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The solar tracker is a mechanism that helps the photovoltaic panel to maximize its performance, while keeping it oriented towards
direct solar radiation. In order to specify tracking, most solar trackers use two axes, one horizontal and the other vertical, which
implies an increase of the consumed energy and a decrease in precision, since we have to make both motors operate
simultaneously. This paper is a modelling of a biaxial solar tracker, with the principle of an equatorial mount, allowing it to
precisely follow the sun via a single axis (equatorial axis), while the second axis (tilt axis) makes a small daily correction of few
seconds at sunrise. In this way, our model keeps precision to the maximum, with minimum energy consumption. A detailed
simulation clearly shows that the proposed model receives the maximum solar irradiation that a normal surface to solar
radiation can receive and may in a certain period of the year receive a gain in the amount of solar irradiation; we have up to
63.47% compared to a fixed installation. The study details the different tracking methods, in order to adapt the concept model
to the type of solar panel used. We closed finish the study with the realization of the prototype with a detailed explanation of the
concept movement. To validate the simulation, we have made an experience that gives us the same results as given by simulation.

1. Introduction

Renewable energy is the production of energy from an
unlimited source, such as the sun’s rays, or the wind. Since
2009, Morocco has adopted a strategy based on strengthen-
ing energy efficiency by the integration of renewable energies.
Photovoltaic solar energy is among the energies used on a
large scale, which allows the production of electricity from
solar radiation. The yield is therefore essentially linked to
the amount of solar radiation absorbed by the photovoltaic
cells [1, 2]. The solar tracker is a mechanism introduced to
the photovoltaic panel which allows it to be permanently ori-
ented to direct solar radiation from sunrise to sunset. As long
as there is a precise tracking, there will be a maximum of
absorbed solar radiation, and then, the photovoltaic panel
will operate at its maximum efficiency. Based on this princi-
ple, many studies and research have been carried out in order
to approach maximum efficiency with minimum energy con-

sumption, since the solar tracker also takes a significant part
of the electric power which comes from the photovoltaic
panel. We can therefore distinguish between two types of
solar trackers: A monoaxial solar tracker [3-5]. A biaxial
solar tracker [6-8].

A study and realization done by researchers in Greece of
a solar tracker with double axes, horizontal and vertical,
found an increase in solar radiation of 19.1% to 30.2%
depending on the season. They chose to use open-loop track-
ing without a solar collector, which minimized the cost of
production [9]. In the same trend, a new strategy for a two-
axis tracking system was devised by researchers in China.
They proposed the open loop to control and adapt the track-
ing frequency at all times; according to them, this manipula-
tion improves tracking precision and therefore increase the
yield [10]. Another achievement was made in Thailand by
researchers who designed a two-axis solar tracker with a
closed-loop tracking strategy. They found a 44.89% increase
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in energy efficiency [11]. An experimental study carried out
by researchers in Greece showed an increase in electrical
power gain of photovoltaic panel with tracking system com-
pared to the one in fixed mode; the results show an increase
of 37.1% for two-axis trackers; this gain is distributed over
the seasons as a result; we observe 33.6% in spring, 43.6%
in summer, 38.3% in autumn, and 28.8% in winter [12].
Another comparison study between different types of solar
trackers has been carried out by researchers in India, which
shows that a biaxial solar tracker offers more precision
(therefore more efficiency) than the one with a single axis,
while a single-axis tracker consumes less electrical energy
and contains a complex control mechanism than the one
with two axes [13].

The common point between previous researches is the
use of solar trackers with two horizontal and vertical axes,
while the sun makes an apparent circular path around the
polar star. So in all these researches, we had to vary the two
axes simultaneously and therefore do the follow-up control
on the two axes at the same time, which will complicate the
precision and of course will increase the system consump-
tion. Using single-axis tracker reduces energy consumption,
but it also reduces the level of precision. In case we are going
to use a concentrated photovoltaic panel (LCPV or HCPV), a
single-axis tracking will be almost impossible. The tracking
method in these studies switches between the open loop
and the closed loop; sometimes researchers decide to com-
bine between the two methods. It is true that an open-loop
solar tracker increases accuracy if we have a model suitable
enough for tracking with a good programming strategy, but
this method is a waste of energy for overcast sites. Also in
all the previous researches, the problem of strong wind was
not treated. A strong wind will probably damage the solar
tracker structure.

The research that we carried out before proposes models
of solar trackers capable of maintaining the maximum yield
with the minimum consumption. In 2019, in a conference
held in Agadir (Morocco), we proposed a model of a mono-
axial solar tracker with an equatorial mount, which allows the
photovoltaic panel to have a precise tracking of the sun with a
single axis and therefore a single motor. This study showed
us that the yield of the photovoltaic panel remains at maxi-
mum from sunrise to sunset during the periods close to the
equinoxes (March 20/21 and September 22/23) and decreases
up to 91.3% in periods close to the solstices (the winter sol-
stice on December 21/22 and summer solstice on June
20/21) [14]. In 2020, we proposed via a detailed study an
improvement of the previous model with a reflection system,
so that it can keep the yield of the photovoltaic panel at its
maximum throughout the year [15]. These two studies and
realizations take into consideration the circular trajectory of
the sun around the pole star (apparent trajectory) and show
that with a single motor, we can make a perfect follow-up
of the sun and gather a quantity of direct solar radiation
which keeps the maximum efficiency of the photovoltaic
panel. The disadvantage is that these models are valid only
with a photovoltaic panel without concentration, while if
we are going to use a photovoltaic module with concentra-
tion (LCPV or HCPV), we will be forced to vary the inclina-
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FiGure 1: The telescope on an azimuth mount.

tion of the solar panel following the daily variation of the
solar declination. Also, a monoaxial model remains fragile
against a strong wind speed.

