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Abstract

This paper proposes a novel tracking algorithm considering radiation to improve the power of a photovoltaic (PV) tracking
system. The sensor method used in a conventional PV plant is unable to track the sun’s exact position when the intensity of solar
radiation is low. It also has the problem of malfunctions in the tracking system due to rapid changes in the climate. The program
method generates power loss due to unnecessary operation of the tracking system because it is not adapted to various weather
conditions. This tracking system does not increase the power above that of a power of tracking system fixed at a specific position
due to these problems. To reduce the power loss, this paper proposes a novel control algorithm for a tracking system and proves
the validity of the proposed control algorithm through a comparison with the conventional PV tracking method.
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I. INTRODUCTION

Recently, PV systems have received a great deal of attention
due to the exhaustion of energy sources, high oil prices and
environmental pollution. A PV system does not require fuel
because it directly converts solar energy into electric energy.
Also, it is provides a viable means of power generation
for applications like power supplies to residential appliances,
telecommunications, refrigeration and water pumping. A PV
system does not need a power transmission system and its
operation and maintenance costs are very low. These systems
operate silently and create no atmospheric pollution. Their
major defect is that they have a high capital cost. However,
with the continuous decrease in the cost of solar cells, there is
an increasing interest in PV system applications. A PV system
requires special design considerations due to the varying nature
of the solar power resulting from unpredictable and sudden
changes in weather conditions which change the radiation level
as well as the cell operating temperature. Owing to changes in
the solar radiation energy and the cell operating temperature,
the output power of a solar array is not always constant [1],[2].
Hence, to increase economic feasibility above that of tradition
generation systems, a great deal of research on increasing solar
cell efficiency, reducing the cost of module production, power
converting techniques, solar tracking devices and other related
techniques is needed. A fuzzy based program method was
proven to be excellence in generation efficiency through real-
ized system and performances analysis [3],[4]. Also, tracking
systems using photo sensors and pyranometers were proposed
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[51.[6]. A tracking system was applied to a hybrid system
which tracks by a calculation of the azimuth and altitude and
a photo sensor for a parabolic dish tracking system using a
solar collector system that requires a high temperature about
650°C~1200°C [7],[8]. Photo sensor tracking systems have
difficulty in accurately tracking the sun because the track-
ing devices experience malfunctions due to rapidly changing
weather conditions such as clouds and fog. Furthermore, they
move by compulsion to a setting position or stop at the present
position when low radiation is encountered. A program method
using an astronomy algorithm generates a power loss due to
unnecessary operation of the tracking device system because
it is unable to cope with the weather conditions. There is a
great deal of research on improving the accuracy of tracking
solar position. However, research on the unnecessary power
loss of tracking devices due to the climate environment has
not yet been studied.

Therefore, this paper proposes a novel tracking method that
takes into consideration changes in weather conditions using a
radiation sensor, a wind speed sensor and a rainfall cumulating
sensor. The validity of this tracing method has been proved
through experiment results.

II. CONSTRUCTION OF A PV TRACKING SYSTEM

Divided by installation types, PV arrays can consists of fixed
or tracking PVs. Fig. 1 presents a fixed PV system and Fig.
2 shows a slope variable type PV system. The fixed type is
the most general format of PV array in a PV plant. This type
is installed on a fixed structure and the installation variables
are the tilt angle and the azimuth regarding the latitude of
the PV plant location. The installation variables of the slope
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Fig. 1. Fixed generation system of PV system.
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Fig. 2. Slope variable type generation system of PV system.
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Fig. 3. Type of tracking equipment of PV system.

variable type are the azimuth and the monthly or season tilt
angle regarding the latitude of the PV plant location.

A tracking device for a PV system is a structure supporting
the PV array. As the incidence angle of the solar radiation
energy at the array surface is minimized, the radiation energy
which is absorbed becomes greatest. As a result, the power
generation efficiency of the PV system is increased [7]-[11].
Types of tracking devices are one axis tracking, azimuth
tracking and two axis tracking.

