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Abstract- Improving the conversion efficiency of solar panels has become a challenging area of study for researchers. Solar
trackers are an alternative to reach this goal, as has been shown in many cases, by tracking the position of the sun changes, the
productivity of the panel increases. This paper presents a new design of a dual-axis solar tracker system based on a real-time
measurement of solar radiation in order to improve the conversion efficiency. As a first design stage, the dynamic models for
solar radiation, solar panel and electromechanic system, were obtained using Matlab-Simulink. Then a control unit for capturing
the signals from radiation sensors and an inertial measurement unit, was implemented in a High-Performance 16-Bit Digital
Signal Controller DSPIC33FJ202MC. The acquired data are compared with a mathematical algorithm to calculate sun’s position
and set the control action to orient the panel. An embedded system with real-time sampling was developed. It does not rely on
external databases and takes into account the relative position between the radiation sensor and solar panel to improve the
efficiency of the system. Results show an increase of 9.87% in the energy obtained with the solar tracker compared to a static
solar panel oriented optimally. The tests were performed using two solar 200W panels operating simultaneously under the same
climatic conditions.

Keywords Solar panel; solar radiation; dual-axis solar tracker; inertial measurement unit; digital signal processor.

1. Introduction optimization [9]. Other alternative is keeping the temperature

in the solar panel manufacturer's recommended value, which

Due to the energy crisis and environmental problems such
as pollution and global warming, solar energy is becoming a
very attractive solution for places with high solar density.
However the cost of solar panels is still high and the
conversion factor of solar energy into electrical energy is very
low. Therefore, increasing energy efficiency for solar energy
conversion systems, has been the focus of much research to
date.

Some approaches propose to optimize the conversion
efficiency of a solar panel by tracking the maximum power
point (MPPT) regardless of climatic factors and the load
connected to the system [1-3]. Works reported in the literature
about MPPT techniques use the perturbation and observation
algorithm [4], neural networks [5], fuzzy logic [6], bee colony
optimization [7], adaptive control [8] and ant colony

is generally 25°C. There are numerous research in modeling,
simulation, fabrication and implementation of thermal solar
systems [10-13].

Another option is to track the sun's path in daylight hours
[14]. Some researchers have conducted various studies to
establish the optimal degree of tilt of a solar panel to increase
the output power. Because the position of the sun changes
during the course of the day, the implementation of a solar
tracker is the best solution to increase energy production.

Currently, there are two main types of solar trackers: the
one axis and two axes. Studies have been developed that
implement trackers of one axis [15-16], two-axis trackers with
[17] and without sensors [18], and two-axis trackers using
different control techniques [19-22].
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In line with this research, in this paper the modeling
process and implementation of a two-axis solar tracker is
presented. Which has as novelty the use of a set of three
radiation sensors TCS3210 consisting of arrays of
photodiodes, allowing the generation of 10Hz frequency
signals, which are used by the digital controller to optimize
energy consumption in partially cloudy days.

2. Dynamic Model

Figure 1 shows the general block diagram that was
implemented in Matlab-Simulink for simulation and
validation of the solar tracker; which has the following
subsystems: the incident solar radiation, the solar panel and
the electromechanical system

2.1. Eletromechanical System Modell

The mechanical structure was manufactured based in a
gear system with worm screw and a gear ratio of 1: 653, which
moves the panel through the declination motor and the motor
of hour angle. These motors have output torques of 14 kg-cm
and 8 kg-cm respectively, that when combined with the
mechanical transmission torque reaches approximately 5225

kg-cm. With this value, the torque of 540 kg-cm generated by
the wind on the solar panel can be compensated.

In Fig.2 it can be observed the solar tracker mechanical
model, which has the advantage of capturing the radiation
produced by the sun in azimuth and solar altitude. Thus, two
automated movements are run, that allow tracking the two
angles that determine the position of the sun. Therefore, the
surface of the solar panels is always perpendicular to the sun
every day of the year by ensuring an improvement in the
efficiency of energy conversion.