This paper proposes a biaxial solar tracker with the prin-
ciple of an equatorial mount which will be valid for all kinds
of photovoltaic panels (PV, LCPV, and HCPV) while keeping
their maximum performance throughout the year with a
minimum consumption of energy. The advantage of this
model is that it will have high precision with an acceptance
angle equal to or less than 1°, which allows the photovoltaic
cells with concentration to keep the perfect focus of direct
solar radiation throughout the day. The tracking will be with
a single axis called the equatorial axis (which minimizes con-
sumption), while the second axis called the tilt axis will cor-
rect the tilt of the panel only at sunrise (the tilt motor
works for few minutes at sunrise). The equatorial axis track-
ing will be in a closed loop via a simple LDR sensor and the
daily tilt correction will be in an open loop. The concept takes
into account the problem of strong wind, which will be solved
by putting the panel in horizontal oriented towards the
zenith (the parking mode).

The study begins with the explanation of the principle
and operation of an equatorial mount, and then, we will
introduce this principle in the proposed concept, in order
to model a biaxial solar tracker suitable for all types of photo-
voltaic panel (PV, LCPV, and HCPV). In order to valorize
our work, we will do a comparison by simulating three modes
of installation of a photovoltaic solar tracking system: the
first is in fixed mode, the second is in biaxial azimuthal track-
ing mode (followed by two horizontal and vertical axes),
while the third is in two-axis equatorial tracking mode (the
proposed model). The next chapter will be a detailed study
of the main method by which we will track and correct the
tilt. Finally, we will complete the study by the realization of
the prototype in order to be valorized experimentally.

2. The Azimuth Mount and the
Equatorial Mount

An azimuthal mount is a motorized mechanism used for
tracking celestial bodies (stars, planets, moon, sun, etc.) based
on the variation of two axes simultaneously horizontal and
vertical. An azimuthal mount can be illustrated as shown in
Figure 1 is widely used for telescopes [16].

The disadvantage of this type of mount is that you have to
vary the two axes simultaneously in order to follow the star
perfectly and, therefore, have the two motors activated at
the same time. This implies a high energy consumption since
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F1GURE 3: The telescope tracking axis is parallel to the earth’s axis of
rotation.

the majority of energy is consumed by the motors, also mak-
ing tracking accuracy complicated.

It is for this reason that telescopes that form the basis of
astrophotography or research use a more suitable mecha-
nism called the equatorial mount [16]. An equatorial mount,
as shown in Figure 2, is a mechanism that allows the tele-
scope to follow the objects on the sky (stars, planets, moon,
sun, etc.) with a single axis called “Right Ascension RA”
[16]. According to Figures 3 and 4, the principle is simple,
since the earth rotates around itself in 24 hours on the
north-south axis of rotation (the earth’s axis of rotation)
and that this axis is almost oriented towards the North Star
(the North Star at a distance of 430 light years from the
earth), all the objects of the sky (stars, sun, lunar, planets, gal-
axies, nebula, etc.) seem to revolve around it. So to make a
perfect follow-up, it is enough to orient the follow-up axis
towards the pole star. In this way, only one motor is activated
during the follow-up [16].

The main advantage of this type of mount is the precision
of the tracking and the minimum energy consumption.

In order to keep the photovoltaic panel oriented perpen-
dicular to direct solar radiation, the majority of solar trackers
use an azimuth mount and, therefore, follow the apparent

path of the sun via two horizontal and vertical axes
(Figure 5).

In order to perfectly follow the sun, the system operates
both motors simultaneously horizontally and vertically,
which makes the cascade tracking movement as shown in
Figure 6 as a consequence this will complicate tracking and
increase system energy consumption.

In the case of using a concentration or a high concentra-
tion photovoltaic panel (LCPV or HCPV), the notion of pre-
cision will be of great importance, since this kind of solar
panel has a concentration system which focuses direct solar
radiation on top of cells. The goal as shown in Figures 7
and 8 is to introduce the principle of the equatorial mount
to the solar tracker, in order to minimize energy consump-
tion and increase tracking accuracy, thus using a single motor
during tracking.

3. Solar Declination

According to Figures 9 and 10, we all know that the earth
rotates around the sun in 356 days and 6 hours and that its
axis of rotation is inclined at 66.55" relative to the earth’s
orbital plane [17].

The apparent solar path in the sky seems to be deviating
every day. It lies from the winter solstice to the summer sol-
stice passing through the equinox and, then, descends to the
winter solstice (Figure 11). This is the solar declination [17].

This declination angle is calculated by the following rela-
tionship [17]:

8 =23.45sin BZ(; (d, + 284)} in degree, (1)

with d,, day number of year, 1 on 1 January and 365 on 31
December.

The solar declination angle § is cancelled at the equinoxes
and equal to +23.45 at the summer solstice and -23.45° at the
winter solstice [17]. To correct this variation, our solar
tracker as shown in Figure 12 will be biaxial. The first axis
is devoted to equatorial tracking (always oriented towards
the North Star), the second to the solar declination which is
varied only once a day.
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FIGURE 5: A photovoltaic panel on an azimuth mount.

At sunrise, the system adapts the tilt axis to the day’s solar
declination angle, and then, it switches to tracking via a single
axis (the tracking axis).

In this way, there will be only one motor activated during
tracking; the other will only run for a few minutes at sunrise
and, therefore, minimize consumption and increase system
accuracy.

4. The Concept Proposed

For a better orientation of the tracking axis towards the polar
star, we used a hollow iron tube (Figure 13), thus making it
possible to orient it precisely at the polar star.

According to Figure 14, the tracking axis will be fixed
through two bearings with a mechanism that can be moved
in two directions, horizontal and vertical, thus facilitating
the stationing. After correcting the orientation of this axis,
the mechanism is fixed with hexes nuts. The inclination axis
will be fixed perpendicular to the tracking axis, thus giving
the possibility of correcting the inclination of the panels
according to the solar declination (a daily correction). This
axis was also fixed with a support via two bearings
(Figure 15).

In order to have a good balance, the solar panels will be
distributed to the left and right of the tilt axis (Figures 16
and 17). In the case of a single panel, it can be fixed directly
to this axis.

5. The Simulation

In order to enhance the proposed model, we will do a simu-
lation using the PVSYST software. We have chosen the city of
Khemisset in Morocco as a site simulation with the following
coordinates:

Latitude =33.838"

Longitude =-6.083°

Altitude =458 m

The PV panel chosen for the simulation is as the type
below: Mono 50 Wp 36 cells (PV Array design =1 Modules).

