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PROTOTYPE OF PHOTOVOLTAIC GENERATOR USING
ARTIFICIAL INTELLIGENCE TO CONTROL AND OPTIMIZE
THE MAXIMUM POWER POINT TRACKING

CALCULATION OF COMPONENTS AND SELECTION OF MATERIALS

The proposed solar tracker consists of mechanical, electrical and computing components,
which are interrelated. The mechanical components include the structure that supports the
panel and the mechanisms used. The electronic components include the microcomputer,
the sensors and the actuators that control the rotating mechanisms. The entire photovoltaic
power generation system corresponds to the electrical part of the project. The computer
part includes the development of the artificial intelligence, as well as the development of the

web interface to monitor the performance of the panel.

1 CONCEPTUAL DESIGN

Energy from the sun is an easily accessible, renewable, inexpensive and infinite resource,
and fortunately Ecuador has great solar potential [1]. This country, since it is located in the
equatorial zone, can get a constant solar radiation in certain points of the territory, obtaining

30 % more solar radiation than other countries [2].

Although the sun is a renewable energy source with great potential, it can only be fully ex-
ploited if the photovoltaic panels receive the sun’s rays perpendicularly. So, it is essential to
maximize irradiance capture with a solar tracking system. At a theoretical level, the track-
ing problem can be solved with the help of solar equations. However, in practice there are
a number of uncertainties that are not usually taken into account, such as radiation or the

environmental conditions of the day [3].

1.1 Introduction

Solar trackers can be classified according to their degrees of freedom in two types: single-
axis and dual-axis trackers. The first has only one degree of freedom, with a rotation around
the horizontal axis or the vertical axis. The second has two degrees of freedom, being able

to rotate around both horizontal and vertical axis [4].



Single-axis trackers are usually cheap and increase energy production by 28 %, and are
commonly used in latitudes close to the equator [5]. In Fig. 1, it is possible to see the
three types of single-axis trackers: horizontal single-axis tracking system (HSAT), vertical

single-axis tracking system (VSAT) and tilted single-axis tracking system (TSAT) [6].

(a) HSAT (b) VSAT (c) TSAT

Figure 1: Single-axis photovoltaic tracking systems [6]

Dual-axis trackers tend to be more expensive to implement and increase production by ap-
proximately 35 % [7]. In Fig. 2 appear the two types of dual-axis trackers: tip-tilt dual-axis

tracking system (TTDAT) and azimuth-altitude dual-axis tracking system (AADAT) [6].

(a) TTDAT (b) AADAT

Figure 2: Dual-axis photovoltaic tracking systems [6]

The present project will be focused on a HSAT model, because Ecuador is very close to the

equator. Additionally, it is the best option according to [5], [8] and [9].



1.2 Project photovoltaic panel (PV)

Once the type of tracker to be implemented has been clarified, it is important to take into
account that the used solar panel is an available Yingli Solar YL250P-29b (250W) Solar

Panel, like the one shown in Fig. 3.

YINGLISOLAR

Figure 3: Solar panel YL250P-29b [10]

The design must take into account the technical characteristics indicated in the TABLE 1.

Table 1: Solar panel YL250P-29b technical characteristics [11]

Type Polycrystalline Silicon
Length 1650 mm (65 in)
Width 990 mm (39 in)
Depth 40 mm (1.6 in)
Weight 19.1 kg (42.1 |b)
Frame color Clear

Output terminal type Amphenol H4
Output cable wire gauge 12 AWG

Output cable wire type PV Wire

Output cable wire length

7100 mm (43.3 in)

STC power rating

250 W

STC power per unit of area 14.2 W/ft2 (153 W/m?)
Peak efficiency 15.3 %

Number of cells 60

STC current at maximum power point | 8.24 A

STC voltage at maximum power point | 30.4 V

Short-circuit current 8.79 A

Open-circuit voltage 38.4V




1.3 PV rotate mechanism

The aim of the project is to obtain the highest possible electric efficiency. This implies that
the use of a pump for hydraulic cylinders or a compressor for pneumatic cylinders to move

the prototype are discarded due to its high energy consumption.