The mechanical structure above presented and a set of DC
motors constitute the electromechanical system. Two inputs
Roll_in and Pitch_in were used with ranges of -12V DC to
12V DC, which can control the hour angle and declination
angle. The outputs used are Roll_panel and Pitch_panel and
correspond to the output of the tilt sensors.

To simulate the model the SimMechanics tool was used.
With this tool it was possible to model the mechanical system
through rigid bodies connected by joints and thus evaluate the
performance of the system before implementation. As shown
in Fig.3, the first rigid object from the bottom up corresponds
to the solar panel support.
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Fig. 1. Block diagram of the solar tracker implemented in Simulink.
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Fig. 2. Mechanical structure for the dual-axis solar tracker.
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The second joint corresponds to declination axis. This
joint is used to move the structure and adjust it according to
the value of declination calculated by the control system. The
declination motor and gear system are connected through a
joint actuator that takes Simulink data and converts them into
SimMechanics signals. The following axis represents the hour
angle axis at which a motor with torque of 14 kg-cm is
connected. The last rigid body is the panel.

2.2. Declination and Hour Angle Motors

The transfer function for DC motors was experimentally
found using a 12V unit step input. The values of the position
and velocity were obtained using a sampling period of 15ms
with a Hall Effect encoder. Based on the experimental data,
the transfer function is obtained using the system
identification toolbox. This one has two poles, corresponding
to the poles of the electrical and mechanical part of motors.
See Fig.4. With the values of the poles and the gain, the
transfer function of the motors was modeled. See Eqg. (1).

w(s) 5571.57 .
V(s) (1 +0.37138s)(1 + 0.09175s) )

2.3. Solar Tracking System Modelling

For the solar radiation model, the concepts of atmospheric
transmittance and zenith angle depending on the time of the
day were used. The zenith angle affects the amount of incident
irradiation on the panel. The transmittance influences the
radiation released by the clear sky depending on the zenith
angle. Solar radiation is represented by Eqg. (2) [23].

lip = ljTcos 6, 2)
li: is the average radiation of 1000 W/m2,
0,: is the zenith angle in degrees. See Eq. (3).

cos 0, = —[cos & cos @ cos(0 + o)
+ sin 8 sin(0
—a)] (3)

Where @ is the solar hour angle, & is the declination angle
that represents the angular position of sun with respect to the
equatorial plane, 0 is the geographic length in degrees and a is
the tilt angle. t is the atmospheric transmittance. See Eq. (4).

T

C
=a+ be coso; 4)

Where a, b and c are radiation parameters for a horizontal
surface under standard conditions. Taking into account that
altitude for Santa Marta city is A=0.015, the values of such
parameters are calculated as in equations (5), (6) y (7).

a = 0.4237 — 0.00821(6 — A)? (5)
b = 0.5055 — 0.005958(6 — A)? (6)
c=02711— 0.01858(2.5 — A)? )

In Fig.5 the radiation solar model is shown, in which the
modules for calculating the zenith angle and atmospheric

transmittance using a horizontal reference surface, are
distinguished. The values of: solar declination, latitude, time
and the roll angle of the panel, were used to calculate the
zenith factor and the atmospheric transmittance. For the last
one, it was used a correction factor for tropical climate of
r==0.95; r,=0.98 and rc=1.02. A factor of 1 indicates that
incident solar radiation is maximum.

2.4. Solar Panel Electrical Model

In Eq. (8) the solar panel mathematical model is shown
[24]. With this model is only necessary to calculate the curve
fitting parameter that can be obtained directly from the
equation 1-V. The other parameters are obtained from the
electrical data of the panel.
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Fig. 4. Estimation of the transfer function for DC motors.
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(V) = =) 1 — e\bVx (8)
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Where Vyx and Iy are the open circuit voltage and short
circuit current for irradiation values and dynamic
temperatures, which are defined by equations (9) and (10). b
is the panel characteristic constant, it does not have units and
is the unique parameter that has to be calculated.

