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ABSTRACT

In this paper two axis sun tracking method is used to absorb maximum power from the sun's rays
on the solar panel via calculating the sun’s altitude and azimuth angles, which describe the solar
position on the Iraqi capital Baghdad for the hours 6:00, 7:00, 8:00, 9:00, 12:00, 15:00 and 17:00
per day. The angles were calculated in an average approach within one month, so certain values
were determined for each month. The daily energy achieved was calculated for the solar tracking
method compared with the fixed tracking method. Designed, modeled and simulated a control
circuit consisting of reference position truth table, PI Controller and two servomotors that tracked
the sun position to adjust the PV panel perpendicular on the rays of the sun. The results obtained
by a simulation software MATLAB/Simulink.

Keywords: Solar Panel, Renewable Energy, PI Controller, Servomotors, MATLAB/Simulink.
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1. INTRODUCTION

Due to the increasing demand for renewable energy resources because it is environmentally
friendly as it reduces greenhouse gas emissions and reduces the dependence on fossil fuel energy
generation and thus in the future lead to increased reliance on renewable energies at the expense
of energies generated by other traditional methods.

One of the best sources of renewable energy is solar energy, especially for a country such as lIrag
because it is almost continuous throughout the four seasons of the year and it is free and high
quality. Also the vast land in this country, which can be grown with huge number of solar panels.
The photo voltaic (PV) panels converts solar radiation into DC electrical power and the amount
of this real power generated depends on the intensity of the solar radiation falling on the unit area
of the PV, which changes with respect to (W.R.T) sun angles from sunrise to sunset. Therefore,
the efficiency of fixed PV panels is less than tracking panels because the solar panel produces
maximum output energy when the sun is vertical on it (Mishra, et al., 2017).

For this reason, this research is interested in tracking the sun to increase the efficiency of the solar
panel.

In (Neville, 1978) a comparative study made between one axis tracking and fixed collectors. That
showed there is around 50% declination in the maximum performance of a fixed collector.
However, it is 10% for the axis-tracking panel. Although (Hartley, et all., 1999) founded the
optimum tilt angle of the collectors in Valencia, Spain.

(Alata, et al., 2005) showed two axis tracking method that tracks the sun angles by using IF-THEN
fuzzy control method. Whereas reference (Chin, et al., 2011) showed single axis tracker sensed
by two (LDR) sensors, which positioned on the external surface of the PV panel. But (Bawa and
Patil, 2013) produced sun-tracking system depend on Arduino and LDR except it presents the
fuzzy logic control and maximum power point tracking (MPPT).

(Al-Najjar, 2015) showed the comparative study of using tilting tracking and fixed horizontal
tracking method for 8 month in Baghdad city. The tilting angle was adjusted every day, but the
azimuth angle still constant. It showed that the using of tilting method is more effective at winter
with maximum energy gain at winter/February. However, the average insolation was (910) W/m?
by tilting method and (713) W/m? at fixed horizontal method. In (Mishra, et al., 2017) the active
tracking was presented, the tracking system was built on Arduino UNO and used of the light-
dependent-resistor LDR and a stepper motor which allows accurate tracking of the sun.

All (Mishra, et al., 2017), (Bawa and Patil, 2013) and (Chin, et al., 2011) papers are active sun
tracker. This type of tracking is depending on the sensors quality that are affected with heat,
humidity or corrupted by any external cause (Hashim and Husien, 2016).

This paper depends on the computational method of calculating the altitude and azimuth angle of
the sun position during all seasons for Baghdad city. These calculated angles will be database of
the sun position that shines on Baghdad to the later researchers and this paper showed comparative
results of the sun irradiances between the fixed panel and two axis-tracking panel. The two-axis
tracking method is based on two servomotors with efficient and simple control circuit.

2. PV MODULE

To know the electronic performance of a solar cell it is important to know the PV module
equivalent circuit and the output current equation where the equivalent circuit is shown in Fig. 1.
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While Eq. (1) represents the output current equations (characteristics equations) (Bawa and Patil,
2013) , (Ozcelik, et, al., 2011) , (Jackson, 2008)

[=1, —Ip —Isy 1)
v
Ip = lo(exp ((2) = 1) 2)
V4Rl
oy = = ) (3)
SH

As a result, the characteristics equation is as follows:

A V+Rgl
[=1 —lo(exp (42) - 1) - =2 (4)

Eq. (4) produces the voltage current (\V-1) curve of the PV as shown in Fig. 2.