To rotate the panel in one direction, like the HSAT system, a gear mechanism and a worm
screw mechanism have to be developed. The materials for them are strong enough to
handle with the generated stresses. The mechanical energy required to move the worm
screw must be supplied by one electrical DC motor. The torque generated by the motor

must be transferred to the worm gear mechanism via a set of transmitting gears.

1.4 Solar tracker prototype operation philosophy

A solar tracker is a device which main purpose is to increase the production of electrical en-
ergy obtained from a solar panel by means of mechanical, electrical and electronic systems
that follow the path of the sun. Following the sun causes its rays to fall perpendicularly on
the panel, increasing the capture of solar radiation and therefore the energy generated [12].
Solar trackers can be classified according to their drive system, their degrees of freedom, as

it was shown before, or their control system.

Depending on their driving system, trackers can be active or passive. Passive tracking
systems use special liquids or gases with a low boiling point. They base their operation on
the pressure difference of these substances, so they do not need additional power supplies.
They are not very common because they are usually not as accurate. On the other hand,
active trackers use electrical and mechanical systems to operate. They can be controlled by

artificial intelligence or by microprocessors [6]. Both types of trackers can be seen in Fig. 4.
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Figure 4: Classification of solar trackers according to their driving system [6]

Depending on the control system, it can be an open-loop system, a closed-loop system or
a hybrid between the two types. The first uses a mathematical algorithm to determine the
position that must have the solar panel so that the rays fall perpendicular to it, it is not fed
back with errors that may appear. The second relies on sensor feedback and moves the

axes after the sensor detects where the sun is located [6].

1.5 Prototype schematic

The proposed prototype has been modeled in 3D, as shown in Fig. 5.

Photowvoltaic solar panel

Rotating mechanism and
control box

Figure 5: 3D prototype modeling



1.6 Prototype components

The proposed horizontal single-axis tracking system (HSAT) prototype has the following

main components to be designed depending on the referred photovoltaic panel.

(3 Mechanical components
< The rotation mechanism that allows the PV to rotate includes a worm gear and a
set of gears.
<> Frame to support the solar panel, the rotating mechanism and the control compo-
nent box.
(O Electronic components
<> Motor DC to convert the electrical energy provided by the own photovoltaic panel
into mechanical energy to rotate the PV.
<> Microcontroller to control the PV performance according with the solar incidence.

<> Sensors for electrical voltage and current, solar irradiance, pressure, humidity

and temperature.
<> Actuators to allow the motor operation, such as relays and voltage regulator.

<> Battery charge to store the PV performance
O Programming software development

<> Atrtificial intelligence to determine the correct position of the PV.
<> Python routines programming.

< Web interface.

2 MECHANICAL DESIGN

Next, the calculation of the components and the selection of materials for each of them is
carried out. To design the rotation mechanism and the prototype frame, it is necessary to
calculate the principal stresses and the maximum moment exerted by the panel during its

horizontal rotation.



2.1 Structure

The frame should support the photovoltaic panel, the rotating mechanism and electronic
elements. It is mostly designed from stiffness considerations and thus should possess high

static and dynamic stiffness.

Since the structure will be in constant movement and will be exposed to the weather, the
material must not be too heavy and it must withstand extreme environmental conditions.
Additionally, due to the dynamism that is intended to have and for cost reasons, the structure
should not be completely solid. This indicates that the most suitable material to work with

are aluminum profiles.

The flexible and modular mounting system from manufacturer Bosch Rexroth offers fast
and comprehensive solutions for several applications. The modular system is based on

aluminum profiles with an "endless" longitudinal groove [13].