Since a fixed installation of a photovoltaic panel is a
benchmark for any tracking model. The first simulation will
be in fixed mode with a south orientation and an inclination
equal to the latitude of the place (33.8° for our study case)
(Figure 18).

The second simulation will be with a tracking system
using two axes (horizontal and vertical), and it is the most
used model for sun’s tracking (Figure 19).

The proposed model is presented on the third simulation,
which is a biaxial equatorial tracking (Figure 20).

The tracking axis is oriented through polar star (or to the
north with an inclination equal to the latitude of the site).
While the second axis named the inclination, enable the PV
panel to change its inclination while keeping the tracking axis
always oriented to the Polaris.

“Axis tilt” = latitude of place (33.8" for Khemisset city).

“Axis azimuth” =0° the South-Nord tracking axis.

“Frame Phi min”=-90" and “Frame Phi max”=90" the
tracking between east and west.

“Min. tilt/frame” and “Max. tilt/frame” are the minimum
and maximum of the variation of the panel tilt axis.

Normally, we should introduce to the <<min. tilt/-
frame>> the minimal panel’s inclination (-23.45" when the
sun is on the summer solstice see Figure 11) and the
<<max. tilt/frame>> the maximal panel’s inclina-
tion(+23.45° when the sun is on the winter solstice see
Figure 11); then, we have done a batch simulation (by per-
forming the simulation for different tilt angle) to see the out-
put in terms of irradiation for each degree tilt between -23°
and +23°.

The same thing will be done for the three models to make
a comparison at the end.
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FIGURE 6: The cascading path of the azimuthal solar tracker movement.
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FIGURE 7: The solar panel tracking axis is parallel to the earth’s axis
of rotation.

For example, between 18 and 21 of Mai, the solar declina-
tion is a median of 20°; then, min. tilt/frame = 20" and max.
tilt/frame = 20°".

Reported to Equation (1), we can extract days of the year
for each inclination degree between -23° and +23°, and we
will perform the simulation for each model and each period,
taking into consideration the variation of min. tilt/frame and
max. tilt/frame for the third simulation.

Column 1I: the period (calculated by Equation (1)).

Columpn 2: the solar declination ¢ in degrees, so then min.
tilt/frame = max. tilt/frame =-0 (Figure 21).

Column 3: the amount of incident solar irradiation for a
panel in fixed mode (kWh/m?).

Column 4: the amount of incident solar irradiation for a
panel with a horizontal and vertical dual-axis tracker
(kWh/m?).

Column 5: the amount of incident solar irradiation for a
panel with an equatorial two-axis tracker (kWh/m?).

Column 6: the percentage gain of the equatorial biaxial
model compared to the fixed model.

6. Results and Discussion

According to Tables 1-4, the main parameter to take into
consideration in the previous simulation is the quantity of

the received irradiation that beams on the panel’s surface.
This quantity is different for each type of installation; this is
due to the DNI (Direct Normal Irradiation) which is the pre-
dominant one.

We can remark clearly that the quantity of the incidence
solar irradiation with a two axes solar tracking horizontal and
vertical is approximately equal to the one received by our
proposed model.

For the fixed installation, the quantity of the global irradi-
ation is 2147.19kWh/m?, while with a biaxial equatorial
tracking system, we will have 2917.65 kWh/m? (an increase
of 35.88%).

We can also remark a gain in certain days in the year that
overpass 60% (63.47% between 21 June and 06 July Table 2),
and this percentage will change with seasons (the gain during
summer and spring is higher than the one during autumn
and winter). During the simulation, the variation of the
panel’s inclination is done with an increment of one degree,
while the real proposed model change constantly the panel’s
inclination, which can without any doubt absorb more solar
irradiation than the one absorbed by an azimuthal two-axis
tracking system.

7. The Motorization of the Concept

The proposed concept contains two axes, the tilt axis and the
equatorial axis. So, two motors must be used, one on the
equatorial axis (the tracking axis), the other on the tilt axis.
In order to minimize power consumption and increase accu-
racy, we opted for a stepper motor. We all know that a step-
per motor is a low torque motor. We will therefore add a high
torque reduction gear to support a set of photovoltaic mod-
ules. Figures 22-24 represent the proposed reducer, it is the
worm type combined with a pinion reducer.

7.1. The Tracking Axis. The tracking axis is the axis that
allows the mechanism to track the sun during the day. There
are two tracking methods:

(i) Scheduled tracking or open loop

(ii) Tracking by sensor or closed loop
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7.1.1. Scheduled Tracking. Scheduled tracking is the open-
loop tracking, which involves tracking the sun blindly, that
is to say this axis must rotate at the apparent speed of the
sun’s movement during the day. We know that a day aver-
ages 24 hours (86400s), so the apparent angular speed of
the sun’s movement is the following:

w, = 271/86400s = 7.27 x 10”° rad/s (2)

So the tracking axis must rotate at the same speed in
order to follow this apparent movement of the sun. And since
this axis has a coupler that is at the same time a reducer, the
speed of the motor at the input of the reducer will be

w,/reduction rate (3)

Our reducer used is of the “DiseqC motor” type with a
reduction rate of 1/6000 (Figure 25). So the angular speed
of the motor must be (Figure 26):

w,, = w; X 6000 = 4.36 rad/s (4)
7.1.2. Sensor Tracking. Tracking with the solar captor is

closed-loop tracking, which consists of using a solar position
sensor. Following the data received by this sensor, the system
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activates the tracking motor to track in east or west orienta-
tion, in order to keep the panels facing the sun’s rays directly.
There are several models of solar collectors; the simplest
among them are those using LDR. The sensor proposed for
our tracking axis is presented in Figure 27; this sensor is
based on 3 LDR with two walls; one separates the 1st LDR
from the 2nd, and the second wall separates the 2nd LDR
from the 3rd. The height of the wall is calculated according
to the acceptance angle o chosen.

According to Figures 28 and 29, the length of the wall AB
is related to the width of the LDR (4 mm) and the acceptance
angle a.

