and the absorber tube parallel to the horizontal plane, the end

oss efficiency is approximately 70%, for a height of the receiver of 1.5
m) in Almeria (Spain) [14]. The design of 𝑆𝑆𝐿𝐹𝑅𝑠 with longitudinal
ovement of the rows of mirrors and the absorber tube would minimize

he end loss and the reflected light loss [24].
In building sector the available area is a critical parameter. There-

ore, the energy-to-area ratio (𝐸𝐴𝑅) parameter has to be considered.
he 𝐸𝐴𝑅 represents the relationship between total annual energy
bsorbed by the absorber tube and the area required for the 𝑆𝑆𝐿𝐹𝑅
nstallation. In [24] it is shown that in the 𝑆𝑆𝐿𝐹𝑅 configurations with
ongitudinal movements the area required for 𝑆𝑆𝐿𝐹𝑅 installation is
2

ignificantly reduced. t
There are several possible configurations of longitudinal move-
ents. The movement of rows of mirrors may occur continuously

hroughout the day or just at one single time in a day. In the first group
f configurations, the design ensures that for any time of the day the
ays reflected by the mirrors in the longitudinal direction are always
ertical to the absorber tube. In the second group of configurations, the
ongitudinal inclination is equal to the latitude of the place, corrected
y means of the declination. In addition, the secondary reflector may
ave the same longitudinal movement as the rows of mirrors. In other
onfigurations, the secondary reflector system forms a certain angle
ith the horizontal plane and it is not provided with longitudinal
ovement. The proposed new solar tracking can implement all of these

onfigurations.
Once the advantages of an 𝑆𝑆𝐿𝐹𝑅 with longitudinal movement of

he rows of mirrors and the absorber tube have been discussed, we
re going to present in this paper the design and the construction of
solar tracking system for a small-scale linear Fresnel reflector with

hree movements: one transversal movement, and two longitudinal
ovements.

The heat losses of the secondary reflector system of an 𝑆𝑆𝐿𝐹𝑅
depend on its longitudinal movement. Even though the heat losses

ncrease with the increase in the longitudinal angle [25], it has been
emonstrated that the longitudinal inclination of the secondary reflec-
or system has positive effects on the efficiency of an 𝑆𝑆𝐿𝐹𝑅 [25].
he application of a phase change material in the glazing structure
an improve its thermal performance by enhancing its capacity of
toring thermal energy [26,27]. On the other hand, the introduction
f a corrugated insert into the absorber tube can effectively enhance
he heat transfer performance [28].

The use of another technologies can also enhance the performance
f an 𝑆𝑆𝐿𝐹𝑅 . In the paper [29] the advantages of the use of nanotech-
ology in renewable energies are shown. In relation to solar energy,
ussein [30] shows the application of nanotechnology in various solar
ollectors. The performance of a direct absorption solar collector can
e improved by using nanofluid technology [31]. Another example is
he use of a multiwalled carbon nanotube and water nanofluid in a flat
late solar collector for the energy optimization [32].

Broadly speaking, the solar tracking strategies can generally be:
pen-loop control (𝑂𝐿𝐶) [33,34], closed-loop control (𝐶𝐿𝐶) [33,34],
nd hybrid control [35]. In an 𝑂𝐿𝐶, the Sun tracking system is based

on a pre-programmed code according to the calculated Sun’s position
from formulas or algorithms using its geographic coordinates (latitude,
altitude), solar time and day of the year, without using feedback signals.
In a 𝐶𝐿𝐶, the Sun tracking system uses optical sensors to detect the
Sun’s real-time position using feedback signals. In an hybrid control
mode, the solar tracking system can automatically switch between
open-loop or closed-loop solar tracking strategy depending on the local
weather conditions.

The 𝑂𝐿𝐶 is characterized by the following advantages and disad-
antages: (i) it has high reliability, (ii) it has a low tracking accuracy,
t does not detect any disturbances generated in either computing or
echanical processes [36], (iii) it does not need sensors to detect

unlight, (iv) it is simple, (v) it has a low cost approach compared to
he 𝐶𝐿𝐶 [37], (vi) the system may not compensate its external distur-
ances (misalignment during setup and operation) in the system [38],
vii) it has a low capability to correct errors.

The 𝐶𝐿𝐶 is characterized by the following advantages and disad-
antages: (i) it is affected by the local weather conditions, therefore
s has a low reliability, (ii) it is very accurate [34,39,40], (iii) it is
omplex.

To the best of our knowledge, there is not any design similar to
his one we propose among all the previous writings about this issue.
he solar tracking system can be used in a small-scale linear Fresnel
eflector with one single movement. The solar tracking system has
een designed and constructed. The simulated results are presented

o evaluate the contrast between its performance in terms of power
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absorbed by the absorber tube with and without tracking error. The
proposed solar tracking system is a low cost tracker. The solar tracking
system uses offline data end it is able to position itself automatically
based on a Sun path algorithm and the 𝐺𝑃𝑆 data, with an accuracy of
±0.006◦. A cloudy sky has no impact on the system operation.

The system performance has been evaluated in terms of the tracking
error, annual energy, energy-to-area ratio and levelized cost of energy.
Moreover, we shall see that the proposed new tracking system gives
more energy (16.64%), a higher energy-to-area ratio (78.46%) and a
4.62% less levelized cost of energy than the classic tracking system
with one movement used in large-scale 𝐿𝐹𝑅𝑠.

The paper is organized as follows. The components, parameters, and
relationships of an 𝑆𝑆𝐿𝐹𝑅 are described in Section 2. The design and
implementation of the proposed solar tracking system is presented in
Section 3. Solar tracking system algorithms are described in Section 4.
Section 5 presents the results of the study of the tracking error, energy,
energy-to-area ratio, and levelized cost of energy. Finally, Section 6
summarizes its main contributions and conclusions.

Nomenclature
𝐷 Diameter of the absorber tube (m)
𝑑 Separation between two consecutive mirrors (m)
𝑓 Height of the receiver (m)
𝐿𝑎 Length of the single absorber tube (m)
𝐿𝑖 Position of 𝑖th mirror (0 ⪯ 𝑖 ⪯ 𝑛) (m)
𝐿𝑙
𝑖 𝐿𝑖 of the left side (m)

𝐿𝑟
𝑖 𝐿𝑖 of the right side (m)

𝐿𝑀 Length of the mirrors (m)
𝑛 Number of mirrors at each side of the central mirror
𝑛𝑑 Day number
𝑊𝑀 Width of the mirrors (m)
𝛼𝑖 Angle between the vertical at the focal point and the line

connecting the center point of each mirror to the focal
point (◦)

𝛼𝑆 Height angle of the Sun (◦)
𝛽𝑎 Angle between the absorber tube and the horizontal

plane (◦)
𝛽𝑖 Tilt of 𝑖th mirror (◦)
𝛽0 Tilt of central mirror (◦)
𝛽𝑙𝑖 𝛽𝑖 of the left side (◦)
𝛽𝑟𝑖 𝛽𝑖 of the right side (◦)
𝛽𝑀 Angle between the mirror axis and the horizontal plane

(◦)
𝛿 Declination of the Sun (◦)
𝛾𝑆 Azimuth of the Sun (◦)
𝜃𝑙 Longitudinal incidence angle (◦)
𝜃𝑡 Transversal incidence angle (◦)
𝜃𝑧 Zenith angle of the Sun (◦)
𝜆 Latitude angle (◦)
𝛤 Daily angle (rad)
𝜔 Hour angle (◦)
𝜔𝑆 Angle of sunset (◦)
−𝜔𝑆 Angle of sunrise (◦)

2. Considerations on the movements of an SSLFR

2.1. SSLFR components

The experimental prototype [41] used in this study consists of
six main blocks: fixed structure (𝐹𝑆) (1), mobile structure (𝑀𝑆) (2),
primary reflector system (𝑃𝑅𝑆) (3), secondary reflector system (𝑆𝑅𝑆)
(4), transmission systems (𝑇𝑅) (5), and tracking system (𝑇𝑆) (6).
Fig. 1 shows these components, and Fig. 2 shows a photograph of the
prototype.