2.1.1 Stress and momentum calculation

Fig. 6, shows the isometric view of the structure that will support the panel. For the calcula-
tion, the red-enclosed right vertical column will be chosen because the component box will
be located there, so it will support more loads than its counterpart, and if the chosen profile

supports them, the other column will. The length of that column is 0.93 m

Left vertical

Right vertical

-

T

Left horizonta

Right horizantal

Figure 6: Isometric view of the structure



Free body diagram

To begin with, the free body diagram of the right vertical column must be analyzed, as shown
in Fig. 7. The force F represents the half of the panel weight, because it will be distributed
in both columns. The force C' is the box weight, including all the electronic components and
the entire case. The moment M), represents the necessary torque in order to rotate the
solar panel. All the stresses will be calculated around the point P, so there are a reaction

force Rp and a moment Mp.

Figure 7: Free body diagram of the structure

Force analysis

Checking TABLE 1, the panel has a weight of 19.1 kg, and the box has a weight of 1 kg.

19.1k
F_( 92 g) (9.81 m/s2) = 93.69N

C = (1kg)(9.81m/s?) = 9.81N

Y F=0

Rp—F—-C=0

Rp=93.69N+9.81N =103.5N

Considering that the yield strength of aluminium 6061-T4 is 145 MPa, its modulus of elastic-



ity is 68.9 GPa [14], and that it is assumed a safety factor of 10 due to any eventuality, it is

possible to get the following results for normal stress and bucking.

Normal stress
o= fs (RP> — A= g
A A
10
Bucking
w2El P..fL?
Pcr — I=
N 2E
103.5N)(10)(0.
I= (103.5N)(10)(0.93m) _ 1.41542 x 10°m* = 1415.42 mm*

72(68.9 x 109 Pa)

Considering the availability in the market, the aluminium profile Bosch Rexroth AG 40 x 40
was chosen. Its cross-sectional area is 560 mm? and their second moments of area I, and
I, are both 91000 mm* [13]. Both the cross-sectional area and the second moments of area

are enough for the application.
Maximum moment

The frame of the panel is composed by rectangular profiles 0.92 m long 0.02 m wide and
0.02 m thick. It is possible to determine the rotational inertia in the center of mass, the black

dot in Fig. 8.

® 0.02 m

0.92m

Figure 8: Lateral view of the beam

The weight of the solar panel could be determine with the following expression:

P = (19.1kg)(9.81m/s?) = 187.37N

The solar panel exerts a distributed load over the beam equivalent to its weight, as it can

be seen in Fig. 9. It is important to remark that the support point is located at the center of



gravity, the black dot of the diagram. There will appear a moment My, and a reaction force
Fy, that will be calculated later.

P=203.663 M/m
v v v v v v v v ¥
Fl
| 0.02 m
b D Wby
0.92m

Figure 9: Free body diagram of the beam

Fy =P =187.37N

The force-moment diagram is shown in Fig. 10. There it can be seen that the maximum

moment is 43.10 N - m and the maximum force is 93.69 N.

-93.6835 N

-43.0953 N'm

Figure 10: Force-moment diagram of the beam

2.1.2 Structural material selection
The selected material for the frame prototype, considering the previous calculations, is alu-

minum profile Bosch Rexroth AG 40 x 40, with related joints and connections elements. Fig.

11 shows a modular Bosch Rexroth profile and connectors type.

10
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Figure 11: Bosch Rexroth AG 40 x 40 profile and connectors [13]

2.2 Rotating mechanism design

It is important to determine the necessary torque to rotate the solar panel. Notice that the
torque must be greater than the maximum moment obtained before in the graph, so let

assume ras 50 N - m.

First of all, it is necessary to check whether the motor shaft is able to withstand the stresses
exerted on it. Considering a steel AlSI 1040 for the motor shaft, with a 5-mm radius, and a
50-mm length, and that the half of the panel weight is acting over it, the critical load will be

the following:

A =nR?

