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Abstract: Owing to swift and irrepressible increase in globalization, the power requirement and energy utilization are
also increasing day by day. To compensate the power needs, various renewable energy sources which consist
solar energy systems are been used in order to satisfy this ample demand. In order to eliminate the efficiency
limits of photovoltaic panel in a solar energy system, there are several methods by solar tracking. In this
study, a dual axis solar tracker system is newly designed and tested at several times to track the sun position.
A new approach to solar panel systems has been investigated and designed in this study via motivation of no
sensor and less mechanical construction. Since a fixed solar panel will not work with the highest solar
radiation at every moment of a day; a mobile system which has solar tracker can consider that it will work
more efficiently. Owing to the restricted solar radiation reception of fixed panel systems for, a new fabricate-
more efficient solar panel has been designed. Photovoltaic tracking mechanism having two axes has been
constructed and fabricated. The parts of the system have selected carefully via the multi decision criteria and
boundary conditions of the system has settled by calculating solar angles. This paper presents the mentioned
design construction detail and -however there is no any sensor- working results of the tracker whereby the
movement of a PV panel was controlled to setting of programming of a programmable logic-controller
(PLC). To perform the technical task, all electronic circuits and necessary software have been designed and
developed with some opportunities in industry and Istanbul Technical University. Fabricated this new design
tracker works very well and it is tested with several experimental studies. The results of the experimental
studies represent best performance of the fabricated new design. Due to results, sensibility for vertical axis
movement of the system is stated 1 degree via calculation. Based on the obtained results this study can
conclude that the fabricated new design for a solar dual axis tracking system offers several advantages
concerning the improvement of efficiency.
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Nomenclature

Latitude los | Reverse saturation current for the series resistance
Declination angle Tr | Reference temperature (°C)

Hour angle ki | Short circuit current temperature coefficient at Isc
Solar zenith angle Iss | Short circuit current at 25 °C

Solar elevation angle V | Cell voltage (V)

Azimuth angle g | Charge of an electron

Inclination of the panel A | Diode ideality constant

Angle of incidence K | Boltzan’s constant

Solar irradiation in W/m? T | The absolute temperature (K)

Output current of the solar cell in Amp Rs | Inherent resistances in series (ohm)
Rsh

Light generated current in Amp Inherent resistances in shunt (ohm)

P>y o= Do
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1. INTRODUCTION

Photovoltaic (PV) technology is an important technology that can convert solar radiation directly from
PV panels to electric energy [1]. Photovoltaic electricity generation is making rapid constructed and
operated in electricity grids worldwide. The solar capture technologies such as PV have better
performance when the direction of the Sun’s rays is normal to its surface. However, this is not always
possible due to the continuous apparent movement of the Sun. The output parameters/characteristics of
a PV panel are unstable and non-linear, with solar radiation, meteorological conditions, temperatures
and electrical loads [2, 3, 4]. To improve the efficiency, the solar panel should be such that it always
receives maximum solar irradiance variability at ground level. Effective utilization of solar energy for
a PV panel requires tracking of the sun [ 5, 6, 7]. If the PV system has a tracker unit, operators and/or
installers would not need to make more corrections that include manual calculation cases at every
second at interested location. Moreover, need to know the optimal tilt angle of a panel is essential
issue for energy modelers who are calculating regional or global PV output in a given location or
worldwide. Therefore, these pushing factors are cause to improving of the tracer systems. A solar
tracker is a device or electronic units for a solar tracker is a device for orienting a PV panel towards
the sun. The tracker systems that supply that a continuously align the array into the desired position
can be categorized in two categories such as single axis tracker and double axis tracker with respect to
construction of a PV panel's rotation axis [4, 8, 9, 10].