The one axis tracking is tracked by rotation of an axis
located at the back side of the array. Installation variables
of the axis are the maximum and minimum tilt angle and
the azimuth or altitude of the installed rotation axis. This
tracking requires a great deal of investigation because the
power generation efficiency is reduced by the shadow effect
and the area of the PV plant according to the tilt angle
and the installation azimuth. Azimuth tracking is a fixed tilt
angle considering the latitude of the PV plant installation
location. The installation variables of azimuth tracking are
the installation tilt angle, the azimuth and the rotation angle
while the rotation axis rotates about the vertical axis. Two axis
tracking has two rotation axes which are controlled in order to
absorb the sun rays when they are perpendicular to the array.
Fig. 3 presents one axis tracking, azimuth tracking and two
axis tracking, while Table 1 shows their installation variables.
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TABLE 1
INSTALLATION VARIATION

[ Tracking Mode | Parameters required ]

No tracking Tilt and azimuth of PV array
Seasonal tilt Tilt and azimuth of PV array
adjustment

1-axis tracking
1-axis tracking
Azimuth tracking

Tilt or azimuth of tracking axes
None
Tilt and azimuth of tracking axes

gsm RT

Photo sensor input Photo sensor input
(Morth, South, Ceater) (East, West)
Subtractor
(Error=East-West)

Subiractor
(Ervor=North-South)

Move South No Move South

No
' Yes l
No

Move Stop

a Mo N
¥ v
| Move North I Move South | | Move East I Move West I

e
Move Stop

e ———
;STOP

Fig. 4. Control algorithm of photo sensor tracking method.

III. CONTROL ALGORITHM OF THE TRACKING SYSTEM

Control methods for the tracking controller are the program
tracking system, the photo sensor tracking system and the
hybrid method which is a mixed program and photo sensor
tracking systems.

A. Photo Sensor Tracking Method

The photo sensor tracking method is operated by sensor
error. In conditions of low radiation, the tracking device is
forced to moved to a set position or malfunction.

B. Program Tracking Method

The program tracking method calculates the solar position to
control the position of the PV array by a real-time calculation
or a predefined table using a motion equation of the Earth as
defined in astronomy. Devices utilizing the program method
consist of sensors in which we can confirm the location of
the tracing device, a controller within a microprocessor, a
motor and a decelerator. The program method is controlled
independently from weather changes and can be controlled to
a desired positions after sunset. However, this method needs
accurate azimuth settings and compensation. Furthermore, this
method has a problem that deceases the power generation
efficiency by operating the tracking devices regardless of the
weather and when the intensity of radiation is low.

1) Calculation of Solar Position: The energy generated
from solar cells is proportional to the amount of incident
light. It reaches its maximum value when the solar cell is
perpendicular to the sun’s rays. The Earth revolves in an
counterclockwise direction 1° per day around the sun and it
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Fig. 5. Declination variation of solar during 1 year.
rotates from west to east around a revolving axis in which it
declines 23.45°. Because of this, the latitude and longitude
of the location as well as the date and time are needed to
calculate the azimuth and the altitude of the sun. Accordingly,
the declination, equation of time, true solar time and hour
angle of the sun have to be calculated.

Declination is the angle formed between a straight line from
the central axis of the earth to the central axis of the sun and
the plane of the equator and it is expressed as follows:

§ = 0.322003 — 22.9711 cos(t) — 0.14398 cos(3t)
+3.946380 sin(t) + 0.019334 sin(2t) (1)
+0.059280 sin(3t)

where, t is day angle. The declination changes daily because
the revolving axis of the Earth inclines with 23.45. It varies
within a range of £23.45° at both ends and has a positive
value at the north. Fig. 5 shows the declination change curve
at 35° north latitude and 126.7° east longitude over a year.

The solar hour angle is the angle between hour circles after
meridian where the solar cell module is located. The angle
measured at the south point to the westward direction is called
the hour angle w and is expressed as follows:

w = (TAS — 12) x 15°
Lgr — L
_ (TSTD + ST = LOC

Tss : true solar time, T's7p : local standard time,

+ EOT — 12) x 15° )

L1oc :inclination of standard meridian,

Lyoc : inclination of the earth, FOT : equation of time

The equation of time is the time difference between the
true solar time and the mean solar time and it is expressed as
follows:

EOT = 0.258" cos(t) — 7.416™ sin(t)
—3.648" cos(2t) — 9.228" sin(2t) 3)

With the declination and the hour angle from (1) ~ (3), the
altitude and the azimuth is expressed as follows:

ag = sin~!(sin Lsin § 4 cos L cos & cos w) )
s = sin~! <0055 sinw) 5)
cos a,g

L : latitude of the earth
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2) PSA Algorithm: The characteristics of the position solar
array (PSA) algorithm [12] are as follows:

1) Used together with calendar dates and space time, cal-
culating the Julian date becomes easy.