E;
v, = sE—‘TcV(T —T,) + sVpax

mn

( B n(pmax-Voe ))
- S(Vmax - Vmin)e Fin " \Vmax~—Vmin (9)

E;
Iy = p—[lsc + TC(T = T,)] (10)
m

s: number of panels connected in series.

p: number of panels connected in parallel.

Ei: the effective irradiation of the solar panel.

Ein: irradiation constant of 1000W/m?.

T: the operation temperature of the solar panel.

Tn: temperature constant of 25°C.

Voc: the open circuit voltage. Isc: the short-circuit current.

Vmax: Voltage for irradiations under 200 W and operating
temperature of 25°C. This value is 103% of V.

Vnmin: Voltage for irradiations over 1200W and operating
temperature of 25°C. This value is 85% of V.

The electrical parameters of the 200W solar panel used for
testing the solar tracker are illustrated in Table 1. To find b,
Eg. (8) and the parameters of Table 1 were used. Knowing that
the value of b is in the range of 0.01 to 0.18 [24], the
approximation of Eq. (11) can be done.

-1

1-e(®) ~1 11

Therefore, for Vx =32.1V; Ix=8.21A; 1 =7.69Aand V =
26.01V; the value of b is 0.0683.

3. Implementation of the Solar Tracker

The solar tracker consist of a digital signal processor that
is responsible for processing the signals from the Inertial
Measurement Unit (IMU) and the radiation sensors. The
signals are compared with a mathematical algorithm that
calculates the position of the sun and then performs the control
action to orient the solar panel. See Fig.6.

3.1. Solar Radiation Sensor

To measure the radiation a TCS3210 sensor was used,
which consists of a 4x6 matrix of silicon photodiodes that
convert incident light into a frequency output. This output is
directly affected by the tilt angle of the sun's rays impinging
on the sensor; providing an accurate way to find the sun
position during its trajectory. The frequency output delivered
by the sensor is a 3.3V digital signal; allowing a direct
connection to the microcontroller.

During the solar radiation measurement, the sensor was
covered with a vinyl layer to prevent saturation. Thus, for a
noon radiation with clear sky, the sensor generated a
frequency output of 16 KHz. In addition, for a shady day, a
10Hz signal was obtained. In this way, a single sensor allows
to know the position of the sun; but does not allow to define
the radiation amount presented on site. For this reason, it was
concluded to use an array of three sensors oriented differently
on the same axis of rotation. See Fig.7.

3.2. Inertial Measurement Unit (IMU)

The IMU was used to measure the solar panel tilt, hence
it was physically adapted to the mechanical structure of the
solar tracker and their axes were aligned with the axes of the
panel. The IMU used has 9 axis of data: L3GD20H 3-axis
gyroscope, LSM303 3-axis compass and LSM303 3-axis
accelerometer. See Fig.8.

Table 1. Electrical parameters of the 200W solar panel

Parameter Value
Short-circuit current (ls) 8.21A
Open circuit voltage (Vo) 32.1V
Voltage at Pmax (Vpmax) 26.01V
Current at Pmax (Ipmax) 7.69A
Temperature coefficient of voltage (Tc) -0.07v/°C
Temperature coefficient of current (T 0.002A/°C
Maximum voltage (Vmax) 33.06V
Minimum voltage (Vmin) 27.28V
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Fig. 6. General block diagram of the solar tracker.
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3.3. DC Motor with Quadrature Encoder

To control the declination and hour angle, gear motors
were used with stall torque of 14kg-cm and 8 kg-cm,

revolutions per minute of 350 and 150, stall current of 5A, free
current of 300mA, metal internal gears, output shaft of 6mm
and metal body with integrated encoder. The encoder
quadrature Hall effect has a resolution of 64 pulses per
revolution, therefore for a spin on the output of the gear motor
4288 pulses occur, giving a significant accuracy for any
motion control application. See Fig.8.