The fixed structure lies on a foundation made for this purpose. The
mobile structure and the secondary reflector system are supported by
3

Fig. 1. SSLFR parts.

Fig. 2. Prototype.

the fixed structure. The primary reflector system has been mounted on
the mobile structure. The primary reflector system is made of parallel
rows of stretched mirrors (7) mounted on specially designed frames.
The secondary reflector system is composed of: absorber tube, receiver
cavity, insulation, and glass covering. The secondary reflector system
is located at an appropriate height above the primary reflector system.

This prototype we consider, makes use of a three axis tracking
system. The mobile structure can be rotated on the east–west axis.
The mirrors of the primary reflector system can be rotated on the
north–south axis so as to follow the Sun’s daily movement. Finally, the
secondary reflector system can also be rotated on the east–west axis.

2.2. Sun path

As the Earth has two orbits, the Sun path is characterized by two
angles. These angles are named the solar altitude angle (𝛼𝑆 ) and the
azimuth angle (𝛾𝑆 ) [42].

The angular solar position vs. solar time (𝑇𝑆 ) can be calculated using
a solar apparent motion trajectory model [42] as it is shown in formula
(2)–(6) (𝛤 is the daily angle in (rad); 𝛿 is the declination of the Sun in
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(◦); 𝑛𝑑 is the day number starting from the 1st of January; 𝜔 is the hour
angle in (◦); 𝜆 is the geographical latitude of the site in (◦); 𝛼𝑆 is the
solar altitude angle in (◦); 𝛾𝑆 is the solar azimuth angle in (◦));

𝛤 = (𝑛𝑑 − 1) 2𝜋
365

(2)

𝛿 = (0.006918 − 0.399912 cos𝛤 + 0.070257 sin𝛤 − 0.006758 cos 2𝛤

+ 0.000907 sin 2𝛤 − 0.002697 cos 3𝛤 + 0.001480 sin 3𝛤 ) ⋅ 180
◦

𝜋
(3)

𝜔 = 15 ⋅ (𝑇 𝑠 − 12) ⋅ 180
◦

𝜋
(4)

𝛼𝑆 = arcsin[sin 𝛿 sin 𝜆 + cos 𝛿 cos 𝜆 cos𝜔] (5)

𝛾𝑆 = 𝑠𝑖𝑔𝑛(𝜔) ⋅ arccos
[

sin 𝛼𝑆 sin 𝜆 − sin 𝛿
cos 𝛼𝑆 cos 𝜆

]

(6)

The zenith angle of the Sun (𝜃𝑧) is also commonly used. It is the
complementary angle to the solar altitude angle of the Sun (𝜃𝑧 =
90◦ − 𝛼𝑆 ). When the altitude 𝛼𝑆 = 0, the Sun is said to rise (sunrise)
or to set (sunset). From Eq. (5):

cos(𝜔) = − sin 𝛿 sin 𝜆
cos 𝛿 cos 𝜆

= − tan 𝛿 tan 𝜆 (7)

and hence the angle of sunrise (−𝜔𝑠) and of sunset (𝜔𝑠) can be calcu-
lated with:

𝜔𝑠 = arccos[− tan 𝛿 tan 𝜆] (8)

2.3. Transversal and longitudinal incidence angles

In order to obtain the transversal incidence angle (𝜃𝑡) and the
longitudinal incidence angle (𝜃𝑙), the angle of incidence of solar irra-
diance is separated into two projection planes [17]. The transversal
incidence angle (𝜃𝑡) is defined as the angle between the vertical and
the projection of the Sun vector on the East–West plane (the plane
orthogonal to the absorber tube) and the longitudinal incidence angle
(𝜃𝑙) is defined as the angle between the vertical and the projection of
the Sun vector on the North–South plane. These definitions are valid
when the 𝑆𝑆𝐿𝐹𝑅 is horizontally aligned and the absorber tube is
aligned in the North–South orientation.

The transversal incidence angle and the longitudinal incidence angle
have been determined according to equations [14]:

𝜃𝑡 = arctan
(

sin 𝛾𝑆
tan 𝛼𝑆

)

(9)

𝜃𝑙 = arctan
(

cos 𝛾𝑆
tan 𝛼𝑆

)

(10)

These angles are required to calculate the movements of the 𝑆𝑆𝐿𝐹𝑅.

2.4. SSLFR movements

Only the direct irradiation is concentrated in an 𝑆𝑆𝐿𝐹𝑅 so it is
very important to have an adequate solar tracking system. This tracking
system can be classified under three categories [20]: one-axis (only
transversal movement, this is the case of the movement of the mirrors),
two-axis (a transversal movement and a longitudinal movement, in this
case both mobile structure and secondary reflector system move) and
three-axis (a transversal movement and two longitudinal movements).

2.4.1. Movement of the mirrors
As shown in [20], the movement of each mirror can be character-

ized by the tilt (𝛽𝑖). The 𝛽𝑖 depends on the mirror width (𝑊𝑀 ), the
distance between two mirrors (𝑑), the number of mirrors on each side
of the central mirror (𝑛), the receiver height (𝑓 ), the diameter of the
absorber tube (𝐷), and the transversal incidence angle (𝜃𝑡). Fig. 3 shows
the simplified schematic front view of a generic 𝑆𝑆𝐿𝐹𝑅.

The tilt of each mirror has been adjusted so that the incident ray
(which arrives at an angle 𝜃𝑡) reaches the focal point after a single
reflection. The focal plane is located at a distance 𝑓 from the reflecting
4

Fig. 3. Movement of the mirrors.

Fig. 4. Movement of the 𝑀𝑆 and 𝑆𝑅𝑆.

element placed in the center of the 𝑆𝑆𝐿𝐹𝑅. The pivot point of each
mirror coincides with the central point of the mirror; therefore, it is
always focused on the central point of the receiver.