It is clear from Eq. (4) that the PV current is mainly depend on photo current which is based on
sun irradiance(w/m?) (Jackson, 2008). For this reason, it is important to track the sun to increasing
the PV efficiency.
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Figure 1. PV equivalent circuit. Figure 2. V-1 curve of PV.

3. TYPES OF SUN TRACKERS

3.1 Active Trackers

This type of trackers are made by using microcontroller which receives the signal from sensing
element that monitors the sun’s location during the day like LDR then drive the motor to adjust
the PV panel position. (Mishra, et al., 2017), (Bawa and Patil, 2013), (Chin, et al., 2011),

(Otieno, 2015).

3.2 Sun Trackers Based on Solar Geometry

These trackers depend on the fact that the earth rotation about itself and around the sun is constant,
hence the sun angles can easy calculated. Therefore, by knowing these angles, the sun can be
tracked from specific location regardless the presence of sun rays. Therefore, this type of tracking
is simple and accurate (Ozcelik, et, al., 2011), (Alata, et al., 2005), (Otieno, 2015), (Maleki,
etal., 2017).
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4. SOLAR ANGLES
The position of the sun differs at all the time depend on the earth rotation around itself and around
the sun. To understanding and calculating these angles there are some important identifies as
follows:
4.1 Solar Time: it is the time of the real position of the sun. This means it differs between a few
kilometers east or west while the clock time (local standard time) is the same (Alata, et al., 2005),
(Duffie and Beckman, 1980). The difference between these two times is known as the equation
of time (E) (Ozcelik, et, al., 2011), (Alata, et al., 2005), (Maleki, et al., 2017).

E = 229.2(0.000075 + 0.001868cosB — 0.032077sinB — 0.014615co0s2B —

0.04089sin2B) (5)
Where:
B=Mn-1) % for  (1<n<365) (6)

To get the solar time from the local standard time, the following equations is used.

ts —t; = 4'(Lst - Lloc) +E (7)

4.2 Hour Angle (w): it is angle represents a time in terms of degrees instead of minutes where one
degree for four minutes. This means fifteen degrees for one hour and it is positive after solar noon
and negative before it as shown in Fig. 3. It expresses as follows.

w = 15(t; — 12) (8

4.3 Declination Angle (8): is the angular location of the sun south or north of the equatorial plane
as shown in Fig. 4 and states as follows.

. 284+
§ = 23.5 sin (360 ") (9)
365
IOZOOV QHQ Q 2:00
g:OOO_;Szaoo :nug‘{lre o -

200@ cor declination —){

5
Figure 3. Hour angle. Figure 4. Declination angle.

4.4 Altitude Angle (a): it is the angle between the horizontal plane and the direct rays of the sun
as shown in Fig. 5.

4.5 Zenith Angle (62): is (90°-a) in other wards the angle between the vertical line and the direct
rays of the sun.
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a = sin~1(sind sin@ + cosd cosw cos®) (10)

0, =90 —a (11)

4.6 Azimuth Angle (y): itis the angle that calculated clockwise from the north coordinate axis to

the sun central rays as shown in Fig. 5 (Otieno,2015), (Ozcelik, et, al., 2011), (Alata, et al.,
2005), (Chin, et al., 2011).

¢ _ . —1 [—cosé sinw
y' = sin (S22 (12)
If:
cosw = % ; theny = 180 —y' (13)
Else y =360 + ¢’ (14)

. is the altitude angle
v is the azimuth angle

E

Figure 5. Altitude and azimuth angle w.r.t. Figure 6. Sun tracking by PV panel
horizontal plane

Therefore, the sun-tracking can achieved by considering the altitude and azimuth angles as a
references position of the two servomotors, which adjust the PV panel position perpendicular to
the sun rays at all time as shown in Fig.6.

