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The Mathematical Model for Solar Angles Calculation in
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ABSTRACT

Solar energy is the main source of renewable energy in developing countries with power shortages. But because
of their fixed panel configuration, solar panels are less effective at generating power. As a result, numerous
tracking techniques have been created to track the sun, some of which are less accurate in control, some of
which have complex control systems, and some of which are not able to track the sun in specific weather
circumstances.

There are several environmental elements that affect the maximum power energy output. The impact of
radiation intensity and panel location in improving output efficiency is examined in this work, and a useful dual-
axis solar tracking mathematical model is suggested. This model watches the sun regardless of the weather and
maximizes its production.

This paper's goal is to provide a new, straightforward mathematical model for the tracking mechanism, whose
precision may be improved with the use of sensors. Using Delta PLC, the model's effectiveness was examined
and validated.

This study uses a DELTA PLC-based automated solar tracking system since it follows the sun more accurately
and reliably in all kinds of environmental situations.
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l. INTRODUCTION

There are several environmental elements that affect the maximum power energy output. The impact of
radiation intensity and panel location in improving output efficiency is examined in this work, and a useful dual-
axis solar tracking mathematical model is suggested. This model watches the sun regardless of the weather and
maximizes its production. This paper's goal is to provide a new, straightforward mathematical model for the
tracking mechanism, whose precision may be improved with the use of sensors. Using Delta PLC, the model's
effectiveness was examined and validated.

The previous several years have seen a marked growth in energy demand. The energy metrics predict a
50% increase in global energy use by 2030 [1]. The consumption has compelled researchers to look into and
look for new ways to meet the demand for energy, according to the 2017 World Energy Statistics. Due to the
straightforward energy conversion process, solar energy and other renewable energy sources outperform
conventional energy sources. Solar Photo Voltaic (PV) panels are used to convert solar energy into electricity.

Due to their permanent nature, the majority of solar PV arrays used to harvest solar energy are not used
to their maximum capacity. Tracking the sun throughout the day is crucial to maximizing energy output.

A solar tracker is a tool that monitors the sun's location. Additionally, a variety of single-axis and dual-
axis methods have been put forth, with the dual-axis tracker being shown to be more effective since it could
account for the whole range of the sun's motion [3]. In their article, S. Ozcelik and his colleagues proposed a
two-axis solar tracker, and they created a control algorithm to spin the panel in azimuth and altitude directions.
The complicated mathematical equations employed in this study required a lot of calculation time. Another dual
axis tracker research project put out by Carlos Robles and his colleagues [5] claims to boost output energy by
9.87% where radiation sensors were used to orient the panel in the direction of the sun.

The fundamental barrier continues to be modeling complexity. This paper's work represents the
Combination of the two previously suggested efforts. The paper aims to present a more efficient tracking system
based on a substantially more accurate, simpler mathematical model raised even more by including radiation in
the mechanism's sensors.

A photovoltaic effect-based p-n diode is what solar PVVC essentially is [6,8]. The creation of this effect
is described as charge carriers in a substance that absorbs light Whenever light radiation strikes it [6, 7]. The
charge-generating process really occurs when the Sun's luminous energy, i.e, energy packets that have been
compromised break off of a semiconductor material's free electrons (for instance, Si), and the electric field is
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produced. The electron in the produced electric field is propelled by the semiconductor in a systematic way,
leading to the passage of electric current [7]. A power source series or parallel connection of the number of solar
PVC is referred to as a solar module.

The term "solar PVC array" refers to the collection of solar modules. Theoretically, the efficiency of a
10 m2 Solar PVC array is equivalent to a 10 km2 array. This runs counter to the efficiency loss associated with
scale decrease in other renewable resources including wind, hydro, and thermal generators [7]. Figure 1 depicts
the electrical model of an ideal solar cell.

1. METHODOLOGY

1. SOLAR CELL EQUIVALENT MODEL
The total output current (1) under illumination can be given by equation(1)
I=ID-IL @))]

Figure 2 depicts the analogous circuit with series and shunt resistances Rs and RSH
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Figure 1: Equivalent Circuit of Ideal Solar Cell
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Figure 2. Equivalent Circuit of Solar Cell with Series and Shunt Resistance

Table 1 lists the electrical factors that go into solar cells.
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1. FACTORS AFFECTING THE PANEL’S EFFICIENCY

1. ATMOSPHERE
Electromagnetic radiation is a sort of energy that the sun emits. This effect of the atmosphere on radiation

intensity is described by air mass (AM), which is the secant of angle between the zenith and sun and defined in
eg. (20), as shown in figure 3. The radiation intensity is attenuated when it interacts with the atmosphere [9]

primarily due to absorption and scattering phenomena.
Figure 5 depicts solar spectral irradiance curves for various AM; these curves explain how the atmosphere

affects solar radiation intensity for various wavelengths.
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ATMOSPHERE

Figure 3. Schematic Showing Air Mass.