In order to calculate 𝛽𝑖, we distinguish between: the central mirror
(𝑖 = 0), the mirrors to the left (1 ≤ 𝑖 ≤ 𝑛) and those to the right
(1 ≤ 𝑖 ≤ 𝑛). The total number of mirrors of the 𝑆𝑆𝐿𝐹𝑅 is 2𝑛 + 1. The
tilt, 𝛽𝑟𝑖 , on the right side is given by:

𝛽𝑟𝑖 =
−𝜃𝑡 + 𝛼𝑖

2
; 1 ≤ 𝑖 ≤ 𝑛 (11)

and the tilt, 𝛽𝑙𝑖 , on the left side is given by:

𝛽𝑖 =
−𝜃𝑡 − 𝛼𝑖

2
; 1 ≤ 𝑖 ≤ 𝑛 (12)

Just for convenience, we consider 𝛽𝑙𝑖 , 𝛽𝑟𝑖 > 0 if they are measured
counter-clockwise above the horizontal axis. For central mirror, given
by:

𝛽0 =
𝜃𝑡
2

(13)

The angle 𝛼𝑖 can be calculated as:

𝛼𝑖 = arctan
[

𝐿𝑖
𝑓 +𝐷∕2

]

; 1 ≤ 𝑖 ≤ 𝑛 (14)

Assuming that the 𝑆𝑆𝐿𝐹𝑅 performs symmetrically throughout the day,
the spacing between the reflecting elements on the right side is the
same as that on the left side of the 𝑆𝑆𝐿𝐹𝑅:

𝐿𝑟
𝑖 = 𝐿𝑙

𝑖 = 𝐿𝑖 = 𝑖 ⋅
(

𝑊𝑀 + 𝑑
)

; 1 ≤ 𝑖 ≤ 𝑛 (15)

The movement of the central mirror is the only one you have to control,
the rest of the mirrors have a different starting position from the central
mirror, but they all move with the same angular speed.
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Fig. 5. Solar tracker design block diagram.
2.4.2. Movement of the mobile structure and the secondary reflector system
As shown in [20], the movement of the mobile structure and the

movement of the secondary reflector system can be respectively char-
acterized by the tilt (𝛽𝑀 ) and the tilt (𝛽𝑎). The 𝛽𝑀 is the angle between
the mirror axis and the horizontal plane. The 𝛽𝑎 is the angle between
the absorber tube and the horizontal plane. Fig. 4 shows the simplified
schematic side view of a generic 𝑆𝑆𝐿𝐹𝑅.

An 𝑆𝑆𝐿𝑅𝐹 can have multiple configurations [14]. The configura-
tion in which it is fulfilled:

𝛽𝑀 = 𝛽𝑎 =
𝜃𝑧
2

(16)

offers the best results [14].
This study is based on this configuration, although the other config-

urations can also be easily implemented.

3. Elements of the solar tracking control

The proposed solar tracking system shown in Fig. 5 consists of
transmission systems, stepper motors and drivers and an electronic
control system. The transmission systems of the mobile structure and
the secondary reflector system are similar. The transmission system of
the mirrors is different. This transmission system consists of a certain
number of movement units. These movement units are defined below.
The electrical hardware consists of three stepper motor and drivers. The
electronic control system consists of master controller (Raspberry pi 3),
slave microcontrollers (Arduino), 𝐺𝑃𝑆 module, thermocouples, laser
sensors, transversal positioning sensors, and longitudinal positioning
sensors.

3.1. Mirrors movement transmission system

In Fig. 6, the mirrors (1) of the primary reflector system can be ro-
tated on the north–south axis, so as to follow the Sun’s daily movement.
For this purpose, we used a rack (2) and a pinion mechanism (3). The
movement requires 2 ⋅ 𝑛+ 1 movement units (where 𝑛 is the number of
mirrors at each side of the central mirror), and a rack gear.

Each movement unit has been designed with SolidWork [43] and
made as shown in Fig. 7. It includes: two bearings, two bearing
supports, two shafts, a pinion gear, a mirror, a frame and a main
shaft [44]. The selected elements are as follows. A standard bearing
type 𝐹𝐴𝐺6301𝑍𝑍. A standard pinion gear with 24 teeth, module
2 (mm) and 35 (mm) thick.

A bearing support that consists of a 82.5 (mm) diameter stainless
steel tube with a 20 (mm) thick wall, and a 78 × 28 × 5 (mm)
stainless steel plate. A shaft consists of a 25 (mm) diameter carbon steel
rod 150 (mm) long. The mirror’s thickness is 5 (mm). The mirror is
pasted onto the frame using an industrial adhesive. The frame is a 0.8
(mm) thick galvanized steel sheet. The main shaft is a 3∕8ε diameter
galvanized steel rod that is assembled to the support by stainless steel
rivets. A standard rack gear with module 2 (mm) and 20 (mm) thick.
5

Fig. 6. Overall design of the mirrors movement transmission system.

Fig. 7. Overall design of movement unit.

3.2. Mobile structure movement transmission systems

The mobile structure (𝑀𝑆) (1) can be rotated on the east–west axis
(See Fig. 8). For this purpose, we used a pinion (2) gear mechanism.
This movement requires one movement unit (3).

The movement unit has been designed with SolidWork and in-
cludes: two bearings, two bearing supports, two shafts, and two pinion
gears [44]. The selected elements are as follows: a standard bear-
ing type 𝐹𝐴𝐺6301𝑍𝑍, a standard pinion gear with 24 teeth, module
2 (mm) and 35 (mm) thick, a bearing support that consists of a 82.5
(mm) diameter stainless steel tube with a wall 20 (mm) thick, and a
78 × 28 × 5 (mm) stainless steel plate and a shaft that consists of a
25 (mm) diameter carbon steel rod 150 (mm) long.
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Fig. 8. Overall design of the 𝑀𝑆 movement transmission systems.

Fig. 9. Overall design of the 𝑆𝑅𝑆 movement transmission system.

Table 1
Sun position for a tracking system algorithms.

Algorithm Maximum error

International Solar Position Algorithm (𝑆𝑃𝐴) [45] 0.0003𝑜

Michalsky et al. [46] 0.01𝑜

Blanco et al. [47] 0.008◦

Grena Algorithm [48] 0.0027𝑜

3.3. Secondary reflector movement transmission systems

The secondary reflector system (𝑆𝑅𝑆) can also be rotated on the
east–west axis. For this aim, we used a pinion gear mechanism (See
Fig. 9). This movement requires one movement unit.

The movement unit has been designed with SolidWorks and it
includes: two bearings, two bearing supports, two shafts and two pinion
gears [44]. The selected elements are as follows: a standard bear-
ing type 𝐹𝐴𝐺6301𝑍𝑍, a standard pinion gear with 24 teeth, module
2 (mm) and 31 (mm) thick, a bearing support that consists of a 82.5
(mm) diameter stainless steel tube with a wall 20 (mm) thick, and a
78 × 28 × 5 (mm) stainless steel plate and a shaft that consists of a
25 (mm) diameter carbon steel rod 150 (mm) long.

3.4. Stepper motors and drivers

The Sun position for a tracking system can be calculated using
different algorithms. Table 1 shows some of these algorithms and its
accuracy.

For solar engineering applications the error of the 𝑆𝑃𝐴 is extremely
small. For this reason, other authors propose algorithms with greater
errors (See Table 2). Taking into account the precision required for this
tracking system, it is considered that a stepper motor is the suitable
electric motor [49,50]. Therefore, we used stepper motors and its
drivers, with a step of 0.006◦. The calculations of the necessary torque
6

Table 2
Cost of the solar tracking system.

Item Unit cost (e) Quantity Cost (e)

Raspberry Pi 3 39.95 1 39.95
Arduino Mini Pro 3.21 4 12.84
XBee module S1 16.95 5 84.75
𝐺𝑃𝑆 module 13.95 1 13.95
Laser sensor 23.61 3 70.83
Micro SD Card + Adapter 5.19 1 5.19
Power supply 36 1 36
𝑈𝐿𝑁2083 integrated circuit 2 1 2
Thermocouple
type 𝐾 + 𝑀𝐴𝑋6675𝐴∕𝐷 2.5 2 5
𝐵𝐶639 transistor 2.92 1 2.92
Light sensor (𝑉 𝐸𝑀𝐿7700) 2.95 1 2.95
Limit switch 8.15 5 40.75
4𝐾7 resistor 0.16 10 1.60
7𝐾5 resistor 0.1 4 0.4
10𝐾 resistor 0.1 11 1.1
0.33 μF capacitor 0.5 1 0.5
0.1 μF capacitor 0.8 3 2.4
𝑃𝐶𝐵 cost 10 5 50
Total 373.13

of the motors has been made with the software SolidWorks [43]. Each
driver supplies appropriate control signals and supply voltage to the
associated stepper motor.