2) Memory usage is improved with a range of variables
and the life span is controlled.

3) Speed and strength are enhanced by a simple and pow-
erful expression due to not needing to calculate the solar
azimuth based on the southern and northern hemispheres
of the sun.

4) Introduction of coefficients and conditions along with
a correction of the time difference helps modify the
simple functions of the Nautical Almanac by Michalsky
for better accuracy.

The input of the PSA is the time position. The short time
among the considering items is the provided date (year, month
and day) and the general time (hour, minute and second).
The position is given as the angle values of the latitude and
longitude at the observing location. Latitude has a positive
value in the northern hemisphere and longitude starts from
the east. The Julian date is jd and is expressed as follows:

jd = (1461 x (y + 4800 + (m — 14)/12)) /4
+(367 x (m — 2 —12 x ((m — 14/12)))/12
—(3 x ((y + 4900 + (m — 14)/12)/100)) /4
+d — 32075 — 0.5 + hour/24.0 (6)

where m is the month, y is the year, d is the day of the month,
hour is time of the day in normal decimal time. In other words,
the function of time contains minutes and seconds, and the
numbers below integers are ignored.

The solar ecliptic coordinates can be calculated from the
Julian date using (7)~(12) (For all radian angles).

n = jd — 2451545.0 @)
Q = 2.1429 — 0.0010394594 x n (8)
L(mean longitude)
= 4.8950630 + 0.017202791698 x n )
g(mean anomaly)
= 6.2400600 + 0.0172019699 x n (10)
I(ecliptic longitude) = L + 0.03341607 x sin(g)
+ 0.00034894 x sin(2g)
—0.0001134 — 0.0000203
X sin(€) (11)
ep(obliquity of the ecliptic)
= 0.4090928 — 6.2140 x 1079 x n
+0.0000396 x cos(€2). (12)

Changing from the ecliptic to the sky coordinates is calcu-
lated with standard trigonometry and is expressed as follows:
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rd(right ascension)

. _1 [cos(ep) x sin(l)
§(declination n) = sin™*[sin(ep) x sin(l)]. (14)

Changing from the astronomy to the horizontal coordinates
is expressed as follows:

gmst = 6.6974243242

+0.0657098283 x n + hour (15)
Imst = (gmst x 15+ Long) x (w/180) (16)
w(hour angle) = Imst — ra 17
0. = cos™ *[cos(®) cos(w) cos(d) + sin(8) sin(P)] (18)
_ — sin(w)
= tan~ " 19
7 ran tan(0) cos(®) — sin(P) cos(w) (19)
FEarthMeanRadius
P = 51 2
arallaz AstronomicalUnit . sin(0:) 20)
0, =0, + Parallaz. 21

The radius of the Earth and distance to the sun is expressed
as follows:

FarthMeanRadius = 6371.01km
AstronomicalUnit = 149597890km.

(22)
(23)

IV. CONTROL ALGORITHM WITH RADIATION VARIATION

When solar radiation is low because of mist, clouds or rain,
the refraction effect of sun’s rays affect the PV. Furthermore,
the power of the tracking PV system cannot be exceeded when
fixed in a particular position despite the tracking system’s
estimate of azimuth and altitude in real-time. This is because
the solar radiation is low and it brings about a power loss in
the operating tracking system.

If a sensor tracking system is controlled with little dead
band width of the photo sensor, it causes unnecessary power
loss by operation of the tracking devices and the generated
energy does not increase. This system can reduce the power
loss because tracking devices do not operate in the case of a
large dead band. However, errors in the azimuth and altitude
become far larger, so the power generation efficiency of the
PV is decreased.

Therefore, in this paper, while the sun is at a position that
can be tracked, an analog value (0 5Vdc) of the radiation
is input to the A/D converter. When it reaches or exceeds a
preset value, the proposed method controls the tracking device
so that the solar position and the array become perpendicular.
If the amount of solar radiation is less than the preset value,
the tracking device will be moved to a set position and stop.

The new control method, which takes into consideration
radiation change, uses the current azimuth angle, altitude and
radiation variables. If the radiation is lower than the value
set according to the azimuth and the altitude is within the
range that the tracking device can control, the device is forced
to reposition and then stop. Furthermore, since the radiation
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START

| Force command

No
Valid control time
Yes

Normal control Environment
tracking Control tracking

‘ STOP ,

Control flow-chart by radiation change.