5. CALCULATING CLEAR SKY INSOLATION

The direct insolation (H) applied on a two axis tracking PV panel with known latitude, altitude
over the sea level and the time can be calculated by the following the equation (Ozcelik, et, al.,
2011), (Hu and White, 2009).

M0-678

H=K x0.7 (15)

Where K and M are:
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2m(n+10)

K =1373(1 + 0.0033cos (Z-=>)

(16)

1
cos0,

M= ( + 0.15(3.885 + 0,)712°3)exp (—0.0001184 X Altitude) (17)

While the insolation with respect to horizontal plate (Mohamed, et al., 2017) is given by:
1
H = 1360 x 0.7Gn@ X sina (18)

6. POSITION CONTROL CIRCUIT

The general block diagram of the position control circuit is shown in Fig. 7 which compares the
a, y reference position with the current position then the error signal enters PI controller to adjust
the location of the PV panel via DC servomotors.

The proposed system tracks the sun position at 6, 7, 8, 9, 12, 15 and 17 time o’clock. This means
long period of time between the previous and the next position, where one hour is the minimum
period. Therefore, the PI controller is more suitable choice than PID controller when the speed of
the system isn’t an issue (Rao, 2013).

The speed of the motors are proportional to error signal. Consequently, when the motor is near
enough the wanted position, it move slowly. Else, it turns fast where this is a proportional control.

The advantages of using servomotors among others type of motors are its holding torque, has 90%
of the rated torque at high speeds, quiet, no vibrations, their high efficiencies and it supplies about

double their rated torque for short time (Otieno, 2015), (Luque and Andreev, 2007).

DC Servo Motor

9* 1 I'm 1 w

Reference —|!
Position—>§)—> PI >§)—>LaS+Ra > K, s +B |

@ (Position)
>

vl =

Figure 7. Position control block diagram of DC servo motor
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7. SIMULATION AND RESULTS

The location of Baghdad capital of Iraq was studied, where the altitude over the sea level is (34)
meters, latitude is (33.312805) and longitude is (44.361488) for 6:00, 7:00, 8:00, 9:00, 12:00,
15:00, 17:00 time o’clock in all the four seasons. So as to find the insolation on two axis tracking
PV panel and fixed PV panel in addition to the angles a, y, ©,. A program is written using
MATLAB/Simulink software (appendix A&B).

Fig. 8 and Fig.9 show the variation of the altitude angles along the year for example at 12:00
o’clock in winter/December it reaches its minimum value 33° then increases slightly until arrives
to spring/March 53° next continues directly increasing to reaches its maximum rate at summer/June
80° lastly decreasing to 37° at autumn/November. These measurements explained intensively in
Table 1.
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Figure 8. 2D Variation of altitude angle w.r.t. the month and hour.
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Figure 9. 3D variation of altitude angle w.r.t. the month and hour.

129



Number 4 Volume 26 April 2020 Journal of Engineering

Table 1. Lookup Table of altitude angle « at Baghdad.

Hour 6 7 8 9 12 15 17
Season
Month
12 1] 0 10 20 33 17 0
1 1] 1] 9.8 19 35 21 1.2
Winter
2 0 2.3 13 24 43 28 7
3 0 9 21 32 53 35 12
4 5 18 30 43 66 42 17
Spring
5 11 24 36 49 75 46 21
6 13 25 37 50 80 49 24
7 11 23 35 48 78 49 24
Summer
8 7 19 32 44 71 45 20
9 3 15 27 39 60 37 13
Autumn 10 0 | 10 | 22 | 32 | 47 | 27 4
11 0 4 15 24 37 19 0

While the Table 2. show the range of variation of azimuth angle at deferent seasons from the east
to the west and its draw w.r.t. month and hour is shown in Fig. 10 and Fig. 11. The smallest range
in winter about 133” whereas increases at spring to 181° then becomes maximum at summer 213"
and again decreases to 177° at autumn.
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Figure 10. 2D variation of azimuth angle w.r.t. the month and hour.
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Figure 11. 3D variation of azimuth angle w.r.t. the month and hour.

Table 2. Lookup Table of azimuth angle y at Baghdad.