A =7m(0.005m)? = 7.854 x 10°m

TRA
="
1
4
7= mO005m)7 ) 5087 % 10710

4
T, = (5 x 1072 m)(9.81m/s?)(9.55kg) = 0.4684 N - m

M, = (50 x 107 m)(9.81m/s%)(9.55kg) = 4.6842N - m

M,C
7T
4.6842N - 1073
5 — (468 m)(5x 1077m) _ 1w 2139 Mipa

4.9087 x 1010 m*

11



The yield strength of the AISI 1040 steel is 415 MPa [15], so it is correct to conclude that it
is enough to support the 50 MPa generated by the panel. However, due to ambient factors,
such as wind or rain, the panel tends to move, behavior that is bad for the project. For this
issue, it is necessary to implement a single gear worm mechanism, like the one in Fig. 12,

which is an one-way mechanism, avoiding disturbances.

Figure 12: Single enveloping gear worm [16]

The torque generated by the electrical motor must be transferred to the worm gear mecha-

nism via a set of gears.

2.2.1 Gear worm calculations

The gear worm mechanism consisted of the crown and endless screw
Crown calculations

To develop this design, it is required to set the number of teeth N and the external diameter
D.. Due to the limited space, it is desired 42 teeth and an 88 mm external diameter. In the
following equations, M represents the module, D, is the pitch diameter, P is the pitch, H is
the height of the teeth, D, is the major diameter, A is the wheel width, R is the peripheral

concavity and r is the head radius. Fig. 13 shows graphically these parameters.

D
7‘[: e
N +2

M= 88 mm
4242

= 2mm

D, =2mm(42) = 84 mm

P=xM

12



P = 7m(2mm) = 6.2832 mm
H=2167TM
H =2.167(2mm) = 4.334 mm
Dy = D, +04775P
Dy = 88mm + 0.4775(6.2832 mm) = 91 mm
A=6+238P
A =6+ 2.38(6.2832mm) = 20.954 mm
R=05D,— M
R =0.5(84 mm) — 2mm = 40 mm

r =0.25P

r = 0.25(6.2832 mm) = 1.5708 mm

P>
///#//J 7

é,
]

A
AR
—m

Figure 13: Crown calculations [17]

Endless screw calculations

For the calculations, a 2 mm module M and the number of entries as 1 are considered, for a
B of 14°30'. In the following equations, P is the pitch, D, represents the pitch diameter, H is

the height of the teeth, D, is the external diameter, D is the internal diameter, « is the fillet

13



angle, e is the fillet thickness, c represents the fillet spacing, [ is the tooth foot height, T is the
fillet bottom width, LR is the threaded part length, F' represents the non-threaded length,
the head radius is r and the distance between centers is E. Fig. 14 shows graphically these

parameters.

P=mM
P =7(2mm) = 6.2832 mm
H=2167TM
H =2.167(2mm) = 4.334 mm
D, =10M
D, =10(2mm) = 20 mm
D, =D, +2M
D, =20mm + 2(2mm) = 24 mm
D=D.,—-2H
D =24mm — 2(4.334mm) = 15.332mm
a= arctan(@)

p

1(2mm)

o = arctan
( 20 mm

> = 5.7106°

p
€T3

6.2832 mm
e= —————
2

= 3.1416mm

P
c= —

2

o 6.2832 mm
i —

= 3.1416mm

14



T = (W _ z) (2tan(3))

T <(2 mm) arctan(14°30")

1 - 2mm> (2tan(14°30")) = 2.1071 mm

N
LR=P 45+ —
(15+3)

LR =6.2832mm <4.5 + ;%) = 33.5522 mm
F=P
F =6.2832mm
r = 0.0bP

r = 0.05(6.2832mm) = 0.3142 mm

(a) Thread (b) Teeth

Figure 14: Worm screw calculations [17]

Once the mechanism is designed, the dynamics must be analyzed. In this case, neither
strength nor speed change because there is no increment in the number of teeth or the
diametrical length. Additionally, the transmission losses are lower than the 2%, so they are

negligible.