3.5. Electronic control system

The movements of the 𝑆𝑆𝐿𝐹𝑅 have been controlled by means of
an electronic control system. This system consists of several printed
circuit board (𝑃𝐶𝐵): Master 𝑃𝐶𝐵, 𝐺𝑃𝑆 𝑃𝐶𝐵, Temperature 𝑃𝐶𝐵,
Position 𝑃𝐶𝐵 and Irradiance 𝑃𝐶𝐵. The electronic control system was
controlled by a master controller (Raspberry pi 3) and supported by
4 slave microcontrollers (Arduino). Figs. 10(a) and Fig. 10(b) show a
overall photographs of the electronic control system. Fig. 11 shows a
block diagram of the electronic control system for the solar tracking
system.

3.5.1. Master PCB
The master 𝑃𝐶𝐵 is implemented with: a Raspberry Pi 3, a Xbee

module and two 𝑈𝐿𝑁2083𝐴 integrated circuits. Fig. 12(a) shows a
photograph of the Master 𝑃𝐶𝐵. The Raspberry Pi 3 is used as master
controller in the tracking system. This controller has been already
used by other authors in similar works [51,52], due to its low cost,
compact size, compatibility and easy interfacing. The Raspberry Pi 3 is
a single board computer based on a 900MHz quad-core ARM Cortex-
A7 CPU, with 1 GB RAM, 40 GPI/O pins, 4 USB ports, Full HDMI
port, Ethernet port, and a Micro SD card slot [53]. The Raspberry Pi
3 has been used as master controller to perform system algorithms,
arithmetic calculation and database generation of the Sun’s path. A
wireless system has been developed with the help of 𝑋𝐵𝑒𝑒 modules.
The 𝑋𝐵𝑒𝑒 module is a technology for wireless communication among
multiple devices in a Wireless Personal Area Network. 𝑋𝐵𝑒𝑒 modules
are embedded solutions that provide wireless end-point connectivity to
devices. This module is a standard for wireless communication based
on the 𝐼𝐸𝐸𝐸802.15.4 protocol. The 𝑋𝐵𝑒𝑒 module is equipped with an
on-chip antenna provided by Digi-MaxStream [54]. The Xbee module
has been used to set communication between the Raspberry Pi 3 and
the rest of the 𝑃𝐶𝐵𝑠. The Xbee of the Master 𝑃𝐶𝐵 communicates
with the Raspberry Pi 3 via serial 𝑈𝐴𝑅𝑇 communication protocol. The
information of the 𝑃𝐶𝐵𝑠 was received by the Raspberry Pi 3 via the
four wired 𝐼2𝐶 communication protocol. The output voltage of the
Raspberry Pi is 3.3 (V), and the input voltage of the stepper motor
drivers is 5 (V). Therefore, it is necessary to raise the voltage. In order
to raise it, an 𝑈𝐿𝑁2083𝐴 integrated circuit is used. The 𝑈𝐿𝑁2803𝐴
device is a 50 (V), 500 (mA) Darlington transistor array [55]. The system
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Fig. 10. Overall photographs of the electronic control system.
Fig. 11. Block diagram of the electronic control system for the solar tracking system.
uses five limit switches to determine: initial position, last position,
sleeping position, longitudinal 1 position and longitudinal 2 position.
Its features are: power supply 𝑉𝐴𝐶 max = 250 (V), current supply 𝐼𝑚𝑎𝑥 =
15 (A).

3.5.2. GPS PCB
A 𝐺𝑃𝑆 module has been used to determine location in a standard

longitude and latitude coordination system via multiple orbiting satel-
lites [37]. It also provides information about date and 𝑈𝑇𝐶 time. The
𝐺𝑃𝑆 𝑃𝐶𝐵 is implemented with: a 𝐺𝑃𝑆 module, an Arduino Mini Pro,
and a Xbee module. Fig. 12(b) shows a photograph of the 𝐺𝑃𝑆 𝑃𝐶𝐵.
The Arduino Mini Pro microcontroller has been used as an interface
with 𝐺𝑃𝑆 module. This takes the data, processes them and sends
them to the Xbee module for later transmission to the Raspberry Pi 3.
7

The Arduino Mini Pro is used because of its low cost, compact size,
compatibility and easy interfacing. The Arduino Mini Pro is a small
microcontroller board based on the ATmega 328. It has 14 digital
input/output pins (6 of which can be used as 𝑃𝑊𝑀 outputs), 8 analog
inputs and a 16 (MHz) crystal oscillator. It can be programmed using
the 𝑈𝑆𝐵 Serial adapter or another 𝑈𝑆𝐵 or 𝑅𝑆232 to 𝑇𝑇𝐿 serial
adapter [56]. A 𝐺𝑌 −𝐺𝑃𝑆6𝑀𝑉 2 [57] has been chosen as 𝐺𝑃𝑆 module.

3.5.3. Temperature PCB
The temperature 𝑃𝐶𝐵 is responsible for reading the input and out-

put temperature values of the absorber tube. It uses two thermocouples
to check that the temperature of the absorber tube maintains itself in
the stipulated safety range. In our case the maximum temperature value
is 150 (◦C). In the case this value is exceeded, the mirrors would move
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Fig. 12. Photographs of the PCBs.
to the sleeping position. The Temperature 𝑃𝐶𝐵 is implemented with:
two thermocouples, two analogues of digital converters, an Arduino
Mini Pro and a Xbee module. Fig. 12(c) shows a photograph of the
Temperature 𝑃𝐶𝐵. The Arduino Mini Pro microcontroller has been
used to take the data provided by the thermocouples, process them and
send them to the Xbee module for later transmission to the Raspberry
Pi 3. The thermocouple used is the type-𝐾 thermocouple [58]. The
analogue to digital converter used is the 𝑀𝐴𝑋6675𝐴∕𝐷 module [58].

3.5.4. Position PCB
The Position 𝑃𝐶𝐵 has been used to assist the Master 𝑃𝐶𝐵 by inde-

pendently controlling the angular position of mirrors, mobile structure,
and the secondary reflector system. The Position 𝑃𝐶𝐵 is implemented
with: three laser sensors, three analogues of digital converters, an
Arduino Mini Pro and a Xbee module. Fig. 12(d) shows a photograph
of the Position 𝑃𝐶𝐵. The laser sensor used is the 𝐴𝐷𝑁𝑆 − 9800 [59].

The 𝐴𝐷𝑁𝑆−9800 LaserStream gaming sensor includes a sensor and
a 𝑉 𝐶𝑆𝐸𝐿 in a single chip-on-board (𝐶𝑂𝐵) package. The Arduino Mini
Pro reads the information from the sensor serial port.

3.5.5. Irradiance PCB
The Irradiance 𝑃𝐶𝐵 has been used to assist the Master 𝑃𝐶𝐵 by

informing it about the beam solar irradiance. The relationship between
illuminance and solar irradiance is 104 (lm/W): its accuracy has been
evaluated in [60]. It has been used by other authors [6,61]. The
Irradiance 𝑃𝐶𝐵 is implemented with: a light sensor, an Arduino Mini
Pro and a Xbee module. Fig. 12(e) shows a photograph of the Irradiance
8

𝑃𝐶𝐵. The light sensor used is the 𝑉 𝐸𝑀𝐿7700 [62]. The 𝑉 𝐸𝑀𝐿7700 is
a high accuracy ambient light with a 16-bit resolution and supports an
easy to use 𝐼2𝐶 bus communication interface. The ambient light range
is 0 to 120.000 (lx) and the ambient light resolution is 0.0036 (lx).