So : AB =BC/sin oc =4mm/sin o< (5)

From Equation (5) and with an acceptance angle equal to
1°, the length of the wall must be 23 cm (as long as the length
of the wall is increased the accuracy of the sensor increases).
If a > 1° the LDR 2 is in total darkness, the LDR1 is in lit. This
sensor is a monoaxial sensor, which means that it gives us the
position of the sun in a single axis and which is the equatorial
axis. However, the sun changes its inclination during year
between -23.45° and +23.45°". It is for this reason that we must
also calculate the width of the walls (Figures 29 and 30).
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According to Figure 29, we have
w=tan (23.45°) xL (6)

If L=23cm, so w=10cm.

Since the open-loop tracking is done independently to
the state of the sky (clear or cloudy), which implies a loss
of energy consumed by the tracker especially if the sky
was covered for days, we then decided to use closed-loop
tracking. So tracking will only be active if LED2 is
completely obscured.

We all know that the resistance of an LDR varies with the
brightness; it decreases as long as the LDR is lit. In this case,
we will use an assembly based on the voltage divider rule as
shown in Figure 31. Each LDR is connected in series with a
resistance of 10k. The circuit is supplied with 5v, and the
output will be at the LDR terminal.

R
Voutput =5V X (&> (7>

Ripr +R

From Equation (7), if we are in night mode the LDR is in
total darkness, so its resistance tends to infinity, then
Voutput = 5V- If the LDR is in total lighting, its resistance tends
towards zero, s0 Vg, = OV.

The control card will consist of a microcontroller with an
analogue/digital converter which will convert each analogue
voltage of output into 8 bits digital code. So values between
0 and 1023 are 1023 for 5v (total darkness) and 0 for Ov
(total lighting). The sensor tracking method will be detailed
in the flowchart.

7.2. The Tilt Axis. The role of the tilt axis is to correct the solar
tilt during the year; it can vary between -23.45° at the winter
solstice and +23.45° at the summer solstice passing through
the 0” at equinox. So an upward and downward variation of
46.9° for one year. According to Figure 22, this axis will also
use a worm reducer in addition to a straight pinion reducer.
As long as the reduction ratio is increased, the precision
increases. The variation of the solar tilt angle is given by
Equation (1), but if we want more precision, we can use
Equation (8) which gives more precision than Eq. (1) [17].

0 =(0.006918 —0.399912 cos I' +0.070257 sin I'
—0.006758 cos 2I' +0.000907 sin 2I'
—0.002697 cos 3I'+ 0.00148 sin 3I') x (180/7),

(8)

with T =27(d, - 1)/365 In rad or I'=360°(d, — 1)/365
In degree.

And d, the number of the day of the year has 1 for Feb-
ruary 1 and 365 for December 31. Estimates & with a maxi-
mum error of 0.0006 rad (<3') or if the final two terms are
omitted, with a maximum error of 0.0035rad (12') [17].
Since the variation of the tilt angle is done only once a day,
we will use an open-loop variation. That is, the system will
correct the tilt axis only once a day at the sunrise. So this axis
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FiGUure 16: The model of our solar tracker. (a) The solar tracker forward. (b) The solar tracker behind.

F1GURE 17: The realized model of solar tracker.

will only be functional for a few seconds at the start of the
day, thus giving high precision to follow-up while keeping
system consumption focused on the engine of the tracking
axis. After sunset, we will put the panel in parking mode
(Figure 32). This mode consists of making the horizontal
panel oriented towards the zenith.

At sunrise, the system must adjust its tilt. Equation (8)
allows us to calculate the solar inclination of the day relative
to the celestial equator as shown in Figure 11. Now and
according to Figure 33, we must put the panel at the proper
inclination with respect to the zenith and not with respect
to the celestial equator (the panel is oriented to the zenith
since it is in parking mode).

In parking mode, the panel is oriented towards the
zenith. The angle between the zenith and the polar axis is
90°-@ (@ is the latitude of the place as shown in Figure 33).
According to Figure 33, we know that the polar axis is per-
pendicular to the equatorial plane, so the angle between the
celestial equator and the polar axis is 90°. So the solar declina-

tion at the zenith 8z is the angle between the celestial equator
and the zenith which equals 6z =90° — (90° — @) = +@.

On leaving parking mode and in order to put the panel
facing the sun, the system must activate the tilt motor by an
angle (A) between @ -23.45" (between the zenith and the
tropic of cancer) and @ +23.45° (between the zenith and the
tropic of Capricorn). So if we take the zenith as the starting
axis and according to Equation (8), the A angel is calculated
by the relation:

A=@-5=(0.006918 —0.399912 cos I'0.070257 sin I
—0.006758 cos 2I' +0.000907 sin 2I"
—0.002697 cos 3I' +0.00148 sin 3I') x (180/7),

©)

with I' = 360°(d,, — 1)/365 In degree.

The reduction gear used is of the same type as that of the
tracking axis with a reduction ratio of R=1/6000. In other
words, you have to turn the motor at the reducer inlet at
6000° to have 1° at the outlet. The motor equation is

Aot =A X 1/R = (-0) x 6000
= [[(0.006918 — 0.399912 cos I'
+0.070257 sin I’ —0.006758 cos 2I' (10)
+ 0.000907 sin 2I"' —0.002697 cos 3I'
+0.00148 sin 3I) x (180/m)]] x 6000,

with I' =360°(d,, — 1)/365 In degree.

8. The Control Card

8.1. The Diagram of the Control Card. Figure 34 presents the
diagram of the control card with an output of 2 motors,
tracking motor (Motorl) and tilt motor (Motor2). The card
presents 5 inputs:
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F1GuRre 20: Equatorial biaxial solar tracker model (the proposed model).



International Journal of Photoenergy

The winter solstice, the sunis on
the tropic of Capricorn 6=-23,45°

Field type |Tracking two axis, frame N-S

-Tracking frame =

Axdis Tilt °

Axis azimuth o
Frame Phi min. °
Frame Phi max.. o

Sheds on frame——————

Min. tilt/frame o
Max. tilt/frame |23.0 e

(a) When § = -23.45°

Tracking frame
This configuration may only be
defined using the 3D near
shadings construction.

wwwwww

11

The winter solstice, the sun is on the

tropic of Cancer
6=0°

Field type ?}a",king two axis, frame N-S

-Tracking fram

Axis Tilt g

Axis azimuth e
Frame Phi min. e
Frame Phi max.. e

S o rne o
Tilt limits 0°/0° o

Sheds on frame——F————

Tracking frame

This configuration may only be
defined using the 3D near
shadings construction.