It is required to verify if the input forces sum minus the weight of the system is positive. First,
it is necessary to determine the efficiency, checking the equation where 7 is the efficiency, f
is the coefficient of friction, \ is the helix angle and ¢ is the fillet angle, as it can be seen in
Fig. 15.

15



Hélice de paso

Cilindro de paso

Figure 15: Pitch cylinder of a worm gear [16]

To calculate the efficiency, it is possible to check the following expression:

_ cos(¢) — ftan(\)
cos(¢) + f cot(A)
cos(5.71°) — (0.78) tan(14.3°)

= Cos(5.71°) + (0.78) cot(14.3°)

As it can be seen, the friction affects the transmission, reducing it a 28.9 %. Now, for the
forces decomposition will be determined in the following expressions, taking into account the

graph shown in Fig. 15. W<, W¥, W* are the decomposed forces in their three axis.

W? = W(cos(¢) sin(\) + f cos(A))
WY = W sin(¢)
W# = W (cos(¢) cos(A) — fsin(N))
In this case, to calculate the forces, the torque T and the pitch diameter D are set respec-

tively as 50 N - m and 95 mm, as it was mentioned before. And, the torque 7" to break the
inertia is 43.09 N - m.

16



T
W:[:B

50N -m

= ———— =526.3158N
95 x 103 m

Wi

T
W2:5

43.0953N - m
= s = 4 . 4 N
Wy 95 % 10 m 53.6347

It is important to determine their components with the equations shown before, according to

the stresses generated over the worm screw.

Wi = 526.3158 N(cos(5.71°) sin(14.3°) + 0.78 cos(14.3°)) = 527.1609 N
W = 526.3158 N sin(5.71°) = 52.365 N

W? = 526.3158 N(cos(5.71°) cos(14.3°) + 0.78 sin(14.3°)) = 608.8773 N

W3 = 453.6347 N(cos(5.71°) sin(14.3°) + 0.78 cos(14.3°)) = 454.3631 N
WY = 453.6347 Nsin(5.71°) = 45.1337N

W§ = 453.6347 N(cos(5.71°) cos(14.3°) + 0.78sin(14.3°)) = 524.795 N

Now, it is time to evaluate every axis and the forces that act over them.

> F.=Wk
WE—Ws = W5

Wg = 5271609 N — 454.3631 N = 72.7978 N

Y F, =W}

WY — WY =W}

17



W} =52.365N — 45.1337N = 7.2313N

ZFZ:Wf2
Wi — Wi =Wh

Wi = 608.8773N — 524.795 N = 84.0823 N

Wg = \/W;g? +WH + W32

Wp = \/(72.7978 N)? + (7.2313N)? + (84.0823N)? = 111.4524N

Once the resultant force is positive, this will be able to move the system without problems.

2.2.2 Gears calculations

Since they are not going to vary torque and speed, it is desired a transmission ratio ¢ of 1,
implying that both pinion and wheel have the same number of teeth. However, due to the
space, the pinion will have 19 teeth (z2) and the wheel will have 18 teeth (z3). Additionally,
the module m will be 5 mm because of the manufacturing process, which is 3D-printing.
With this data, it is possible to get the other design parameters for the gears, such as the
tooth head height &, the tooth foot height &, the pinion and wheel pitch diameters (dz, d3),
the distance between centers a, the external diameter for the pinion an wheel (d.,, d.,), the
internal diameter for the pinion and wheel (d.,, d.,), the tooth thickness s, the tooth gap
width ', the pitch p, the notch radius r, the pressure angle of the pinion and wheel (as, as3)
and the angle between teeth of the pinion an wheel (52, 83). These parameters can be seen
in Fig. 16.