3.4. H-bridge Power Mosfet and Supply Source

H-bridge circuit, consisting of an array of Mosfet’s, is
used for controlling the movement of declination and hour
angle motors. See Fig. 9. For this purpose, PWM driving
signals generated by the digital controller were used.

The power supply for each of the components of the solar
tracker is taken directly from the solar panel. The power
source consist of active elements that convert the voltage
provided by the panel to different voltage ranges, which are
required for the operation of each component. The circuit has
output voltages of 3.3V, 5V, 12V and an additional output of
3V from a battery to power the real-time clock.

3.5. Digital Controller

The digital control circuit is essentially governed by the
DsPIC33fj12MC202, manufactured by Microchip, ideal for
handling motors using PWM signals. The programming
language chosen for programming the dsPIC was ANSI C.
The controller’s main function is to capture the signals of all
sensors, perform processing and generate Pl control
algorithm.

The PI controller was tuned using the closed loop Ziegler-
Nichols method. The root locus of open loop system is shown
In Fig.10, in which the value of the ultimate gain K, = 37.77
was obtained. From this value, the ultimate period P, = 0.84
was obtained by modeling the system to closed loop with unity
feedback. The obtained parameters were: K; = 0.45 and K, =
17 for the proportional gain; and T = P,/1.2 = 0.07 for the
integral constant. Figure 11 shows the flowchart of the digital
controller implemented in dsPIC and Fig. 12 shows the Pl
flowchart.
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Fig. 9. H-bridge circuit diagram.

141



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

C.R.Algarin et al., Vol.7, No.1, 2017

Root Locus

37.77

Time Capturing
Time Update{)

Calculation of the Solar Declination (8) and
Hour Angle functon of time (@

Calcslation Declination_Hour_Angle()

| Measuressents of Average Solar Rediaton (Rs) |

Read_Acceleration()

Caleulation of piteh and roll angles of the solar panel
Calculaticn Rell_Pich(

Calenlation_Theoretical_Solar
_Radiation (R1)

j

Fig. 11. Flowchart of the digital controller.

[ Getting the Controlled

Solar Pamel in a Fixed
Paxition

Signal
a=Roll Panel

Calculating the
Reference Value

RollRef

Ervor Calculation
etror=(RollRef-x)

Saturation Limity for the Integral
Constant

st (error_1==3000 0 && etror_1o=-
3000.0)

{error_l=envorrerror_1.)

Controller Output
u=170%eror+0.00%eryor_1;

PWM Output
OurputMotorO(u)

Fig. 12. PI controller flowchart.

Fig. 10. Root locus analysis

4, Results and Discussion

Once each of the stages of the prototype was
implemented, the outcome is the solar tracker shown in Fig.13.
Testing for different environmental conditions were made and
were compared with the results of simulations.

4.1. Simulation Results

For modeling and simulation, different types of tests for
each of the blocks were performed. In this document the final
test that integrates all components is presented. The
experiment was based on simulating the voltage, current and
power generation for the dual-axis solar tracker compared to
two fixed solar panels with declination angles of -9°, 0° and
23°; during the course of a day from 06:00 hours until 18:00
hours. As shown in Fig.14, the solar tracker showed better
performance along the tests conducted in contrast to fixed
solar panels with different declination angles.

4.2. Experimental Results

A resistive load of 10Q was used to determine the
performance of the solar tracker. Resistive loads allow an
analysis of the system active power without taking into
account the effects of reactive power that occur when elements
such as coils and capacitors are used.

Tests were performed with the solar tracker and a fixed
solar panel with different declination angles. The results
obtained are shown in Table 2, where N represents the day of
the year and & is the declination angle. All tests were done in
the hours between 06:00 and 18:00 in a residential area located
in the city of Santa Marta Colombia under different climatic
conditions. The preliminary results show the superiority of the
solar tracker compared to the energy generated by fixed solar
panel.