Min. tilt/frame .

Max. tilt/frame |0.0 %

(b) When 6 =0°

The winter solstice, the sun is on the

tropic of Cancer
5=+23,45°

Field type |Tracking two axis, frame N-S

-Tracking frame ——————————

Axis Tilt e

Axis azimuth 3
Frame Phi min. s
Frame Phi max.. =

-Sheds on frame——————

Min. tilt/frame 0
Max. tilt/frame Im' °

Tilt limits -23°/-23° . »

Tracking frame:
This configuration may only be
defined using the 3D near
shadings construction.
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FIGURE 21: The tilt of the panel in relation to the solar tilt in PVSYST.

The solar collector: the three analogue signals recovered
from the solar collector (VIdrl, VIdr2, and V1dr3) as shown
in Figure 31.

By tilt parking brake: a brake installed on the tilt axis
indicates that the panel is in the horizontal position or not
(the tilt parking) as shown in Figures 35 and 36.

B = 1: the panel is in tilt parking mode.

By = 0: the panel is in nonparking tilt mode.

B,, equatorial parking brake: a brake installed on the
equatorial axis (tracking axis) indicates that the panel is ori-
ented towards the meridian or not (parking in equatorial)
as shown in Figures 37 and 38.

B,y = 1: The panel is in equatorial parking mode.

By = 0: The panel is not in equatorial parking mode.

Wind sensor: in order to avoid damage to the mechanical
structure of the solar tracker following the increase in wind
speed, we will install an Anemometer to measure the wind
speed if it exceeds a set value (wind strong), the system must
put the panel in parking mode to avoid any risk. Once the

speed drops from the set value, the system resumes tracking.
In the algorithm, the set value will be predeclared at the start
of the program via a variable, in this way we will be able to
change it according to the resistivity of our mechanism
(Figure 39).

Clock: in order to calculate and adjust the tilt angle of our
solar tracker, we will use an external clock (for example, the
DC1307 module). After sunrise or when leaving parking
mode, the orientation of the equatorial axis is determined
by the sensor, while the orientation of the tilt axis is deter-
mined by calculation. This clock gives us the precise date of
the day which allows the control card to calculate via Equa-
tion (10); the suitable tilt angle is therefore adjusted by the tilt
axis. This manipulation will be detailed in the chapter of the
organization chart.

8.2. The Organization Chart. According to Figures 40 and 41,
the proposed organization chart is divided into 5 principal
units:
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TaBLE 1: The results of the spring simulation. TaBLE 2: The results of the summer simulation.
2 axis 2 axis

. 6 Fixed panel . Equ. tracking Gain . J Fixed panel . Equ. tracking Gain

Period . 5 tracking 5 o Period . 5 tracking > o
() GwWhm?)  (EURE (Whim?) (%) () GWhm?)  (WEORE GWhim) (%)

201022 o 205 2638 2638 285 o )UT0 3 7605 287,65 287,96 6347
Mar 06 July
B2 g6 10,9 109 2443 M 550 80,13 80,13 45,14
Mar July
2027 948 24,92 249 2703 PR, 35 57,67 57,67 53,58
Mar July
81029 5 o0 17.05 1705 3085 2002 0 a3 49,51 4951 3741
Mar July
0Marto 1928 1928 1713 2028 19 959 42,56 42,57 4387
01 Apr July
021003 5 406 4,44 4,44 9,36 29Julyto g 9737 39,74 3975 4523
Apr 01 Aug.
041006 ¢ 209 27,11 701 2950 020 g5 39,64 30,64 34,97
Apr Aug.
071008 7 147 19,54 1954 3293 0008 e 07 33,9 3391 46,99
Apr Aug.
09todl g 2305 3176 5176 3660 oM g5 xy 32,06 32,07 43,17
Apr Aug.
Rtold o an 3157 3157 3661 M g 32,79 328 4373
Apr Aug.
N VI E 17,58 1758 3248 €U 43 g9 32,87 32,88 43,64
Apr Aug
700194 a3 32,22 320 3888 0020 5 g5 31,36 31,37 39,36
Apr Aug
01022 114 1691 1601 4820 2P 1 235 30,76 30.77  37.67
Apr. Aug.
20253 4913 27,66 766 4459 22210 166 28,53 2854 31,76
Apr. Aug.
10284y 71 22,95 295 313 YPB 4 g5 12,53 1253 3134
Apr. Aug.
29Aprto 55 2091 2001 3940 20 g 905 27,81 2781 3553
01 May Aug.
021005 45 293 40,67 067 3871 LR 06 26,78 2679 29,99
May Sep
061008 47 596 3159 35 3978 2076 500 20,57 2058 36,38
May Sep
091012 45 2143 28,59 285 3341 0005 56 27,49 275 2996
May Sep
Bol7 19 3109 46,72 672 4605 2104 ysp; 20,84 2085 3690
May Sep
1810215y 2833 40,85 1085 4419 B 5 6 3048 3049 34,85
May Sep
21027 1 e 62,35 6235 4782 P 2 1449 19,49 1949 3451
May Sep
28Mayto ) 458 66,71 6671 4540 011 gos 25,05 2506 30,18
03 Jun Sep
Mdjunto o o 84.75 8434 2985 10020, gq 10,2 1019 19,74
20 Jun Sep

Total 550,09 753,41 753 36,89 Total 715,98 1040,41 1040,86 45,38
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TaBLE 3: The results of the autumn simulation. TaBLE 4: The results of the winter simulation.
2 axis 2 axis

. J  Fixed panel . Equ. tracking Gain . 0  Fixed panel . Equ. tracking Gain

Period . 5 tracking 5 o Period . 5 tracking 5 o
O (Whm?) (58 kWhim?) (%) (O Gwhm?)  (WERE S (wWhim?) (%)