he =m
he = 5mm
hy =1.25m

hy =1.25(5mm) = 6.25 mm

18



d2 = zZom
dy = 19(5mm) = 95 mm
d3 = zZ3m

d3 = 18(5mm) = 90 mm
0= ds + d3
2

0 95 mm + 90 mm
n 2

=92.5

.22
1= —
Z3

1= % =1.06
de, = d + 2hg
de, = 95mm + 2(5mm) = 105 mm
dey = d3 + 2h,
de, = 90mm + 2(5 mm) = 100 mm
diy = do — 2hy
di, = 95mm — 2(6.25 mm) = 82.5 mm

diy = d3 — 2hy

diy; = 90mm — 2(6.25 mm) = 77.5mm

19
8= g™mm
19
5= 4—0(5 mm)7 = 7.4613 mm
o2l
S = %mﬂ'

.21

= E(5 mm)7r = 8.2467 mm

S

p=mn

p = (5mm)r = 15.708 mm

19



b
r = -—

12
15.
po 10708 mIm o
12
diy
Qrg = arccos %
2
82.5 mm
iy = arccos 95% = 29.7243°
2
diy
Qi3 = arccos %
2
77.5 mm
Q'3 = arccos 90% = 30.5584°
2
360
B =22
22
360
= — =18.9474°
Bo 19 8.947
360
f3 = —
z3
360
=— =20°
B3 18
e Pratsure
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Figure 16: Gears calculations [18]

Once the values were determined, it is time to calculate the generated stresses to check if

the material is strong enough to support them. For this, considering that the pinion has a

20



95 mm diameter, as it can be seen in Fig. 17, working at 60 rpm, and transmitting 60 W to
the wheelat a pressure angle a of 309, it is possible to get the tangential and radial forces

applied from the pinion to the wheel (Fi;, F%;), the total force F»3 and stress o.

Figure 17: Relation between gears

. 60000H
23 —

7Td2n

60000(60 W)

= 201.0378 N
(95 mm) (60 rpm)

F2t3 =
Fjy = Fjs tan()
FZ, = 201.0378 N tan(30°) = 116.0692 N
Foz =/ F532 + F,?

Fy3 = \/(201.0378 N)? + (116.0692N)? = 232.1384 N
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2.2.3 Rotating mechanism material selection

For the project it is considered the use of the Polylactic acid (PLA) material for the rotating
mechanism elements. The PLA is a type of plastic that is used in building models and

prototypes of solid objects and components. It is a thermoplastic polyester that serves as

21



the raw material in 3D printing or additive manufacturing processes and applications [19].

Considering that the PLA has a yield strength of 55 MPa, and the generated stress by the
gears is 17.47 MPa, it is possible to conclude that this material is strong enough for this

mechanism. This was the static analysis.

For the dynamic analysis, it is required to determine if the exerted force is able to break the
inertia of the system. As it was mentioned before, the desired motion ratio is almost unitary,
so it is assumed to be 1. The dynamic forces between the gears are the ones shown in Fig.
18.

o 8
flr Iy
A
30° |
-t | fl’
i > Jx
30° P
v h
P
j

Figure 18: Free body diagram with dynamic loads

fil=W
f; = ff cos(a)
fi =526.3158 N cos(30°) = 455.8029 N
fz = fisin(a)
ft =526.3158 N'sin(30°) = 263.1579 N
=W
Iy = 1 cos(a)
P = 453.6347 N cos(30°) = 392.8592 N
f2 = fi'sin(a)

P — 453.6347 N'sin(30°) = 223.8174N
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> F.=Fg,
fo = I7 = Fr,
Fr, =263.1579N — 223.8174 N = 39.3405 N
Z Fy = IR,
fy— I = Fg,
Fr, = 455.8029 N — 392.8592 N = 62.9437 N

Fp=/Fr,*+ Fg,*

Fr= \/(39.3405 N)2 + (62.9437N)? = 74.2266 N

Ff = fi+ff

Fg = 526.3158 N + 453.6347 N = 979.9505 N

Considering that the minimum pressure area of the gear is 1 cm?, it is possible to determine

the stress with the compression total force F¥.

