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DESIGN AND CONSTRUCTION OF A TWO AXES SUN TRACKER
PROTOTYPE WITH A REAL TIME CONTROLLER AND HYBRID
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-ABSTRACT

The sun tracking became of high necessity for increasing the efficiency and reducing the cost of
photovoltaic systems and solar concentrators. This system is used for maximizing the normal
meident direct solar radiation on the surface of these devises. This is essential in solar water pumping
for irrigation and power generation. In the present study, a new prototype sun tracker {heliostat) js
designed, constructed and tested. This sun tracker tracks the sun on two axes and uses a real time
control unit and hybrid stepper motors. The control unit uses a low cost microcontraller compared to
the other controllers. The microcontroller provides a large number of input/output pins for controlling
the hybrid stepper motors and the LCD screen. Also, its internal memory size and the processing
power are high making it the most suitable device for solving solar energy equations in real time. The
proposed sun tracker is seen 1o be simpler in operation and more reliable than the PLC,
microprocessor and electro-optical controlied systems. Results show that this sun iracker has a good
accuracy for tracking the sun and that the experimental data are closely fit the theoretical results.
Hybrid stepper motors with their advantages and the control system are suitable for these
applications. Thus, this sun tracker is also seen to be suitable for the photovoltaic panel used for solar
pumping, power generation and the dish type solar concentrators.

Keywords: Design, construction, real time, two axes, sun tracker, hybrid stepper motors.
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INTRODUCTION

The energy needs and costs have increased in
recent years, while the process of energy
production is harmful to the environment.
Solar energy is the best chose since it is
clean, renewable and abundant in several
parts of our Arab world. Photovoltaic panels
convert solar energy directly into direct
current electrical energy for water pumping
in irrigation and power generation. The
amount of electrical energy obtained from
the photovoltaic systems is  directly
proportional to the intensity of solar radiation
falling on the panel surface. However, the
change observed in solar energy does not
oceur linearly, for this reason it is desired
that the solar panels have a solar tracking
unit especially in the grid connected systems.

Many classes of sun -trackers can be
distinguished depending on the classification
criteria. Regarding the movement capability,
three main types of sun trackers exist; fixed
surfaces, one axis trackers Poulek and Libra
[1] and two axes f(rackers Abdallah and
Satem [2]. Sun tracking systems are designed
to track the sun on a single axis according 1o
the solar azimuth angle, or on two axes
according to the solar azimuth and altitude
angles. The main difference among them is
the ability to reduce the pointing error,
increasing the daily irradiation on the solar
cells surface and thus the produced electric
energy. Regarding control method, the main
types of solar trackers are: passive,
microprocessor and electro-optical controlled
units. The ficst type does not use any
glectronic control or motor mathematical
formulae to predict the sun’s movement and
does not need sense the sunlight. An example
of this kind of sun tracker can be found in
Roth et al. {3]. The second type uses electro-
optical control system that uses a sensor
(e.g., auxiliary bifacial solar cell panel and
pyrheliometer) to estimate the sun’s real
position is used in the control algorithm
reported by Abdallah and Salem [2] and
Clifford and Eastwood [4].

Varicus studies were conducted on the sun
tracking systems using a number of different
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techniques. Rubio et al. [S] presented a
control systemn of a sun tracker that is able to
follow the sun with high accuracy without
the necessity of either a precise procedure of
installation or recalibration. A hybnd
tracking system that consists of a
combination of open loop tracking strategies
based on selar movement models and closed
loop strategies using a dynamic feedback
controller. Barakat et al. [6] designed and
constructed a two axes sun tracking system
with a closed loop control system. This
system is used for maximizing the normal
incident direct solar radiation on the
photovoitaic panels; thus a 20-50% increase
in the energetic efficiency can be achieved.
Hession and Bonwick [7] reported that using
both analog and digital techniques with a sun
sensing phototransistors that enabled the
sun’s position to be resolved to a precision of
better than 0.1°.

Ali (8] presented a sun tracking design,
whereby the movement of a photovoltaic
module was controlled te follow the solar
radiation vusing a PLC unit. A PLC unit was
employed to control and monitor the
mechanical movement of the photovoltaic
module and to collect and store data related
to the solar radiation. The photovoltaic
tracking system can be employed as a
standalone device and it could be connected
to a personal computer through the RS232
serial port to momitor the whole process on a
computer screen. Roth et al. [3] designed and
consiructed a sun tracking system operates
automatically, guided by a closed loop servo
system and a pyrheliometer.

Soters [9] described a tracking system which
can be used with single-axis solar
concentrating systems. The position and
“status" of the sun are detected by three light-
dependent resistors. Alata et al  [10]
presented and demonstrated the design and
simulation of time conirolled step sun
tracking systems that include: one axis sun
tracking with the tilted aperture equal to the
latitude angle, equatorial two axis sun
tracking and azimuth/elevation sun tracking.
In addition, an estimation of the insulation
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incident on a two axis sun tracking system is
determined by fuzzy IF-THEN rules.
Veeracchary and Yadaiah [11] presented an
application of the Artificial Neural Network
method in a two axis sun tacking system.