A0 sss 19,49 1948 2543 2D 3 353 42,7 258 30,89
Sep to 06 Jan
241025, i 16,95 1695 2812 VOB 455 55,71 5573 30,98
Sep Jan
0028 5 97 1097 o1 1316 Ao a3 45,52 4553 3340
Sep Jan
2130 g 15,52 1555 2190 201023 50 2695 36,29 3631 3473
Sep Jan
01003 o oo 19,04 1904 2643 A2 5 534 30,03 3002 27,15
Oct Jan
04 to 05 29 Jan to
ot 6 1485 19,56 1957 3178 TR g 274 36,48 365 33,02
061008 7 1969 2491 2492 2656 2% 47 1o 16,26 1625 27,15
Oct Feb
0todl g 1983 24,62 62 2406 0P% g6 g 296 2959 29,33
Oct Feb
2l 5 s 13,48 1348 1950  PPM 45 1903 25,12 2512 32,00
Oct Feb
A [ X 1 19,33 1931 2347 24 655 21,69 21,60 31,06
Oct Feb
7019 11 2057 26,19 62 2737 2P 3 e 28,37 2838 30,06
Oct Feb
0102 5 00 26.13 2614 20905 180020 0 50 28,6 2861 30,16
Oct Feb
P2 43 13,9 1597 1595 2092 2P g1 g5 29,52 2953 3124
Oct Feb
261028 14 205 26,17 2618 2993 2P 9 143 1843 1844 2859
Oct Feb
291031 45 19gs 25,46 2547 2831 BB 4 57 26,28 2629 27,00
Oct Feb
01003 o oo 2556 2557 2869 102 o4 13,82 13,82 1842
Nov Mar
041007 . oo 32,48 3249 2726 @ 30 o g0 10,28 1028 17,22
Nov Mar
08toll y5 2407 30,33 3036 2500 207 6 109 14,05 1405 26,69
Nov Mar
121015 15 547 314 st 2666 0% 5 09 11,83 1183 2084
Nov Mar
101020 5y 2346 28,94 2894 2336 o 4 079 13,26 1326 22,89
Nov Mar
211025 51 2034 2541 253 2483 oM 5 g6 1092 1093 2695
Nov Mar
26 Nov 15to0 17
22 3941 51,17 st 2987 20 2 143 16,73 1673 1683
04Decto 3 17,99 20,83 19 1779 BB g8 11,97 197 3227
21 Dec Mar
Total 437,04 549,91 550,35 2587  Total 443,88 573,46 57344 29,19
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F1GURE 23: The motorization of the tracking axis.

Start-up unit: declaration of used variables and prepara-
tion for system start-up.

The program needs 6 variables to be created: 3 variables
of 8 bits x, y, and M1, one variable of 1-bit parking (we will
explain later the detailed use of each of these variables).

Then, the test system two inputs By and B, (the inclina-
tion and equatorial brakes as shown in Figures 34-38); if they
are both at 1, the panel is in the parking position. The system
actually starts; otherwise (both of them at 0), we have to ori-
ent the panel manually so that it is in parking mode (this is a
manipulation that is done once during the installation of the
tracker).

Core unit of the program: specify the operating mode of
the solar tracker according to the sky condition (night mode,
cloudy day mode, and clear sky day mode).

After the system starts up, the program enters the main
loop (infinite loop).

We will start with the wind speed test given by a wind
sensor installed on the mechanism as shown in Figures 34
and 39; if it exceeds a predefined value, the system switches
to parking mode. This value will be set on the program.

If the wind test is favourable, the system links the ana-
logue inputs from the solar sensor LDR1 and LDR2, then
converts them into digital code (between 0 and 1023), and
stocks them, respectively, on the 8 bits variables x and y.

International Journal of Photoenergy

Thereafter, we will test its values if they are all greater
than 1000 (value per experience). If yes, that is to say, that
the 2 DLRs are in total darkness and, then, we are at night,
the solar tracker goes into parking mode.

If not, that is to say, that we are in day mode. We will do a
second test of these variables, if they are all greater than 800
(value per experience); if yes, that is to say, that we are in
day mode with overcast sky, the system back to the beginning
of “core of the program” block. In order to reduce energy
consumption, the follower is in stop mode.

If not we are in daylight mode, the system actually begins
the correction. We do a second wind test before starting the
correction. If the test is favourable, go to the tilt adjustment.

Tilt adjustment unit: the system must put the panel at an
angle suitable for that of the sun through the tilt axis. This
manipulation is done only once at the start of each day or
when leaving parking mode.

We start with the test of the variable “parking” which
determines whether the follower in parking mode or not.

If “parking=0," we exceed this block (the follower is
already in good inclination).

If “parking = 1,” then the tracker is in parking mode. The
system retrieves the number of the day from an external clock
module (DC1307).

Then, according to Equation (10), the system calculates the
number of turns that the tilt motor must make. Finally, the tilt
motor 2 is activated at the top in order to put the panel in a suit-
able tilt. Before leaving the block, the system set the parking
variable to 0 (so as not to repeat the loop the next time).

Lighted sky unit (orientation towards the sun): if the pro-
gram arrives at this stage, that is to say, that it is in daylight
mode. This loop puts the panel in orientation towards the
sun through the equatorial axis.

We start by rereading and converting the LDR values of
the solar collector (x = LDRI, y = LDR2).

Then, we will make a digital comparison between x and y
(a comparison between the voltage recovered from LDR1 and
LDR2).

If x > y, the motor 1 is actuated in WEST (the sun is west
of the solar tracker) and does not stop unless x = y. During
this movement, each time, the wind speed must be tested
and the LDR1 and LDR2 read again.

If x < z, the motor 1 is actuated in EAST (the sun is east of
the solar tracker) and does not stop unless x = y. During this
movement, each time, the wind speed must be tested and the
LDRI and LDR2 read again.

If x =y, we must stop the correction and return to the
beginning of the program.

M1 is a variable that indicates the location of the panel to
the east or west relative to the meridian as shown in
Figure 42. If the motor 1 is activated in the east, we will put
M1 in 1; if the motor 1 is activated in the west, we will put
M1 in 2. The state of this variable will be necessary to make
the panel in parking mode.

Parking unit as shown in Figure 41: this mode consists of
putting the horizontal panel facing the zenith as shown in
Figure 32 in two cases:

(1) After sunset
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FIGURE 24: The motorization of the tracking axis.
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FIGURE 26: The rotation speed of the tracking motor.