979.9505 N
o= —"+—

g =0.7995 MPa

Considering this, it is possible to conclude that the gears will be strong enough, because its

yield strength is 55 MPa.

3 ELECTRONIC DESIGN

3.1 Electrical motor
When selecting a motor, the first thing to consider is what the rotational speed is and what
the required torque of the motor will be.

Since the photovoltaic panel should be horizontal rotation slowly, assumed a rotational speed

maximum of 5 rpom. The mechanical torque was calculated in 50 N - m.

The electrical power obeys the following relationship, where P is the power, V' is the voltage,
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I is the current and cos(¢) is the power factor:

P =3V cos(¢)

The mechanical power obeys the following relationship, where T is the torque, the motor’s

ability to turn loads, and n is the speed in revolutions per minute:

n
9.550

Assuming a power factor of 85% and current of 2 amperes, the final results are the following:

5rpm
P = (50N- = 26.18 W
(50N m) g
26.
y— OBW gy
V3(2A)(0.85)

So, for the project is selected an electrical motor of 12 V, 50 rpm, 60 W DC motor, that is

more than enough according to the calculations.

3.2 Microcontroller

Since an artificial intelligence algorithm is to be implemented, we are looking to work with
a Raspberry Pi, since it has support for installing all the required libraries and consists of
the Python programming language. It has some input and output pines for any sensor or

actuator if desired.

3.3 Sensors

TABLE 2 shows the sensors that are implemented in the system. As it can be noticed,
there are four main variables that are wanted to be measured for an automatic control. The
problem with these is that all their outputs are analog, and Raspberry Pi has no reading ports
for them. For this reason, it is intended to use an intermediary that allows the reading of

the sensors, such as the ESP32. The usage of this additionally microcontroller reduces the
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project cost because it replaces all the ADCs required for the sensors. ESP32 communicates

via serial port to Raspberry Pi.

Table 2: List of sensors

Variable Sensor Voltage
Irradiance GYML8511 | 2.7Vto 55V
Atmospheric pressure BMP180 1.7Vto3.6V
Humidity and temperature | DHT11 1.8Vto3.6V

3.4 Actuators

As it was explained before, the motor that is implemented in the prototype isa 12 V, 50 rpm,

60 W DC motor. This actuator will be the one to rotate the solar panel.

On the other hand, there are some relays that will connect or disconnect some elements on

the main circuit, mainly for measuring data with the sensors, in order to avoid noise.

3.5 Electrical performance

In this subsection, it will be analyzed the electrical behavior of the system, considering its

energy consumption and generation.

In TABLE 3 is shown the amount of energy consumed by each element per hour. There are
few elements that there were not considered in this because their consumption is negligible.
As it can be seen, the device that consumes the most is the Raspberry Pi 3 B+, even though
the motor requires 2 A for its function. This is because the motor is just connected for few
seconds, compared to the hour that the Raspberry Piis turned on. It is possible to conclude
that the entire system has a total energetic consumption of 4.0216 Wh, consuming 96.5174

Wh-day because the system will be turned on during 24 hours.

TABLE 1 shows the electric characteristics of the solar panel. This data is used to determine
the electric generation of the solar panel, obtained experimentally by the manufacturer. To
get this information, they tested the panel under standard test conditions (STC): irradiance

of 1000 W/m2 at 25 °C [20]. In Fig. 19 is shown the main data in a graphical way.
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Table 3: Energy consumption of each element

Element Current [A] | Time of use [h] | Charge [Ah] | Voltage [V] | Energy [Wh]
Motor 2 0.003 0.006 12 0.072
Relays 0.48 0.001 0.00048 5 0.0024
Voltage regulator 0.002 1 0.002 12 0.024
Battery charger 0.005 1 0.005 12 0.06
Current sensor 0.03 1 0.03 3.3 0.099
Irradiance sensor | 0.0003 1 0.0003 5 0.0015
Pressure sensor 0.000032 1 0.000032 5 0.00016
Humidity sensor 0.0025 1 0.0025 5 0.0125
ESP32 0.15 1 0.15 5 0.75
Raspberry Pi3 B+ | 0.6 1 0.6 5 3