It can be seen that ail the above systems are
either complicated, expensive or contain
many compenents. In the present work, a real
time two axes, hybrid stepper motors driven
prototype  sun  tracker 1s  designed,
constructed and tested. The control unit
includes a low cost microcontroller compared
to the digital signal processors and PLC
control unit and provides a large number of
input/output pins for controlling the hybrid
stepper motors and the L.CD screen. Also, the
internal memory size and the processing
power are high making it the most suitable
device for solving solar energy equations in
real time. This sun tracker is seen to be
simpler and much cheaper than the above
PLC, microprocessor and electro-optical
controlled systems.

The hybrid stepper motor is used in the
present  work and  offers  numerous
advantages reported by Delmar [12] as:

* Stable operation: can drive a wide range
of fractional and inertial loads.

¢ Inexpensive plug and play: easy to setup
and used in a system.

» High torque at low speed: can dnve
many Joads without gearing.

» Safe at overload: the hybrid stepper
motor cannot be damaged by mechancal
overioad.

» Full torque at standstill: if the windings
are energized.

» Precise positioning: motors have an
accuracy ranging from 3 to 5% of the step
and this error is not cumulative from one
step 1o the next.

e Very reliable: since there is no contact
brushes in the motor. Therefore, the life of
the motor is stmply dependant on the life
of the bearing.

¢ Provides open loop control: since it
responses to digital input pulses, making
the motor simpler and less costly to
control,
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THE SYSTEM MODELING

The two axes sun tracker movement is
decided by the relationship between both the
solar altitude angle (@) around E-W
horizontal axis, and the solar azimuth angle
{a) around a vertical axis. The solar altitude
angle (&) can be calculated from Duffie and
Beckman [13],

sine=cosLcosdcosh+sinlsind (1)

Where, h 1s the solar hour angle given by,
h=(12-t)x15° )

1 is the local time, hr
L is the latitude angle = 31.04083° N

d 1s the solar declination angle which is
defined by,

§=23.5 sin P@(N + 284)_' (3
365 ]

Where, N is the day number starting from
January first.

The solar azimuth angle (a) is given by
Braun and Mitchell [14] as,

a=C,Cy(a)+90C, (1-C, Cy) 4)

Where,

K :Sin_l,rsinhcosé}} 5)
cos

and, Cy, Cy, G5 Regression constants

given by,

Cy=1 if abs(h) <heyw =-10Otherwise

Cy;=1 if L(L-8)>=0 =-10Otherwise

Cyi=1 ifh>=0 = -1 Otherwise

cos(h,,, ) = g% (6)

At sunrise hour, the sun starts to move up
untif 12 noon and then move down to sunset
hour angle (hs) that is given by Duffie and
Beckman [13] as,

h, = cos™ (-tan L tan §) (7

s

Where, h; is the sunset hour angle.
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The sunrise hour can.be obtained from' the
symmetry of the day around the noon.

Equations from (1) to {7) are solved by the
MATLAB software with 0.01 hour time step
from sunrise to sunset hour. The input data to
the computer program are the date
(day/month/year) and the latitude angle. The
output is the solar altitude and azimuth
angles at any day of the year.

EXPERIMENTAL
PROCEDURE

The experimental setup consists of a vertical
axis, 12 mm diameter and 30 cm length fixed
from the lower end to a hybrid stepper motor
1 that rotates in the horizontal plane. From
the upper end, the axis is fixed to a hybrid
stepper motor 2 that rotates in the vertical

SETUP AND

plane. A hard plastic plate 7 x 7 cm with a-

number of concentric circles, 2 mm apart, is
fixed at one side of the hybrid stepper motor
2 as shown in Fig. 1. An aluminum peinter
1.5 mm diameter and 20.5 cm length is fixed
perpendicular to the centre of the plate circles
center.

The two hybrid stepper motors have 1.8° per
step and are powered via a control circuit.
The microcontroller provides a half stepping
mode (0.9° per step) for programming the
movement of the two motors as reported by
Takashi Kenjo [15]. The required electric
current and voltage for the contro} circuit are
supplied by an external power supply. The
electronic components in the circuit are
cooled with an air cooling fan. The circuit,
power supply and the fan are fixed on a
wooden plate with four screw legs for
horizontal adjustment as shown in the.same
figure. The shadow length can be measured
by the concentric circles shown also n Fig.
1. A photograph of the experimental setup 1s
shown in Fig. 2.

Figure 3 shows a block diagram of the
control circuit where the basic component 1s
the microcontroller type PIC18F452 from
Microchip Company. This microcontroller
has been chosen, since it provides a large
number of nput/output pins (40 pins) for
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controlling the hybrid stepper motors and the
LCD screen. Also, the internal memory size
(32 KB program memory and 1.5 KB data
memory) and the processing power are high
making it the most suitable device for solving
solar energy equations in real time.
Moreover, it jis readily availabie in the
market with a low cost compared to the
digital signal processors and the PLC
controller. The hybrid stepper motor
interface circuits which consist of high power
transistors are used as electronic switches to
provide the necessary current and voltage to
drive the hybrid stepper motors as reported
by Padmaraja and Sandip [16]. These
transistors are controlled by the small control
signals coming from the microcontroller as
shown in the same figure.