3.6. Cost analysis

The total cost of the implemented solar tracking system is calculated
and presented in Table 2. This cost estimation has been conducted
according to the local market prices.

4. Solar tracking system algorithm

The solar tracking algorithm has been developed in order to deter-
mine the Sun path characteristics such as sunrise, sunset, etc. with high
precision for any location year-round.

The mirrors of the primary reflector system can be rotated with
one freedom movement (see Fig. 13). This movement in the east–west
direction is provided by the stepper motor and its driver. The stepper
motor is used to rotate the mirrors of the primary reflector system
in both clockwise and counter-clockwise direction with a 360◦ full
rotation. The rotation of the motor goes from −45◦ to +90◦ to track
the transversal incidence angle. The sunrise matches with 𝛽0 = −45◦.
The sunset matches with 𝛽0 = +45◦. The position 𝛽0 = +90◦ is called
sleeping position. In this position no dust is deposited on the mirrors.

The mobile structure (𝑀𝑆) can be rotated with one freedom move-
ment (see Fig. 14). This movement in the north–south direction is
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Fig. 13. Movement of the central mirror.

Fig. 14. Movement of the 𝑀𝑆 and 𝑆𝑅𝑆.

provided by the stepper motor and its driver. The stepper motor is used
to tilt the mobile structure up and down for tracking the zenith angle.
Its rotation varies from 0◦ to 90◦ to track the zenith angle of the Sun.

The secondary reflector system (𝑆𝑅𝑆) can also be rotated with one
freedom movement (see Fig. 14). This movement in the north–south
direction is provided by the stepper motor and its driver. The stepper
motor is used to tilt the secondary reflector system up and down to
track the zenith angle. This rotation goes from 0◦ to 90◦.

The calculation has been made following five steps. In the first step
the solar angles have been determined using solar time, geographical
latitude and other parameters such as daily angle, declination angle,
and hour angle. In the second step, the solar angles have been used to
determine the transversal and the longitudinal incidence angles. Then,
in the next steps, all the 𝑆𝑆𝐿𝐹𝑅 movements have been determined.
Fig. 15 shows the flow chart of the tracking system algorithm.

4.1. Step 1. At the break of dawn

Fig. 16 shows the algorithm flow chart for the Step 1.
(1.1) During the initialization of the system, at the break of dawn, it

is necessary to get important information such as date, solar time and
precise longitude and latitude for the 𝑆𝑆𝐿𝐹𝑅′s specific location. This
information can be obtained by using a 𝐺𝑃𝑆 module.

(1.2) The system does some mathematical calculations [20] based
on the information obtained from the 𝐺𝑃𝑆 module, to get the sunrise
and sunset time, the Sun’s position, the transversal and longitudinal
9

Fig. 15. Algorithm flow chart.

incidence angles, the tilt of the central mirror, the tilt of the mobile
structure and the tilt of the secondary reflector system, for each second
of the day. These values are tabulated in a database. The database is
set for the daily tracking.

(1.3) The tracking system automatically aligns the mirrors, the mo-
bile structure, and the secondary reflector system using the information
from the tabulated database.

The generated database consists of: (i) seconds of the day, (ii)
transversal movement steps, (iii) longitudinal one-movement steps,
(iv) longitudinal two-movements steps, (v) longitudinal one-movement
direction, (vi) longitudinal two-movements direction. The database ma-
trix has 86400 vectors (one for each second of the day) and 6 different
variables, with a total of 518.400 values. It takes approximately 8
seconds to generate the database. The mirrors’ track speed is 0.006 (◦)
per second.

4.2. Step 2. Starting position

Fig. 17 shows the algorithm flow chart for the Step 2. Before
sunrise, the transversal motion control rotates all the mirror in counter
clockwise up from the sleeping position to the initial position (sunrise)
(See Fig. 13).

In the starting position it has been considered that: (i) The mirrors
are located in the initial position; (ii) The mobile structure is located
in the longitudinal position 1 and (iii) The secondary reflector system
is located in the longitudinal position 2.
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Fig. 16. Step 1 algorithm flow chart.

4.3. Step 3. From sunrise to sunset

Fig. 18 shows the algorithm flow chart for the Step 3. This is the
step in which the solar path is followed by the mirrors basing on the
information from the tabulated database.

The following events occur at the same time:
(3.1) The transversal motion control rotates the mirrors in clockwise

up from the initial position (sunrise) to the last position (sunset) (See
Fig. 13).

(3.2) The motor moves the mobile structure up from longitudinal
position 1 (sunrise) until noon and brings it back to its original position
at sunset (See Fig. 14) in order to control the longitudinal motion of the
mobile structure.

(3.3) The motor moves the secondary reflector system up from
longitudinal position 2 (sunrise) until noon and brings the secondary
reflector system back to its original position at sunset (See Fig. 14).
In order to control the longitudinal motion of the secondary reflector
system.

All of the referred motions follow the tracking path generated at the
beginning of the day with the database.

4.4. Step 4. After sunset

Fig. 19 shows the algorithm flow chart for the Step 4.
(4.1) The transversal motion control rotates the mirrors in clockwise

up from last position (sunset) to the sleeping position (See Fig. 13).
(4.2) Then, the electronic system goes into a sleeping mode in order

to reduce the power consumption. In addition, the sleeping position
avoids any dust particle or other elements being deposited on the
mirrors.
10
Fig. 17. Step 2 algorithm flow chart.

Fig. 18. Step 3 algorithm flow chart.
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Fig. 19. Step 4 algorithm flow chart.

Fig. 20. Step 5 algorithm flow chart.

4.5. Step 5. The next day

Fig. 20 shows the algorithm flow chart for the Step 5. At 0:00 all
the process starts again from step 1.

5. Result and discussion

The aims of this section are: (1) to estimate the effects of the
tracking error on the power absorbed by the absorber tube, (2) to
estimate the effects of the proposed tracking system on the total annual
energy absorbed by the absorber tube, (3) to estimate the effects of
the proposed tracking system on the energy-to-area ratio and (4) to
estimate the effects of the proposed tracking system on the levelized
cost of energy. These parameters affect the performance of small scale
linear Fresnel reflectors.

In order to carry out this study, a specific software has been devel-
oped in 𝑀𝐴𝑇𝐿𝐴𝐵 code. All the calculations are based on a sub-hourly
distribution of the direct normal irradiance for the specific geographic
location. DNI is obtained from a satellite database. We have used
𝑃𝑉 𝐺𝐼𝑆 [63] to obtain monthly averages of its value per day. We
transform these averages into a continuous distribution of beam solar
irradiance by means of Fourier Series, as shown in [64]. We do not
need to consider shadowing or blocking because our design has already
covered these issues [65].
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Table 3
𝑆𝑆𝐿𝐹𝑅 parameters constants used in the study.