A
2505 W

8.79 A
8.24 A

Figure 19: YL250P-29b graphs of current, power and voltage

It is possible to determine the generation considering STC, assuming that N is the nominal
generation, R;, is the incident irradiance, P, is the panel length, P, is the panel width, P, is
the incidence area, and 7 is the efficiency, Pg is the generated power. Both P, and P, can

be get from TABLE 1.

Ri, = 1000 W /m?

Ng =250W
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P, = Ple
P, = (1.65m)(0.99m) = 1.6335 m>
PG = RmPa

P = (1000 W/m?)(1.6335 m?) = 1633.5 W
_Ne
=5

_ 250W
7= 16335W

Ui

= 15.3045 %

3.6 Voltage storage

To store the voltage, it is desired to attach a 3 x 3 lithium battery array, via a serial-parallel
connection. Each battery, with a nominal voltage of 3.7 V, is able to store 2200 mAh. Con-

sidering this, the total storage can be calculated as follows:

By =37V
Be = 2.2 Ah
Serial connection: Vpr = (3.7V)(3) = 11.1V

Parallel connection: Cr = (2.2 Ah)(3) = 6.6 Ah

Ty = (11.1V)(6.6 Ah) = 73.26 Wh

4 COMPUTER DESIGN

4.1 Artificial intelligence

Tests were carried out with each of the different types of possible algorithms and it was
concluded that the optimal one was the neural networks. For its implementation, it was
required to work with Python and the TensorFlow module. In this case, it is a multi-target

algorithm, in which a set of features leads to three different outputs. This methodology
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requires a few computational resources compared to the one that implies the usage of three

different algorithms, each for one particular output.

On one hand, as inputs, the ambient data of the city, such as temperature, radiation, humidity
and atmospheric pressure, was get from the “Secretaria del Ambiente del Municipio del
Distrito Metropolitano Quito” official website in [21]. This dataset contains measures from
February 2007 to March 2022, taken each hour everyday, getting a total of 132407 rows,

enough for the application.

On the other hand, as outputs, the azimuth and elevation angles since 2007 were taken
from [22]. This website helps to determine the sun position in every world location, so this
information was filtered just for Ecuador. These angles also were used to get the actual
inclination of the panel m, as it can be seen in (1), where e and « represent the elevation

and azimuth angles respectively, and n is the number of the actual element in the array.

€n an, < 200
Mp = (1)

en — entl +Mp_1 an > 200

In Fig. 20 is shown the scatter plots of the dataset, relating two variables independent from
the others. This graphs help to check which is the relation between outputs and inputs. For
this project, even though there is a high dispersion in the points, it is possible to see linear
and nonlinear relationships. This conclusion is supported by the heat map shown in 21, in
which it is possible to see that almost every output has a negative or positive relation higher

than 0.5, the only exception being elevation versus atmospheric pressure, with 0.17 points.

After the previous analysis, and bearing in mind that the database consists in four inputs and
three outputs, a multioutput neural network was designed for the prediction. The proposed
architecture for the implementation consists in an input layer with 5 neurons, 3 hidden layers
with 100 neurons each, and an output layer with 3 neurons. This provides a 0.88, 0.86 and

0.92 accuracy for the elevation, azimuth and panel inclination angles respectively.
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Figure 20: Scatter plots of the input and output data
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4.2 Web interface

We chose to work with a combination of JavaScript and PHP to build the site, using the
model-view-controller methodology. The data is stored in some tables inside a general
database. Those tables collect the weather data, the electrical generation information, and
the features about the sun position. That could be checked in the web interface, which shows

the data in form of graphs.
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