Hour | 6 | 7 | 8 | 9 | 12| 15 | 17

Season
Month

12 110 | 18 | 127 | 138 | 182 | 224 | 243

Winter 1 109 | 117 | 123 | 134 | 178 | 223 | 243

2 100 | 108 | 117 | 127 | 176 | 227 | 248

3 94 | 100 | 109 | 120 | 177 | 236 | 257

Spring 4 82 | 90 | 99 | 110 | 181 | 251 | 270

5 80 | 83 | 90 | 99 | 186 | 262 | 279

6 70 | 77 | 84 | 92 | 183 | 268 | 283

Summer 7 71 | 78 | 85 | 94 | 176 | 265 | 280

8 77 | 85 | 93 | 103 | 178 | 255 | 279

9 88 | 96 | 105 | 117 | 183 | 245 | 265

Autumn 10 104 | 108 | 117 | 129 | 186 | 237 | 256

1 108 | 116 | 126 | 137 | 185 | 229 | 248
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Fig.’s 12, 13, 14 and 15 show the sun irradiances (w.r.t.) time during the day uses a fixed tracking
at winter, spring, summer and autumn seasons respectively. These calculations was done w.r.t.
horizontal plane according to Eq. (18). Where it shows that, the sun irradiances increases at the
beginning of sun rise even arrives its maximum point at 12:00pm o’clock for each season. Then
reduced to zero at sunset because the altitude angle increases during the beginning of the period
of sunrise even 12:00pm o’clock, but decreases during the 12:00pm o’clock to the sunset.
However, it has the best value at summer/June 12:00pm o’clock, which is the value equal to 950
w/m? because the altitude angle is high and the worst value at 12:00pm o’clock in winter, which
is equal to 420 w/m?, because the altitude angle is low.
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Figure 12. Sun irradiances variation during one
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Figure 13. Sun irradiances variation during one day
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Figure 15. Sun irradiances variation during one
day in autumn W.R.T horizontal plane

Fig.’s 16, 17, 18 and 19 show the improvement of sun irradiance at PV panel uses two-axis
tracking. Which ensure that the position of the PV is perpendicular to the sunrays during the day
and the altitude angle is 90° for most of the day. The results are obtained by MATLAB code

explained in appendix (B), which based on Eqg. (15)
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Figure 16. Sun irradiances variation during one day
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Figure 19. Sun irradiances variation during one
day of autumn incident on tracking PV panel

Consequently, the energy gain at different season via two axes tracking system can be calculated
according to Eq. (19). It expresses as below:

Saving daily energy = (the daily energy of the two axes tracking system) — (the daily energy of a
fixed tracking system w.r.t. horizontal plane)

(19)

In general, the daily energy was found in a linear approximation method as expression below:

Daily energy = {( irradiance at 5 o’clock (W/m?) x 1 hour) + (irradiance at 6 o’clock (W/m?) x 1
...................... + (irradiance at 17 o’clock (W/m?) x 1 hour)} (20)
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At Summer:
The data of sun irradiance for the two axis tracking system and a fixed tracking system at summer
was taken from Fig.14 and Fig. 18 respectively. As illustrated in Table. 3.

Table. 3 Sun’s irradiance applied on the two axis tracking system and a fixed
tracking system at summer season.

Hour 6 7 8 9 10 11 12 13 14 15 16 17
Irradiance | 892 | 911 | 925 | 937 | 944 | 948 | 950 | 948 | 943 | 936 | 924 | 909
(KW/m?)
of tracking
system

Irradiance | 62 | 247 | 452 | 654 | 801 | 895 | 932 | 895 | 791 | 639 | 435 | 230
(KW/m?)
of a fixed
system

Saving daily energy ={ (892 x 1 + 911 x1+925x 1 +937x 1+ 944 x1+948x 1+ 950 x 1 +
948 x1+943 x1+936%x1+924x1+909x1)—(62x1+247%x1+452x1+654x%x1+801
x1+895x1+932x1+895x1+791%x1+639x1+435x1+230x1)}

Saving daily energy = {(11167) - (7033)} = 4134 (Wday/m?) = 4.134 (KWday/m?).
At Winter:

The data of sun irradiance for the two axis tracking system and a fixed tracking system at winter
was taken from Fig.12 and Fig. 16 respectively. As illustrated in Table. 4.