Using double-axis solar tracking systems, the position of the sun is followed in East-West direction
during a day and North-South direction during seasons. Therefore, in several studies, many different
methods such as a Light Dependent Resistor (LDR), phototransistors, and other sensors have been
proposed and used to track the position of the sun. The current technology on market can be
categorized as active tracer and passive tracer. A common solution for the Sun tracking is that a
central pivoting PV cell is carried around this pivot by one or more motors connected to an electronic
sensor. The sensors are used for measuring and/or detecting the Sun light and generating a
corresponding analog voltage signal into the input of the comparator circuit. On the other hand, the
problem with such a design with any sensors is that the sensors have a narrow sensitivity range,
troubleshooting difficulties, much more cost and weight when they are built in a circuit. In this
respect, the aim of this study is to design a dual axis solar tracking system without any sensor in order
to eliminate efficiency limits of PV panel to produce electrical energy from solar energy [1,3, 11-17].

2. BASICS OF THE SOLAR ENERGY

The several angle evaluations can make between the Sun radiation insulation on the Earth and the
surfaces. These angles vary due to position of the sun. In the other words, as know that the Earth
rotates about the Sun, the Sun's position varies depending on the longitude and latitude of the
interested location. It is clear that the solar angles will be different for different location during the
same period. A critical parameter for installing a PV panel is the tilt angle, since PV panel operation
efficiency varies by changing exposure to the Sun radiation [2, 3, 18, 19].

In order to construct a system that generates energy from the solar power, it is crucial to know the
properties of the Sun and the physical principle that lies behind the energy transformation occurs in the
solar panels. As know that geometry of the Sun -Earth occurs some angles between the sun lights and
the concerned surface of the Earth. In order to have maximum output solar power from the PV panel it
is essential to know these angles [1, 3, 5, 14, 15, 20]. For performance of PV systems at installation
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site, it is important to determine their optimum design. The first step of optimum design purpose has to
be determined the tilt angle of a PV panel due to the Sun light insulation at any latitude for any surface
azimuth angle. Some studies are rarely given by researchers for optimum tilt angles for fixed PV
systems such as the tilt angle is suggested with latitude +15 ° by Lunde [16], with (latitude+15) £15°
by Duffie and Beckman [11] and with latitude +8 ° by Lewis [4, 18, 19].

2.1 Methodology

Declination angle changes seasonally and approximate value of declination angle can be calculated
with Cooper Equationl [3, 4]. Where n is the day of the year with Jan 1 as n=1. To describe the hour
angle in the Equation 2, zenith angle can be calculated using by the Equation3. Solar elevation angle
can be calculated as the Equation 4. Azimuth angle can be written in the form of other angles such as
the Equation 5. The angle between the direct sun radiation that comes to the surface and surface
normal is called Angle of incidence which is written in the Equation 6 [1, 2, 3].

§ = —23,45 x c0s{0,986 x (n + 10,5)} @)
® = 3609 /24 h = (Local time - 12) )
cos(P) = sin() sin(8) + cos(8) cos(w) 3)
a = arcsin[cos(8) cos(p) cos(w) + sin(8) sin(p)] 4)
y = arcsin[cos (8) sin (w) / cos ()] 5)
6 = arccos[cos(8) cos(p — B) cos(w) + sin(8) sin (p — B)] 6)

By using these literatures' equations estimation of the tilt angle of the solar panel in daily and
seasonally basis is done in this study. In this point to have a basic estimation, the values from the solar
angle calculator [1, 2, 3, 11, 17-20, 21-23] are used for calculating tilt angle of the solar panel in a
year. The P tilt angles are shown in Table 1.

Table 1. Optimum tilt of solar panels in Istanbul by months

January February March April May June

33° 41° 49° 57° 65° 72°

July August  September October November December
65° 57° 49° 41° 33° 26°

A photovoltaic cells generate electricity as a consequence of the effect of solar radiation on
semiconductors. The electrical energy gained from solar energy can mathematically shown in the
Equation 7. where panel reverse saturation current los and current generated by the light I ¢ are given
by the Equation 8 and the Equation 9 respectively [1-3, 6-8, 18, 19, 23]. The values of these
parameters depend upon solar irradiance and cell temperature.
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where, | is the output current of the solar cell; I is the current across the p-n junction (light generated
current which depends upon the solar insolation); los is the reverse saturation current for the series
resistance; Tr is the Reference temperature; k; is the Short circuit current temperature coefficient at
Ise; Isc is the Short circuit current at 25 degree Celsius; A is the Solar irradiation in W/m? ; I is the
short circuit current (A); V is cell voltage (V); q is the charge of an electron equal to 1.6x10-19 (C); A
is the diode ideality constant; K is the Boltzan’s constant 1.38x10-23 (j/K); T is the absolute
temperature (K) of the junction; Rsand Rg, are the inherent resistances in series and in shunt to the cell
associated [4, 20, 23].