Subtracting the energy consumption of solar tracker,
which varies between 6.1 and 6.5 W-h, a maximum energy
increase of 9.87% was achieved taking into account different
tests that were conducted in cloudy conditions.
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Fig. 13. Solar tracker prototype.

Output Current (Amps) Solar Panel, Load=10 Ohms
38

\."I |
-g :‘n ;gl:'
E- o
i- 13 E 14
>0 —— Without San Tincker & - - 9 Degrees (Y i [ Withust Sex Tracker 4~ 9 Dogrens |
e With San Lrwcher 4= Y Degrees —With Sen Tracker & - 9 Degrees
s s Withowt Sue Tracker 6+ 0 Dugrony 0ne e Without Sun Tracker 4 0 Degroes !
s Wilhou! Sun Teacker & < 13 Degrees v Withoat San Tracker & = 2% Degrees | ¢
& 8 10 12 i 16 1% ‘! 11 12 16 1
Thoe (Hours) Time (Huary)
) Output Power (Watts) Solar Panel, Load=10 Ohms
0
. il 3
£ a0 !
,E 30 e Withowt Sum Tracker 6= 9 Degrees
20 e With Sus Teacker &+ % Dogroes
v WiRou! Sun Tracker 4~ 0 Degrees
10 ———Witheat Sua Trackes 8« 23 Degrees | |
“l s 10 12 " 16 I8
Time (Hour)
Fig. 14. Simulation results.
Table 2. Results obtained with the dual-axis solar tracker
Dav of the Energy with Energy Total Energy Energy Increased Energy
year Solar Consumption with Solar without Solar with Solar
y Tracker. W-h . W-h Tracker. W-h Tracker. W-h Tracker. W-h
N=15
§=-23 3° 780.2 6.2 774 719.3 54.7
N=16
5=21 5° 791.3 6.4 784.9 732.6 52.3
N=20
5=-15.4° 760.2 6.1 754.1 707.9 46.2
N=21
5=-5.58° 755.5 6.1 749.4 707.3 42.1
N=28
5=5 19° 782.2 6.2 776 731 45
N=29
5=15.14° 790.7 6.4 784.3 730.6 53.7
N=30
5=21 53° 785.4 6.4 779 715.9 63.1
N=35
5223220 799.8 6.5 793.3 722 71.3
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N=36

5219 84° 780.4 6.1
N=39

§=12.17° 7823 61

774.3 710.1 64.2

776.2 718.7 57.5

In the solar tracker implemented in [16] they were able to
obtain a maximum power increase of 11% excluding the
energy consumption of the stepper motor. Moreover, the two-
axis solar tracker implemented in [22] showed an
improvement in energy efficiency up to 20% for sunny days,
but for cloudy conditions the efficiency decreases
considerably. Also, the solar tracker developed in [20] showed
problems operating in cloudy conditions under which obtained
a 10% of increase in efficiency.

5. Conclusions

A prototype to track the sun's path with a dual-axis solar
tracker was implemented. The effectiveness of the
SymMechanics tool for modeling a mechanical system with
rigid bodies connected with movable joints was demonstrated.
In this way it was possible to evaluate the behavior of the
system without having a finished prototype. With the
simulation results, it was possible to verify that the solar
tracking system allows to increase the voltage output
compared with fixed solar panel systems in clear-sky
conditions and in tropical areas.

Tests with the prototype showed that the energy delivered
by the solar tracker is greater than the energy delivered by a
fixed single panel optimally oriented, including taking into
account energy consumption that involves the control action
of electromechanical system. Increased energy is between
5.95% and 9.87%. To ensure the rigor of testing, two solar
panels of 200W from the same manufacturer were used at the
same time under the same climatic conditions. A solar panel
was used for the solar tracker and while the other panel was
used for the fixed system.
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