The real time clock (DS1307 from Dallas
Semijconductor company) is used to provide
the microcontroller with time and date which
are used by the control program to solve
equations from (1) to (7). The 3.3 V battery
15 used to keep the current time and date in
case of power failure. The control buttons are
used to adjust, controlling and reset the
control circuit and the real time clock with
the help of the LCD screen. Also, the LCD
screen shows motors angle versus current
time and date. The hybrid stepper motors
specifications are shown in Table (1) and a
photograph of the two hybrid stepper motors
1s shown in Fig.4,

The experimental work is carried out on the
roof of the Thermal engineering laboratory,
Mechanical power department, Faculty of
Eungineering, Mansoura University, latitude
31.04083° N and longitude 31.4861° E. The
experiments are conducted in October, 2009.
The experimental setup is fixed in the correct
direction and the readings of the LCD screen
and the length of the pointer shadow are
recorded about half an hour intervals.

Before starting of an experiment, the plate s
adjusted horizontaily by the help of the four
screw legs and to the south direction by a
compass. The motors start to move towards
their correct positions by a step 0.9°. At the
correct position, the pointer 1s directed to the
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sun position, which means that the plate is
exactly perpendicular to the beam solar
radiation with a zero incident angle. At this
moment, the shadow length of the pointer is
zero. If there is any deviation, it can be
measured by the shadow length on the plate.
The actual (measured) incident angle is
obtained from,

Shadow IengthJ (8)

Incident angle =tan™ ;
Pointer length

RESULTS AND DISCUSSION

Equations from (1) to (7) are solved by the
MATLAB software. Theoretical results for
three days of the year representing summer
solstice 21 June, winter solstice 21 December
and equinox 21 March/September are shown
in Fig. 5. Three graphs represent the solar
altitude angle for the three days and the other
three graphs represent the solar azimuth
angles. The maximum value of the solar
altitude angle is at 12 noon. While, the solar
azimuth angle is negative in the morning,
zero at 12 noon and positive in the afternoon
hours. The theoretical incident angle is equal
to zero all the time of the day.

Figures 6, 7 and 8 show the experimental
results for the days 24, 25 and 27/10/2009
respectively. In these figures, continuous
lines represent the theoretical results obtained
from the MATLAB software. The
experimental results for the incident angle
are calculated from the shadow and pointer
lengths as given in equation (8). The data are
taken in the three days, each half an hour,
from about 8.30 hr to 1530 and 16.00
respectively. It is clear that the experimental
results are very close to the theoretical
results.

The results show that this sun tracker is
suitable for the solar photovoltaic panel used
for water pumping form wells, solar power
generation and the dish type solar
concentrators. Hybrid stepper motors with
their advantages and the control system are
suitable for the above applications. The
altitude and azimuth angles obtained from
the LCD screen is exactly coincides with that
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obtained from the MATLAB software. This
18 obvious since the same equations are used
in the microcontroller.

CONCLUSIONS

[n the present study, a prototype two axes sun
tracking system (heliostat) is designed,
constructed and tested. This sun tracker is a
real time controlled and driven by two hybrid
stepper motors with a 0.9° step for each
motor, Hybrid stepper motors with their
advantages and the control system are
suitable for these sun trackers. The control
unit uses a low cost microcontroller
compared to the other controllers. This
microcontroller (PIC18F452 from Microchip
Company) provides a large number of
input/output pins for controlling the stepper
motors and the LCD screen. Moreover, the
internal memory size and the processing
power are high making it the most suitable
device for solving the solar energy equations
in real time. This sun tracker is seen to be
suitable for the photovoltaic panel used for
solar pumping and power generation and the
dish type solar concentrators. Results have
shown that this sun tracker has a good
accuracy for tracking the sun, and that the
measured data are very close to that
calculated from the MATLAB software. This
sun tracker is also seen to be reliable,
nexpensive and simpler than the previous
systems with PLC, microprocessor and
electro-optical controlled systems.

NOMENCLATURE

a Solar-azimuth angle,

Ci, Cy, Gy Regression constants

h Solar hour angle,

hg Sunset hour angle,

L Latitude angle of the place
(31.04083° N for Mansoura, Egypt)

N The day number starting

from January first

t Local time (hr)

Greek symbols

o Solar altitude angle,

& Solar declination angle.
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Fig. 1. The experimental setup.

Fig. 2. A photograph of the experimental setup.
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Fig. 3. Block diagram of the control circuit.

Table (1) Specifications of the hybrid stepper motors.

Specifications Motor 1 Motor 2
Model KP56QM2-001 PK266-03A
Step angle, Degree 1.8 1.8
Rated voltage, VDC 7.3 3.2
Holding torque, N.m 0.716 1.17
Rated voltage, VDC/phase 5.2 3.2
Connection type Bipolar (Series) | Bipolar (Series)
| Current per phase, A/Phase 1.4 2.1

Hybrid stepper motor (1)

Hybrid stepper motor (2)

Fig. 4. A photograph for the hybrid stepper motors,

Stapper motor 2
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