Parameters Value References

𝑛 Number of mirrors at each side of
the central mirror

12 [14,23]

𝑊𝑀 Mirror width 0.06 (m) [14,23,22]
𝐿𝑀 Mirror length 2.00 (m) [14,23]
𝑑 Separation between two

consecutive mirrors
0.024 (m) [14,23]

𝐷 Diameter of the absorber tube 0.0486 (m) [14,23]
𝑓 Height of the receiver 1.50 (m) [14,23,21,22]
𝐿𝑎 Length of the absorber tube 2.00 (m) [14,23]
𝜌 Reflectivity of the mirrors 0.94 [42]
𝐶𝐿𝑚 Cleanliness factors of the mirror 0.96 [66]
𝐶𝐿𝑔 Cleanliness factors of the glass

covering the secondary absorber 0.96 [66]
𝜏 Transmissivity of the glass

if 𝛼𝑖 ≤ 20◦ 0.87
if 20𝑜 ≤ 𝛼𝑖 ≤ 30𝑜 0.85 [67]

𝛼𝑏 Absorptivity of the absorber tube 0.95 [68]

5.1. Case study

We have considered a specific geographic location: Almeria (Spain),
with latitude 36◦50′07′′N, longitude 02◦24′08′′W and altitude 22 (m).
We have also considered a specific 𝑆𝑆𝐿𝐹𝑅. The 𝑆𝑆𝐿𝐹𝑅 parameters
listed in Table 3 remain constant throughout all the study. Although
the study focuses on a specific location and on a certain 𝑆𝑆𝐿𝐹𝑅, it
can be extended to other locations and other 𝑆𝑆𝐿𝐹𝑅 parameters.

Numerical simulations have been carried out and compared with
the configuration used in large-scale 𝐿𝐹𝑅𝑠 . In large-scale 𝐿𝐹𝑅𝑠 the
mirrors and the absorber tube form a longitudinal angle of 0◦ with the
horizontal plane (𝛽𝑀 = 𝛽𝑎 = 0◦). The parameters of the absorber tube,
left length of the single absorber tube (𝐿𝑙

𝑎 ) and right length of the single
absorber tube (𝐿𝑟

𝑎 ), are different to the configuration used in large-
scale𝐿𝐹𝑅𝑠 and the proposed tracking system. For the configuration
used in large-scale 𝐿𝐹𝑅𝑠 , these parameters are: 𝐿𝑙

𝑎 = −0.037 (m),
𝐿𝑟
𝑎 = −2.037 (m) [14]. For the proposed tracking system, the parameters

of the studied case are [24]: 𝐿𝑙
𝑎 = 1.005 (m) and 𝐿𝑟

𝑎 = −1.005 (m).
(According to the sign convention that we have adopted: lengths from
the center of the mirror to the left are considered positive and those to
the right, negative).

5.2. Effects the tracking error on the power absorbed by the absorber tube

The tracking error is usually defined as the standard deviation of
the error between the actual and the ideal position of the mirrors.
This deviation can be caused by systematic errors like: errors in the
calculation of the Sun position, geo-positioning error, transmission
system error, errors in the orientation of the 𝑆𝑆𝐿𝐹𝑅, etc. The 𝑆𝑆𝐿𝐹𝑅
is considered to be perfectly aligned in a North–South orientation.

In order to simplify the exposition, we shall only consider a solar
tracking error 𝜀 > 0 (in radians) such that:

𝛽𝑒𝑖 = 𝛽𝑖 − 𝜀 (17)

for both, the mirrors on the left and those on the right, where 𝛽𝑒𝑖
(◦) is the tilt angle of 𝑖th mirror under solar tracking error. As the
mirrors have all the same angular velocity, all of them fall into the same
error. Barbón et al. [65] have introduced a relationship for computing
the tracking error of a small-scale linear Fresnel reflector. A brief
description is supplied here (complete details are provided in [65]). The
power 𝑄 absorbed by the absorber tube, in an 𝑆𝑆𝐿𝐹𝑅 with receiver
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cavity in the shape of an involute is [65]:

𝑄 =

⎧

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎩

2⋅𝑛+1
∑

𝑖=1
𝐷𝑁𝐼 ⋅ 𝜂𝑜𝑝𝑡 ⋅ 𝑙𝑎𝑏𝑠 ⋅𝑊𝑀 ⋅ cos 𝜃𝑖 if 𝑊𝑎𝑖 ⋅ cos 𝛼𝑖 < 𝐷

2⋅𝑛+1
∑

𝑖=1
𝐷𝑁𝐼 ⋅ 𝜂𝑜𝑝𝑡 ⋅ 𝑙𝑎𝑏𝑠 ⋅𝐷 if 𝑊𝑎𝑖 ⋅ cos 𝛼𝑖 = 𝐷

2⋅𝑛+1
∑

𝑖=1
𝐷𝑁𝐼 ⋅ 𝜂𝑜𝑝𝑡 ⋅ 𝑙𝑎𝑏𝑠 ⋅

(

𝐷 + 𝑙𝑐𝑟 ⋅ 𝜌𝑟𝑐
)

if 𝑊𝑎𝑖 ⋅ cos 𝛼𝑖 > 𝐷

(18)

here 𝐷𝑁𝐼 is the direct normal irradiance (W∕m2), 𝜂𝑜𝑝𝑡 is the total
ptical yield (dimensionless), 𝑙𝑎𝑏𝑠 is the longitudinal length of the
bsorber tube which is illuminated (m), 𝑊𝑀 is the mirror width (m),

is the diameter of the absorber tube (m), 𝜃𝑖 is the angle between the
ormal to the mirror and the incidence of the Sun ray (◦), 𝑊𝑎𝑖 is the
idth of the absorber tube illuminated by the 𝑖th mirror (m), 𝛼𝑖 is the
ngle between the vertical at the focal point and the line connecting
he center point of each mirror to the focal point (◦), 𝑙𝑐𝑟 is the length
f rays falling indirectly on the absorber tube (m), 𝜌𝑟𝑐 is the reflectivity
f the rays falling indirectly on the absorber tube (dimensionless) and
is the number of mirrors at each side of the central mirror. 𝜂𝑜𝑝𝑡 can

e calculated with:

𝑜𝑝𝑡 = 𝜌 ⋅ 𝐶𝐼𝑚 ⋅ 𝐶𝐼𝑔 ⋅ 𝜏 ⋅ 𝛼𝑏 (19)

here 𝜌 is the reflectivity of the mirrors, 𝐶𝐼𝑚 is the cleanliness factors
f the mirror, 𝐶𝐼𝑔 is the cleanliness factors of the glass covering of the
econdary reflector system, 𝜏 is the transmissivity of this glass, and 𝛼𝑏
s the absorptivity of the absorber tube.

Let us make some preliminary considerations on the dependence of
ome elements of Eq. (18) related to the tracking error: (i) The 𝐷𝑁𝐼
s not affected by tracking errors; (ii) Concerning with 𝜂𝑜𝑝𝑡, although
ome of its constituent parameters (mainly 𝜏) change with the angle
f incidence (see [42]), we consider them to be constant for simplicity
see [69,70]) and (iii) The parameter 𝑙𝑎𝑏𝑠 is constant, as we are only
erforming a transversal study.

Fig. 21 shows the power absorbed by each mirror of the absorber
ube, for Spring equinox, Summer solstice, Autumn equinox and Winter
olstice. In this figure, the label 12𝐿 reports the power absorbed due to
he 12𝑡ℎ left mirror, the label 𝐶 reports the power absorbed due to
entral mirror, and the label 12𝑅 reports the power absorbed due to
he 12𝑡ℎ right mirror. There we can see that the power absorbed in
ase of no error is symmetrical, as it can theoretically be deduced. For
xample, the power of the 12𝐿 mirror at 9:00 is equal to that of 12𝑅
irror at 15:00 and it is also obvious that at 12:00 the power of the
2𝐿 mirror is equal to that of the 12𝑅.