(2) In case the wind speed exceeds a threshold, so as not
to damage the structure

The Parking variable informs us about the state of the
mechanism whether it is in parking mode or not. So at the
start, we will test this variable if it is 1, the mechanism is
in parking mode, and then, we will leave the loop. If Par
king = 0, then the system is not in parking mode; we will
start by putting the tilt axis in parking. Normally, the tilt
axis in nonparking mode is always at the top of the hori-
zon as shown in Figure 33, so just lower the panel via the

Sun
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LDR LDR
1 2

FIGURE 27: The diagram of the proposed solar collector.
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FIGURE 28: The length of the LDR sensor wall.

actuation of motor 2 at the bottom. If the mechanism
touches the tilt brake (B =1), the panel is therefore in
parking in tilt.



16

The sun
The sun in equinox The sun
in winter solstice 0° in summer solstice
-23,45° +23,45°
I
\
A
1
\
\
1
b
R
LIy
» \
IR
\
1
\
1
\
1
\
1
A
LDR2
w
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FiGure 30: The solar tracker model with solar collector.
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F1GURE 31: The electronic diagram of the solar captor.
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Zenith

FIGURE 32: The panel is oriented towards the zenith.
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FIGURE 33: Panel tilt adjustment after the parking mode.

Then, we go to the equatorial axis, the variable M1 vari-
able tells us whether the panel is located in east or west rela-
tive to the meridian. If M1 = 1, the panel is in east relative to
the meridian; we must activate motor 1 in west. If M1 =2, the
panel is in west compared to the meridian we must activate
the motor 1 in east. If M1 = 0, the panel is parked on an equa-
torial axis (the panel is oriented at the meridian).

As motor 1 turns, the system tests the equatorial brake
B,y if Beq = 1, so we are in parking mode in equatorial, motor
1 stops. Before leaving the loop, we put the variable M1 in 0.

Note: in programming, the blocks on the flowchart col-
ored in verse will be treated as interruptions.

8.3. The Realisation of the Control Card. According to
Figure 43, the microcontroller used is of the PIC16F877A
type which will drive the two stepper motors via the
ULN2304 circuit.

(i) The 4 buttons B1, B2, B3, and B4 are intended to acti-
vate the two motors manually (task necessary in order
to put the panel in parking mode when the system is
started).

B1=Motor 1 in west/B2=Motor 1 in east.
B3 =Motor 2 at the top/B4 = Motor 2 at the bottom.

(ii) The wind sensor will be connected to RBO/INT,
which is an interrupt on the microcontroller

(iii) The solar collector will be connected to the connec-
tors of the analogue-to-digital converters RAO/
ANO, RA1/AN1, and RA2/AN2
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F1GURE 34: The diagram of the control card.
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FIGURE 36: The solar tracker in the tilt parking position.

(iv) The DC1307 clock module will be connected via
the I12C bus of the microcontroller (RC3/CSL and
RC4/SDA)

(v) The analogue-to-digital inputs will be dedicated to
the solar sensor (LDR1=RA0, LDR2=RAI, and
LDR3=RA2)

(vi) The tilt axis brake B and the equatorial axis brake
B, will be connected, respectively, to the branches
RB4 and RB5 (interrupt on the microcontroller)

(vii) The clock used is of the PSTN DS1307 type and will
be connected to the microcontroller via the I12C bus
(RC3 and RC4)

(viii) The motors chosen are unipolar stepper motors
55SI-25DAYA

(ix) The microcontroller drives the two motors via the
power circuit ULN2804

(x) We are going to add an LCD screen like (LCD
HD44790 16x2) in order to visualize the state of
the tracker (the mode of our solar tracker, time,
date, and the movement of the motors)

9. Experience and Results

9.1. The Production. On September 26, 2020, in Khemisset
city (latitude=33.8"), we have made an experiment of two
solar panels with the same characteristics. The first panel
was in a fixed mode (oriented towards the south and inclined
at an angle equal to latitude of the location), while the second
was in a tracking mode. At noon, we reversed the panels to
ensure symmetry between both configurations (Figure 44).
The characteristics of the solar panels are: V_ =221V,

Vipp = 182V, I =2.95A, 1, =2.75 A.
So the form factor is So
FF = (VmPP X ImPP) _ Prpp —0.76.
(VeoxIe) (Vo xIe) (11)

Prpp=0,76 X (Vo X I ).



18

Equatorial parking
brake B,

International Journal of Photoenergy

The worm gear for
the tracking axis

P
SN
R = 10K

Sq

—e

[ Output B,y J_

FIGURE 37: Equatorial parking brake B,

Equatorial parking
brake Beq

] _ \ ; H
West i = i East

FIGURE 38: The solar tracker in the equatorial parking position.

O

F1GURE 39: Anemometer.

We measured every 30 min the V, and I . to calculate
the power of each photovoltaic panel using Equation (11).
The obtained results are shown in Table 5 and graph
(Figure 45).

Based on the results above, it was observed that solar
panels productivity has been increased by 37% in motion
mode compared to fixed mode.

Based on simulation results of September, the gain in per-
centage of the quantity of irradiation received by a surface
using our proposed model is about 30% compared to a fixed
installation, which is approximately equal to the experience
results.

9.2. The Consumption. The tracking motor: at sunrise, the
panel is in parking mode (towards the zenith); the system ori-
ents the panel to the east in order to prepare it for the sunrise.
So the system travels 90° to the east.

During the day, the system makes a tracking from sunrise
to sunset, by making a total of 180° course.

However, after sunset, another 90° course in the opposite
direction is achieved in order to make the panel in parking
position (towards the zenith).

So the system in general makes a 360° during 24 hours;
this trip lasts on average T1 =49 min 20 sec. So the electrical
energy consumed by the system (the tracking motor plus
the control card) is

Pl = Pcontrol board(c.b.) + Ptracking motor(tr.m.)

= (Vc.b‘ X Ic.b.) + (Vtr.m. X Itr.m.) (12)
=(5V x0.1) + (12V x 0.13A)

=2.06W.

N.B.: motor and control card voltage and current are
measured experimentally.