Table. 4 Sun’s irradiance applied on the two axis tracking system and a fixed
tracking system at winter season.

Hour 6 7 8 9 10 | 11 12 13 14 15 16 17
Irradiance | O O [ 892 | 908 | 919 | 927 | 929 | 927 | 923 | 911 | 896 | 874
(KW/m?)
of tracking
system

Irradiance | O 0 28 | 148 | 281 | 384 | 418 | 384 | 333 | 180 | 50 0
(KW/m?)
of a fixed
system
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Saving daily energy = {(8232) - (2206)} = 6026 (Wday/m?) = (6.026 KWday/m?).

At Spring:

The data of sun irradiance for the two axis tracking system and a fixed tracking system at spring
was taken from Fig.13 and Fig. 17 respectively. As illustrated in Table. 5.

Table. 5 Sun’s irradiance applied on the two axis tracking system and a fixed
tracking system at spring season.

Hour 6 7 8 9 10 11 12 13 14 15 16 17

Irradiance | 876 | 902 | 919 | 932 | 940 | 946 | 947 | 946 | 940 | 931 | 918 | 901
(KW/m?)
of tracking
system

Irradiance 2 |132| 333 | 534 | 694 | 801 | 840 | 801 | 694 | 518 | 315 | 117
(KW/m?)
of a fixed
system

Saving daily energy = {(11098)-(5781)} = 5317 (Wday/m?) = 5.317 (KWday/m?).
At Autumn:

The data of sun irradiance for the two axis tracking system and a fixed tracking system at autumn
was taken from Fig.15 and Fig. 19 respectively. As illustrated in Table. 6.

Table. 6 Sun’s irradiance applied on the two axis tracking system and a fixed
tracking system at autumn season.

Hour 6 7 8 9 10 11 12 13 14 15 16 17
Irradiance | 0 | 891 | 909 | 923 | 932 | 937 | 938 | 934 | 927 | 915 | 900 | 877
(KW/m?)
of tracking
system

Irradiance 0 30 | 180 | 350 | 501 | 580 | 595 | 534 | 418 | 247 | 88 0
(KW/m?)
of a fixed
system

Saving daily energy = {(9206) - (3523)} = 5683 (Wday /m?) = 5.683 (KWday/m?).
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Finally, Fig. 20 shows the simulation module of the vertical position control using DC servo
motorl, which tracks the altitude angle of the sun while the Fig. 21 shows the reference position
and the actual position of the PV panel that tracks the sun’s altitude angle in summer/June.
However, the Fig. 22 shows the simulation module of the horizontal position control using DC
servo motor 2 which tracks the azimuth angle of the sun in in summer/June too, while their results
shown in Fig. 23. The proportional-integral (PI) controller was tuned by trial and error, where the
proportional constant (kp) was equal to 45, while the integration constant (ki) equal to 200. The
specifications of servomotors is shown in appendix (C).

servo motor 1

k:
g

‘mounth PI(s)

v

1 o7t " 1 spesd 1
0.00585+0.8 0.000685+0.001 s

V(Las*Ra) Kt T0s:B) derivation

PI Controller

oup 1
é Sigeal 1

6,7.8,9,12,15 and 17 time oclock
Lockup
Table of altitude ansle at Baghdad

Kb

’_> - \r

__ References position

Figure 21. Reference position and the actual position of the PV panel that tracks the sun’s
altitude angle in summer/June.
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servo motor 2
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speed

Lockup
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i [ PIG) R SR —
o T 0.00585+0.8 0.000685+0.001
é Signal 1 w2 v PIController2 V(Las+Ra) Kt V(J==B)
67,8,9,12,15 and 17 time Gelock
position

Figure 22. Position control module of the sun’s azimuth angle at Baghdad.

References position

Sec

Figure 23. Reference position and the actual position of the PV panel that tracks the sun’s

azimuth angle in summer/June.