The impact of the tracking error on the power absorbed by the
bsorber tube can be estimated using the equation [65], given by:

𝑒 =

⎧

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎩

2⋅𝑛+1
∑

𝑖=1
𝐷𝑁𝐼 ⋅ 𝜂𝑜𝑝𝑡 ⋅ 𝑙𝑎𝑏𝑠 ⋅𝑊𝑀 ⋅ cos 𝜃𝑒𝑖

if [𝑟𝑖, 𝑙𝑖] ∈ [−𝐷∕2, 𝐷∕2]
2⋅𝑛+1
∑

𝑖=1
𝐷𝑁𝐼 ⋅ 𝜂𝑜𝑝𝑡 ⋅ 𝑙𝑎𝑏𝑠 ⋅

[(

𝑏𝑖 − 𝑎𝑖
)

+ 𝑙𝑒𝑐𝑟 ⋅ 𝜌𝑟𝑐
]

if [𝑟𝑖, 𝑙𝑖] ∉ [−𝐷∕2, 𝐷∕2]

(20)

with:

[𝑟𝑖, 𝑙𝑖] = [−
(

𝑊 𝑒
𝑎𝑖∕2 + 𝑂𝑂′

)

⋅cos 𝛼𝑒𝑖 ,
(

𝑊 𝑒
𝑎𝑖∕2 − 𝑂𝑂′

)

⋅cos 𝛼𝑒𝑖 ]; 1 ≤ 𝑖 ≤ 2𝑛+1

(21)

𝑎𝑖, 𝑏𝑖] = [𝑟𝑖, 𝑙𝑖] ∩ [−𝐷∕2, 𝐷∕2]; 1 ≤ 𝑖 ≤ 2𝑛 + 1 (22)

𝑒 =
(

𝑙 − 𝑟
)

−
(

𝑏 − 𝑎
)

; 1 ≤ 𝑖 ≤ 2𝑛 + 1 (23)
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𝑐𝑟 𝑖 𝑖 𝑖 𝑖 1
here 𝐷𝑁𝐼 is the direct normal irradiance (W∕m2), 𝜂𝑜𝑝𝑡 is the total
ptical yield (dimensionless), 𝑙𝑎𝑏𝑠 is the longitudinal length of the
bsorber tube which is illuminated (m), 𝑊𝑀 is the mirror width (m),

is the diameter of the absorber tube (m), 𝜃𝑒𝑖 is the angle between the
ormal to the mirror and the incidence of the Sun ray with tracking
rror (◦), 𝑊 𝑒

𝑎𝑖 is the width of the absorber tube illuminated by the 𝑖− 𝑡ℎ
irror with tracking error (m), 𝛼𝑒𝑖 is the angle between the vertical at

he focal point and the line connecting the center point of each mirror
o the focal point with tracking error (◦), 𝑙𝑒𝑐𝑟 is the length of rays falling
ndirectly on the absorber tube with tracking error (m), 𝑂𝑂′ is the

displacement of the geometric focal point, 𝜌𝑟𝑐 is the reflectivity of the
rays falling indirectly on the absorber tube (dimensionless) and 𝑛 is the
number of mirrors at each side of the central mirror.

It is important to indicate that when a tracking error 𝜀 > 0, the same
for all the mirrors of the 𝑆𝑆𝐿𝐹𝑅 , is introduced, the symmetry shown
in Fig. 21 (power in ideal case) now disappears. The reason for this
fact is that the most important effect of the solar tracking error is the
displacement of the geometric focal point. As this focal point is always
displaced to the right side, then the symmetry between the right and
the left area of the 𝑆𝑆𝐿𝐹𝑅 disappears.

The power absorbed by the absorber tube with tracking error is
normalized according to the correct tracking. For this purpose, we shall
compute the difference between the power absorbed under tracking
error (𝑄𝑒) and that absorbed in the ideal case (𝑄). These values are
% of power loss, related to the ideal case, this is its relationship:

𝑃𝑜𝑤𝑒𝑟 𝑙𝑜𝑠𝑠 = 𝑄 −𝑄𝑒

𝑄
× 100 (24)

The analysis has been carried out introducing five different tracking
errors (0.03 (◦), 0.06 (◦), 0.12 (◦), 0.24 (◦) and 0.36 (◦)) over the 25

irrors which compose the primary reflector system. Different days of
he year, times of day and position of the mirrors will be analyzed. The
nalyzed days of the year are: Spring equinox (March 21st), Summer
olstice (June 21st), Autumn equinox (September 21st) and Winter
olstice (December 21st). The analyzed hours of the day are: 9:00,
2:00 and 15:00. Now the plots are not symmetrical.

Figs. 22–24 shows the effects of tracking errors on different mirrors,
or Spring equinox, Summer solstice, Autumn equinox, and Winter
olstice. The color map in each day shows the mirrors. In these figures,
he label 12𝐿 reports the power loss (see Eq. (24)) due to the 12th left
irror, the label 𝐶 reports the power loss due to central mirror, and

he label 12𝑅 reports the power loss due to the 12th right mirror.
For each mirror, the influence of increasing tracking error is differ-

nt for each studied day. The tracking error influence is bigger on the
irrors as they get further away from the central mirror. The hours

f the day at which the influence of the tracking error is bigger are
he hours furthest from of the noon. Generally, the day of the year in
hich tracking error is smaller is the Summer solstice. The histograms

how that tracking systems with a maximum tracking error of 0.03 (◦)
ollect 100% of the theoretical value for all mirrors at 12:00, about
9.7% at 9:00 and 15:00. The algorithm proposed for [45,47,48,46]
an be used every day of the year without reducing the power absorbed
y the absorber tube. The histograms show that tracking systems with
maximum tracking error of 0.06 (◦) collect 100% of the theoretical

alue for all mirrors at 12:00, about 99.2% at 9:00 and 15:00. The
istograms show that tracking systems with a maximum tracking error
f 0.12 (◦) collect about 99.7% of the theoretical value for all mirrors
t 12:00, about 99.0% at 9:00 and 15:00. The histograms show that
racking systems with a maximum tracking error of 0.24 (◦) collect
bout 98.5% of the theoretical value for all mirrors at 12:00, about
7.3% at 9:00 and 15:00. The histograms show that tracking systems
ith a maximum tracking error of 0.36 (◦) collect about 97.4% of the

heoretical value for all mirrors at 12:00, about 96.5% at 9:00 and

5:00.
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Fig. 21. Power absorbed by the absorber tube in ideal case.
5.3. Effects of the proposed tracking system on the total annual energy
absorbed by the absorber tube

The total annual energy absorbed by the absorber tube (𝐸) can
be calculated from Eq. (18). 𝐸 can be calculated with the following
equation

𝐸 =
365
∑

𝑛𝑑=1

[

∫

24

0
𝑄𝑛𝑑 𝑑𝑇𝑆

]

(25)

where 𝐸 is the total annual energy absorbed by the absorber tube
(MWh), 𝑄 is the power absorbed by the absorber tube (MW), 𝑇𝑆 is the
solar time, and 𝑛𝑑 is the ordinal of the day.

Considering the configuration used in large-scale 𝐿𝐹𝑅𝑠 and the
proposed tracking system, the results obtained are: 𝐸 = 8.17 (MWh)
and 𝐸 = 9.53 (MWh), respectively. The parameters of the studied case
13
have been used for both calculations. The energy obtained with the
proposed tracking system is 16.64% more than the one obtained with
the configuration used in large-scale 𝐿𝐹𝑅𝑠.