3. DESIGN and EXPERIMENTAL SETUP

The solar panel has been designed and the prototype of the system produced related to the motion type
of the model. As it is mentioned before, the system has binary motion in order to get the solar
radiation perpendicular to the panel’s surface every time. The solar panel makes its rotation around its
vertical axis in monthly basis. The orientation of the panel in vertical is related to the azimuth angle of
the sun that has been described in geometry of the sun part. In addition to that, the solar panel has its
rotation around its horizontal axis in daily basis depending on sunrise and sunset times. To find this
orientation, required tilt angle has calculated. Illustration about the motion of the designed system has
shown below in Figure 1.

o, Romﬁon,/\zmu PP S LD
Figure 1. Operation of solar tracking system.

DC motors with reductors used for both axis. The reason why reduction is applied to motors is that the

movement speed has to be too slow, since the system follows seasonal, monthly and daily activities of
the Sun. Motor that has been used for horizontal motion showed in the Figure 2.
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Figure 2. Motor which used for horizontal motion.

Gearwheels are used as reductors. In order to link motors, potentiometers and gearwheels enabling the
movement of two axis, belt hoops are used. For both axis, potentiometers are used in order to provide
position feedback of the panel. It measures the electric potential corresponding the position of the
panel in degrees. By using potentiometers, sensibility of movement for both axis are calculated. The
potentiometer used in the system and boundary potentials of the potentiometer is schematically shown
in the Figure 3.

Mobile End

Figure 3. Boundaries and mobile end of potentiometer.

The shaft, shown in the Figure 4, is used for the motion of horizontal axis and transmits linear
movement to rotational movement of the panel. It does not lose the position when the motor stops so
no break needed. There are 2 limit switches, for both axis and for both sense of rotations (positive and
negative) which keep the horizontal movement of the panel staying in defined boundaries.

If the movement cross these boundaries, in undefined region, there exist 2 other limit switches (for
both sense) for emergency cases in order to stop the motor. So totally 4 limit switches have used in the
mechanism.

Figure 4. Shaft used for the vertical motion.

The mechanism for the vertical axis of the solar panel system is based on a turning base with ball
bearings as it is said before. The base is attached to its motor with a belt hoop so as to apply gearwheel
principle and the potentiometer is stated between them. The schematic representation and the design of
the mechanism is shown below in the Figure 5.
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Figure 5. The vertical motion mechanism.

Horizontal axis is designed with motor, a shaft with screw and a horizontal plane on which the panel is
fixed. In addition, an equipment like movement crank is put in order to transmit linear movement on
the shaft to rotation movement on the panel plane as shown in the Figure 6. There exists a gearwheel
mechanism between the motor and the shaft with screw. The geared motor is linked to gear of shaft

via belt hoop.

Shaft Gearwheel

Figure 6. The horizontal motion mechanism.

4. RESULTS and DISCUSSIONS

According to gear numbers, rpm (revs per minute) and the reduction of the motor, sensibility for
vertical axis movement is calculated. This sensibility is stated 1 degree for both axis. To illustrate,
when the system receives a command to turn 5 degrees to positive way, potentiometers give the
position feedback to the PLC, but the system will work until the axis turns 5 and =1 degrees. The RPM

calculations for vertical axis motor is given by the Table2.
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Table 2. Revolutions for vertical motion motor

RPM (min~1) Reduction (min™!) RPM (min™!) RPS (sec™!) Gear Number
3000 120 25 0,416 24

For sensibility calculations, resolution of PLC is taken 1024 bit and the voltage for analog input is 10V
with resolution of 0,01 mV. Base with bear spheres has 125 gears and potentiometers have 10 gears.
This gives a 12,5 reduction for potentiometer (when base turns 360 degrees = 1 cycle, potentiometers
makes 12,5 cycles). We want the vertical axis to make 90 degrees, that gives us 3,125 cycles.
Calculations are shown in Table3.