9. CONCLUSION

The sun angles of the sun were calculated at Baghdad was varied in wide range through the year.
Therefore, at fixed panel position more losses will be in active power. These positions tracked by
two servomotors of the PV panel, which improved the efficiency of the PV and energy is saved
during all the season, but it was bigger at winter because the altitude angle at winter had much
enhancement. Where it was before tracking low around 33° at 12:00 o’clock of December, but
after tracking became 90°. Therefore, it is improved than the summer. Finally, it can be concluded
that large energy losses will be at the fixed PV panel position, which saved via PV panel tracking
system. The position control was simple and efficient using servomotor that offers high torque at
low speed controlled by PI controller that is simple and easy implemented. In addition, the sun
angles that calculated in this paper could be database for other researches about sun tracker in

location of Baghdad.
NOMENCLATURE

b = diode ideality factor
H = direct beam insolation (W/m?)
| = output current of PV equivalent circuit (A)
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Io = diode current

IL = photocurrent, A.

lo = reverse saturation current, A.

Ish = shunt resistive current, A.

K = solar constant, W/m?.

k = Boltzmann’s constant (1.3806503 x 102%J/k)
Lioc = local meridian of location, Minutes.
Lst = standard meridian for local time zone, Minutes.
M = air mass, Kg.

n = day of the year, number.

nq = diode ideality factor, constant.

q = elementary charge (1.60217646 x 10°)
Rs = series resistor, ohm.

Rsh = shunt resistor, ohm.

T = absolute temperature, C.

ti = standard time, Minutes.

ts = solar time, Minutes.

Vp = diode voltage, V.

V= terminal voltage, V.

w = hour angle ,°.

& = declination angle, °.

¢ = latitude angle, °.

L = longitude angle, °.

a = altitude angle, °.

©; = zenith angle, °.

v = solar azimuth angle, °.
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Appendices

Appendix (A) Altitude and Azimuth Estimation Code by MATLAB/Simulink
Software Program

function [Beta,PH] = fcn(n,h)//this code represent simulated
block in MATLAB/Simulink with two inputs n=day and h=hour and
two outputs Beta = altitude angle and PH = azimuth angle.
de=pi/180;

B=de*360* (n-1) /365;

ET=229.2*(0.000075+0.001868*cos (B)-0.032077*sin (B) -
0.014615*cos (2*B)-0.04089*sin(2*B));// equation of time
d=de*23.5*sin (de*0.9863* (284+n) ) ;

1=33.312805*de;// latitude of Baghdad

LO=44.361488;// longitude of Baghdad

LZ=3*15;

Lcorrect=4* (LzZ-LO) ;

TLT=h+Lcorrect/60+ (ET/60) ;

ha=de* (TLT-12) *15;
Ba=asin(sin(d) *sin (L) tcos (d) *cos (L) *cos (ha) ) ;
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Beta=180*Ba/pi;

if cos (ha)>=(tan(d)/tan (L))
PH=180-180*asin ( (-cos (d) *sin(ha))/ (cos(Ba))) /pi;

else
PH=360+180*asin((-cos (d) *sin(ha))/ (cos (Ba))) /pi;

end

Appendix (B) Sun’s Irradiances Estimation Code of Two Axes Tracking System
By Matlab/Simulink Software Program

function H = fcn(B,d)// this code represents simulated block in
MATLAB/Simulink to calculate the irradiances of two axis
tracking panel with two input d =day and B = altitude angle and
one output H= insolation w/mZ?.

K=1373* (1+0.0033*cos (2*pi* (d+10) /365.25));

rad=pi/360;

z=90-B;// zenith angle.

M= (1l/cos (Z*rad)+0.15* (3.885+Z*rad) ~-1.253) *exp (0.0001184*34);
H=K*0.7"~ (M"0.678) ;

Appendix (C) The Specification of DC Servo Motor (Li and Zhang, 2010)

Rated power 3 KW
Maximum operating speed 3000 r/min
Rotor moment of inertia 6.8 x 10 kg.m?
Winding resistance 0.8 ohm
Winding inductance 5.8 mH
Motor voltage constant 0.8598 V/rad/sec
Motor torgue constant 0.67 Nm/A
Continuous stall torque 10.2 Nm
Peak torque 19.7 Nm
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