The tilt motor: the day of the experiment on September 26
(d,=270), the angle that the tilt motor must make is 55° (cal-
culated according to the Equation (9)). So at sunset, the tilt
motor lies 55° degrees up and 55° down at sunset; it is a
110" course. By measurement, this course last T2 =15min
20sec, and the current measured between the terminals of
the motor is 0.145 A. So the electrical energy consumed by
the system (the tilt motor plus the control board) is

PZ = Pcontrolboard(c.b.) + Ptiltmotor(ti.m.)
=(Vew. X Iep) + (Viim, X Lim.) (13)
= (5V x0.1) + (12V x 0.145A)
=1.74W.

im.

N.B.: motor and control card voltage and current are
measured experimentally.

When the motors stopped (tilt motor or tracking motor),
the power consumption of the control board measured is

P3=P_ irolboard = (5V X 0.1) = 0.5W (by measure). (14)
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FIGURE 44: The solar panel on the right in the tracking mode, the
one on the left in the fixed mode.

The control board is always on, so P; is the power con-
sumption of the board at an equal duration T3=24h-T1-
T2 =1375min 20 sec (the rest of the day).

So the power consumed (P) for 24 hours is

P= P><7T1 + PxiTz
A\ T T, T, 2T 4T, + T,

T, (15)
P.x -3
+< 3% T1+T2+T3)

=41.26W.

9.3. The Cost of the Concept. According to Table 6, this cost
remains reasonable by comparing it with those of other
embodiments, for example, the cost of the prototype pro-
posed by the publication [9, 12].

Each tracking system will surely have drawbacks; the
drawback of this system is the duration that the mechanism
puts during the orientation of the panel to the east after sun-
set (25min), and this is actually due to the use of a stepper
motor which is a precision but not fast motor compared to
a DC motor. The use of a DC motor requires the addition
of a pitch encoder to specify tracking. It should also be
remembered that the use of a DC motor increases system
consumption.

10. Conclusion

In order to minimize the consumption of a solar tracker
while keeping its accuracy to the maximum, we have pro-
posed a concept based on the equatorial mount. The concept
of the proposed system is that the majority of the tracker con-
sumption is focused on the equatorial motor which gives us a
significant minimization of energy dissipated during the fol-
low-up.

In order to valorize our model, we made a comparison
simulating three modes of installation of photovoltaic panel:
the 1st in fixed mode, the 2nd in biaxial azimuthal tracking
mode, and the 3rd in two-axis equatorial tracking mode
(the proposed model). The results showed us that a panel
mounted on a biaxial equatorial tracker receives the maxi-
mum amount of solar irradiation compared to other tracking
modes. The simulation also showed us that with our model,
we will have a solar irradiation gain of up to 63.47% com-
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TaBLE 5: The results of the experiment.

The results of the fixed The results of the moving

Hour panel panel
Icc (A) Vco (V) Pmpp (W) Icc (A) Vco (V) Pmpp (W)

06:30 0,06 17 0,78 0,24 19,3 3,52
07:00 0,28 18,4 3,92 1,1 20,9 17,47
07:30 0,51 20 7,75 1,51 20,8 23,87
08:00 1,02 20,5 15,89 2,49 20,6 38,98
08:30 1,46 20, 22,86 2,78 20,5 43,31
09:00 1,98 20,7 31,15 3,11 20,5 48,45
09:30 2,36 20,5 36,77 3,19 20,2 48,97
10:00 2,65 20,6 41,49 3,24 20,3 49,99

10:30 2,92 20,5 45,49 3,3 20,3 50,91

11:00 3,16 20,4 48,99 3,36 20,2 51,58
11:30 3,26 20,2 50,05 3,36 20,2 51,58
12:00 3,3 20,2 50,66 3,35 20,2 51,43
12:30 3,31 20,4 51,32 3,37 20,3 51,99
13:00 3,22 20,4 49,92 3,33 20,5 51,88
13:30 3,12 20,2 47,90 3,31 20,2 50,82
14:00 2,96 20,6 46,34 3,28 20,5 51,10
14:30 2,74 20,7 43,11 3,26 20,6 51,04
15:00 2,44 20,6 38,20 3,23 20,5 50,32
15:30 2,07 20,6 32,41 3,15 20,6 49,32
16:00 1,63 20,6 25,52 2,97 20,7 46,72
16:30 1,21 20,4 18,76 2,72 20,7 42,79
17:00 0,7 20,1 10,69 2,43 20,9 38,60
17:30 04 19,6 5,96 1,6 20,8 25,29
18:00 0,03 15,9 0,36 0,33 19,3 4,84
18:30 0 13,2 0,00 0,02 13,8 0,21
Total 726,28 Total 995,00

60,00 q « < s
50,00
40,00 4 - - - -

30,00 +

Py W)

20,00 1

10,00 4

0,00

06:30
07:30
08:30
09:30

—— Fixed panel

—— Equatorial tracking

FI1GURE 45: The comparison between a fixed solar panel and that in
motion.

pared to a panel in fixed mode and an annual average of
35.71%.

After having carried out the project, and in order to
experimentally validate these results, we have proceeded to
the real test experimentation which consists in making a
comparison of the electrical energy produced by a PV panel
using fixed mode and the one using equatorial tracking
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TaBLE 6: Cost of different components of the proposed concept.

Number of Unit cost Total cost

Material material ($) (%)
The stepper motor 55SI-

25DAYA 2 6.5 13
The reducer of DiseqC ) 18 76
motor

The strl.lcture of the 1 18 38
equatorial mount

The control card and the ] 9 9

solar captor

TOTAL 136

mode. The measurement obtained during the test allows us
to conclude that our solar tracking system consumes less
energy with a high accuracy.

11. Perspective

The proposed model based on a monoaxial equatorial track-
ing, plus a daily tilt correction, and since the solar tilt changes
from the tropic of Capricorn (winter solstice), to the concert
tropic (summer solstice) passing through the equinox and in
order to validate and generalize the results of the new con-
cept, we will work on the possibility of carrying out these
experiments spread over a minimum period of six months,
between the spring equinox and the autumn equinox. We
will also measure the actual consumption of our solar tracker
over this period, thus providing an overall assessment of our
model.
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