Table 3. Sensibility value for vertical motion motor

Gear Number Potentiometer Reduction  Resolution Sensibility
Base 125 360° 12,5¢cycles 0,0347 Mechanical 0,2813°
Potentiometer 10 90° 3,125cycles Defined 1°

The RPM calculations for horizontal axis motor is given by the Table4.

Table 4. Revolutions for horizontal motion motor

RPM (min~') Reduction (min~!) RPM (min~!) RPS (sec™') Gear Number
3000 32 93,75 1,56 10

The rotation movement for vertical axis is constructed with 2 stages of gearwheel mechanism. For the
up stage, there exist one gearwheel with 40 gears and a potentiometer with 10 gears, the potentiometer
gearwheel is linked to down stage, to the gearwheel with 48 gears and another potentiometer with 12
gears. 1 cycle for upstage means 16 cycles for potentiometer. It is defined 180 degrees for horizontal
axis, thus up stage linked to panel should make % cycle which means 8 cycles for potentiometer. The
calculations for horizontal motor are shown in Table5. Therefore, it can underline which the
orientation of the panel in vertical with motor control is in line to the azimuth angle of the sun. Also,
horizontal motion results of the motor is in line with the daily basis depending on sunrise and sunset
times.

Table 5. Sensibility value for horizontal motion motor

Stages Gear Number Potentiometer Reduction  Resolution Sensibility
Gearwheel 40 . .

Up Potentiometer 10 360 16cycles 0044 Mechanical 0,2813

Down Gearwheel 48 180° 8cycles Defined 1°

Potentiometer 12

Moreover, these results are tested under several calculations and measurements as mentioned above
part. As before mentioned, the Sun tracking is set on the solar angle calculations. Therefore, this study
has result of calculations of the tilt angles and measured values of the intensity of direct radiation in
W/m? throughout the day. In this point, the graphical evaluations of the intensity of direct radiation in
W/m? throughout the day will service comparative view for our results. In the other word, tilt
calculations result that are given by the Table 1 in the part of methodology of this study were very
successful when they combined the measuring results as shown in the Figure 7.
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Figure 7. The graphs of the intensity of direct radiation in W/m? throughout the day.

Figure 7 represents the good correlations between the calculated tilt angle and measured values for
acceptable evaluation for well working of tracker design. It is clear that power varies with tilt angle
and solar radiation as mentioned the above parts and our literature reviews [1-23].

In the case of 0-degree tilt variation around an axis parallel to the horizontal plane of PV, a nearly
constant direct radiation is observed for the module power and power on the horizon. In this case, the
module power with power on the horizon does not change as illustrated on the Figure 7. However, as
the graph is also shown as in the Figure7 radiation which is shown in green line quickly decreases for
incidence angles larger than 2° dependents on the module orientation. It is visible from the plot that
between the months of April to June, the optimum irradiation is achieved when the tilt angle is at 0
degree. The results show, that the angle under which light hits the PV has a significant impact on its
performance. The new designed and structured tracker can therefore function as intended, i.e.
detecting the direct radiation, for all angles of incidence. Result from the study shows that, using the
tilt angle that yields the optimum irradiation for each month and daily can substantially increase PV
energy production.

5. CONCLUSION

Compared to other studies on solar tracking systems, double axis sun tracking system in this study has
constructed without any sensor so as to gain more output power from photovoltaic module in daily and
seasonal basis. The fabricated design without any requirement of sensor usage for the Solar tracking is
a novelty of this study. In addition, with the help of control panel, modification of different location
option also would be possible. So the system with the same productivity would also be able to use
different locations and different sun tracking project.
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Consequently, this study can be used for many applications and also can be developed for different
projects related to the position of the Sun or for mechatronics tracking applications. For example, to
produce electricity from panel, to charge batteries by using the electricity produced or maybe doing
efficiency analysis by doing experimental and comparing them with other fixed/single axis panels.

Limitations of the work

As a result of limited financial and laboratory resources, the solar radiation tracker could not be
continuously investigated with much more equipped analyzing units/ more expensive devices to
enable us perform future evaluations.
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