Fig. 6.

START

PV Array Tilting
Control mode

PV Array Horizontality
Control mode

( STOP ’

Fig. 7. Control flow-chart by rain sensor change.

has the possibility of making the tracking device malfunction
because of clouds, refraction or falling leaves, a certain level
of dead band is configured to sample the radiation after a
set delay. If the amount exceeds the set value, the tracking
device controls the azimuth and the altitude of the sun with
the program method.

Fig. 6 and 7 show the control flow chart according to
a change in radiation and in the analog input of the rain
sensor. If a lower radiation than the set value is input to the
controller, the tracking device is switched to environmental
control tracking mode. In case of rainfall or snowfall, if
the value of the input to the rain sensor is larger than the
preset value it repositions the PV array to a preset inclination
angle. If rainfall and snowfall cannot be detected, the tracking
device moves to a preset position according to the azimuth
and altitude. When the radiation exceeds the set value, it is
switched to a mode that can control the current azimuth and
altitude.
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Fig. 9. Experiment equipment of PV tracking system.

V. EXPERIMENTAL AND RESULTS

Fig. 8 presents the configuration of the PV generation
system proposed in this paper. Two of the tracking devices
are from the 2-axis tracking group and one is from the 1-axis
tracking group. The module capacity per group is 32kW. Fig.
9 is the experiment equipment of the PV generation units.
Fig. 9(a) shows the PV tracking system and Fig. 9(b) shows
the inverter group of the PV generation system. For a validity
analysis of the proposed algorithm, compare the efficiency of
the sensor method and the program method during a rapid
change in radiation.
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Fig. 10. Change of DC voltage by climate environment (with low
radiation).
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Fig. 11. Comparison with power by control method (with low radiation).

A. Result Analysis with the Conventional Tracking Method

Fig. 10 presents the variation in radiation and DC voltage
based on the control method of the tracking device. Fig. 11
presents a generation comparison based on the control method
of the tracking device and radiation. The program method
(40.42kWh) is higher than the sensor method (38.85kWh).
This is because the tracking system of the sensor method is
not operating due to low radiation.

Fig. 12 presents the variation in radiation and DC voltage
based on the control method of the tracking device and
radiation. The average radiation is 100[W/m2] due to pouring
rain by a typhoon on the day of experiment. Fig. 13 presents
a generation comparison based on the control method of the
tracking device and radiation. When the sensor method and
the program method are compared, the generation of the
program method (14.17kWh) is higher than the sensor method
(13.35kWh). This is because the tracking system of the sensor
method is not operating due to low radiation. Accordingly, in
low radiation, the tracking of the program method is better
than the sensor method. The analyzed data is also used to
compare the proposed method with the conventional program
method in section 5.2.

B. Result Analysis with the Proposed Method

Fig. 14 presents the variation in surface temperature and
AC power with the proposed control method. Fig. 15 presents
the variation in DC voltage and DC current with the proposed
control method and the conventional control method. The DC
voltage of the proposed method is higher than the conventional
method. Fig. 16 presents a generation comparison of the
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proposed control method and the conventional control method.
The generation of the non-tracking system where the tracking
device is controlled to a specific location is higher than the
real time tracking system in low radiation. Generation with
the program method is 73.24[kWh] and with the proposed
algorithm method it is 75.11[kWh]. The generation efficiency
of the proposed algorithm method is 2.5% higher than the
conventional method. Accordingly, the tracking system of the
proposed algorithm is better than that of the conventional
method with low radiation and variations in radiation.

VI. CONCLUSIONS

This paper proposes a novel control algorithm for a PV
tracking system which can reduce unnecessary power loss in
the tracking device. Sensor and program tracking PVs cannot
deal with external climate factors, which causes power loss
due to unnecessary operation. In particular, the sensor method
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clearly reduced the generated energy by forcing a move to a
preset position or by stopping at its current position under low
radiation or due to a malfunction in the tracking device due to
suddenly changing weather conditions such as clouds or fog.

This paper proposes an algorithm that uses radiation sensors,
wind speed sensors and a rainfall cumulating sensor to quickly
adapt to changes in climate. A tracking system using the
proposed algorithm is compared with the conventional system
in regards to DC voltage, AC voltage and power.

A tracking system with the proposed algorithm increases
efficiency by about 2.5% under sudden changes or low ra-
diation when compared to the conventional program method.
Therefore, the validity of proposed algorithm has been proved.
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