5.4. Effects the proposed tracking system on the energy-to-area ratio

In some circumstances the surface required for the installation of
an 𝑆𝑆𝐿𝐹𝑅 is a critical parameter in urban applications. Therefore, we
will use the parameter energy-to-area ratio (𝐸𝐴𝑅). The 𝐸𝐴𝑅 can be
calculated from the equation:

𝐸𝐴𝑅 = 𝐸
𝐴

(26)

where 𝐸 is the total annual energy absorbed by the absorber tube
(MWh) and 𝐴 is the area required for the 𝑆𝑆𝐿𝐹𝑅 installation (m2).
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Fig. 22. Power absorbed by the absorber tube with tracking error at 9:00.
Fig. 23. Power absorbed by the absorber tube with tracking error at 12:00.
The 𝐴 can be calculated from the equation:

𝐴 = 𝑊 ⋅ 𝐿 (27)

where 𝑊 is the mirror field width, and 𝐿 is the reflector length. The
mirror field width can be calculated from the equation (see Fig. 3):

𝑊 = 2 ⋅ 𝑛 ⋅
(

𝑊𝑀 + 𝑑
)

+𝑊𝑀 (28)

where 𝑛 is the number of mirrors at each side of the central mirror,
𝑊𝑀 is the mirror width (m) and 𝑑 is the distance between one mirror
and its closer one (m). The reflector length 𝐿 can be calculated with
the relations presented in [24]. The formula for 𝐿 includes: the mirror
length 𝐿𝑀 (m), the left length of the single absorber tube 𝐿𝑙

𝑎 (m), the
right length of the single absorber tube 𝐿𝑟

𝑎 (m), the angle between the
mirror axis and the horizontal plane 𝛽 (◦), and the angle between the
14

𝑀

absorber tube and the horizontal plane 𝛽𝑎 (◦). The optimal choice of
values 𝐿𝑙

𝑎 and 𝐿𝑟
𝑎 had already been studied in detail in [14].

Considering the configuration used in large-scale 𝐿𝐹𝑅𝑠 and the
proposed tracking system, the results obtained are: 𝐸𝐴𝑅 = 1.30
(MWh∕m2) and 𝐸𝐴𝑅=2.32 (MWh∕m2 ), respectively. The energy-to-
area ratio obtained with the proposed tracking system is 78.46% more
than the one obtained with the configuration used in large-scale 𝐿𝐹𝑅𝑠.

5.5. Effects the proposed tracking system on the levelized cost of energy

There are several levelized cost of energy (𝐿𝐶𝑂𝐸) models for
determining renewable energy prices [71].The 𝐿𝐶𝑂𝐸 equation may
vary to suit the type of analysis [72]. In this study, we used the equation
proposed by [73] which is a modification of the equation proposed by
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Fig. 24. Power absorbed by the absorber tube with tracking error at 15:00.
𝐼𝑅𝐸𝑁𝐴 [74]. The 𝐿𝐶𝑂𝐸 (e/kWh) is estimated by calculating the
current value of all the costs incurred during the lifetime of the 𝑆𝑆𝐿𝐹𝑅
divided by the current value of the total amount of energy absorbed by
the absorber tube.

𝐿𝐶𝑂𝐸 =

∑𝑚
𝑖=1

𝐷𝐶𝑖+𝐼𝐶𝑖+𝑀𝑖+𝐹𝑖
(1+𝑟)𝑡

∑𝑚
𝑖=1

𝐸𝑖
(1+𝑟)𝑡

(29)

where, 𝐷𝐶𝑖 (e) is the direct capital cost in year 𝑖, 𝐼𝐶𝑖 (e) is the
indirect capital cost in year 𝑖 , 𝑀𝑖 (e) is the whole of operations and
maintenance expenditures in year 𝑖, 𝐹𝑖 (e) is the fuel expenditures in
year 𝑖, 𝑚 is the expected lifetime of the 𝑆𝑆𝐿𝐹𝑅, 𝐸𝑖 is the energy
absorbed by the absorber tube in year 𝑖, and 𝑟 is the real discount rate.

The direct capital cost includes the purchase and the installation
of the 𝑆𝑆𝐿𝐹𝑅 . The indirect capital cost includes the design and the
construction of the rest of the installation. As we are not studying a
specific installation, we will only consider the direct capital cost. As a
reasonable expectation of 𝑆𝑆𝐿𝐹𝑅 operation and maintenance costs,
an annual 0.5% of the direct capital cost is recommended.

The methodology proposed by [44] is applied to obtain the total
cost. For a better understanding, its parameters are presented in [44].
The total cost of an 𝑆𝑆𝐿𝐹𝑅 with the configuration used in large-scale
𝐿𝐹𝑅𝑠 is 𝐶𝑇 = 5299.53 (e) whereas with the proposed tracking system
it is 𝐶𝑇 = 5865.98 (e). Considering the configuration used in large-
scale 𝐿𝐹𝑅𝑠 and the proposed tracking system, the results obtained
are: 𝐿𝐶𝑂𝐸 = 0.65 (e/kWh) and 𝐿𝐶𝑂𝐸 = 0.62 (e/kWh), respectively.
The 𝐿𝐶𝑂𝐸 obtained with the proposed tracking system is 4.62% lower
than the one obtained with the configuration used in large-scale 𝐿𝐹𝑅𝑠.

6. Conclusions

A solar tracking system for small-scale linear Fresnel reflector with
three movements has been designed, fabricated, and simulated in the
present work. The system uses an open-loop control. This system is
able to position itself automatically using a Sun path algorithm and
the Global Positioning System. The control system of the solar tracker is
governed by a Raspberry Pi together with other auxiliary devices which
include Global Positioning System. The solar tracking system consists
of several printed circuit boards: Master, Global Positioning System,
Temperature, Position, and Irradiance. The electronic control system
consists of a master controller (Raspberry pi 3), 4 slave microcontrollers
15
(Arduino), Global Positioning System module, thermocouples, laser
sensors, transversal positioning sensors and longitudinal positioning
sensors. The system performance, in terms of the power absorbed by the
tube absorber, has been evaluated by comparing the results obtained by
evaluating the small-scale linear Fresnel reflector in the ideal case, with
those obtained considering tracking errors. For this purpose, different
tracking errors, days of the year, times of day and position of the
mirrors have been analyzed. The tracking errors analyzed are: 0.03 (◦),
0.06 (◦), 0.12 (◦), 0.24 (◦) and 0.36 (◦). The days of the year analyzed
are: Spring equinox (March 21st), Summer solstice (June 21st), Autumn
equinox (September 21st), and Winter solstice (December 21st). The
hours of the day analyzed are: 9:00, 12:00 and 15:00. The total cost
of the implemented solar tracking system has been calculated. The
following conclusions can be drawn: (i) Tracking error influence gets
bigger as the mirrors get further away from the central mirror; (ii)
Tracking errors smaller than 0.06 (◦) are acceptable (they cause power
losses smaller than 1%), whereas errors bigger than 0.36 (◦) start being
noticeable (power losses greater than 3%); (iii) The low cost solution
proposed is presented as a good alternative for the control system of
the solar tracker of the small-scale linear Fresnel reflector with three
movements; (iv) The hours of the day at which the influence of the
tracking error is bigger, are the furthest ones from of the noon; (v)
Generally, the day of the year in which the tracking error is smaller
is the Summer solstice. Finally, we highlight that the proposed new
tracking system gives 16.64% more energy, 78.46% higher energy-to-
area ratio, and 4.62% less levelized cost of energy than the classic
tracking system with one movement used in large-scale 𝐿𝐹𝑅𝑠.
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