2400
: [ 1 ]
§ oA MASS 2ERO, 1353 w/m?

% ’:'y-.x--soov CURVE S800%, 1353 win?
z . AR MASS ONE_ 925 wm?
g 1600} —F—\ < ——— ,—— 1
SNIFTES
{1 |
B AR MASS TWO, 694 wom?
l
4
£ wopp- —r——— —
E (LA
1
" El ."l
H >
! | ] 41'
| ]
™ |
b2 o8 4 20 26
WAVELENGTH (um)

Figure 4. Spectral Irradiance Curve for Different AM (after Thekaekara) [10].

2. Orientation of the solar panel
Knowing the irradiance impact on a horizontal surface can help you understand how the panel orientation

affects the power generated.
Irradiance on a horizontal surface depends on the source tilt angle (0) [11]. As the tilt angle increases, the

effective area for the radiant flux drops, which is comparable to Acos6, as shown in Figure 2. As a result, the

radiant power (Rp) stated in equation (2) on the surface decreases.
Source
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Figure 5. Irradiance on a Horizontal Surface.
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Rp = Acos© xEe

Rp stands for radiant power, A for surface area, and Ee for radiant flux density (W m-2).

Cos should be 1 to increase power output. This may be achieved by following the sun’s motion throughout the
day.

An approximate mathematical model that can compute the azimuth and altitude angles needed for tracking is
provided in this study. The calculation is predicated on the following hypotheses:

1. The earth's precession is ignored

2. Atmospheric refraction is not taken into account.

3. The Earth is regarded as perfectly spherical.

V. PROPOSEDMATHEMATICAL MODEL
During the earth's rotation around the sun, the solar declination angle (3) varies between +23.50 and -23.50 (see
Figures 6 and 7). A mathematical equation (eq.) (3) [12]
8 =23.45sin(0.9863(284 + n))
For n=1 at the beginning of the year, n is the day number (Jan Ist). Altitude angle (o) at solar noon can be
obtained if 6 is known by eq.(4).
a=90-L+5 (4)
L stands for latitude angle.

Equation(4) is derived from equation(17) when »=0.

S
Fig. 6: Declination Angle

Sunrise(ws+) and Sunset(ws-) Angle
The sunrise and sunset angles are shown in figure5. These angles depend on § and latitude which can be proved
mathematically as follows

RsinL = xcosd %)

sinos+ = —tandtanL 6)

negative sign indicates the orientation of the angle as shown in Figure 8.
os— =180 —ws + @)

Fig. 7: Schematic Diagram Showing Observer Latitude.
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ReosLsinws
Fig. 8: Observer Latitude view from North Pole.

Calculating Altitude and Azimuth Angles

Let the z-axis be the direction of the earth's rotation. Now, the various vectors shown in figures 9 and 10 may be
resolved along the X, y, and z axes.

Z = cos(L)cos(w)i + cos(L)sin(w)j + sin(L)k (9)

Z = cos(L)cos(w)i + cos(L)sin(w)j + sin(L)k  (10)

S = cos(d)i + sin(d)k (11)

Since Z and N are unit vectors, S's projection on those vectors would result from the dot product of S and Z or
N.

S. N =sin(8) cos(L) — sin(L) cos(8) cos(m) (12)

S. Z = cos(L) cos(d)cos(w) + sin(L)sin(d) (13)

The projection of S on N and Z in Figure 7 can alternatively be computed as shown below.

Sn = cos(o)cos(Az) (14)
Sz =sin(a) (15)

Observes latitude N

Figure 10. Schematic Showing Z and N Vectors and their Orientation with X, y, and z-axis.
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Fig. 11: Azimuth and Altitude Angles for Point P (Place where Panel is Azimuth and Altitude Angles for Point
P (Place where Panel is Placed)).

From eq(12 & 14) and eq(13 & 15) and figure 11
sin(a) = cos(L)cos(d)cos(w) + sin(L) sin(8) (16)

c0s(Az)=(sin(d)cos(L)—sin(L)cos(d)cos(m))/cos(a)(17)
4, The Simulation of Solar angles in Matlab

100 Lot T

Duvn docknalion avje N

Dechranon Angh catulsbon Decination asgh

137

i

_ Docinaton ArgeiRackans) |

Figure.12 The Declination angle calculation Simulink model
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Figure.13 The Hour angle calculation Simulink model
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Figure.14 The Altitude angle calculation Simulink model
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Figure.15 The Azimuth angle calculation Simulink model

Table.1 Solar angles over a year

Date Elevation angle | Azimuth angle
Jan-01 22.64 122.03
Jan-31 22.83 115.46
Feb-05 23.25 113.94
Feb-25 25.86 107.01
Mar-02 26.68 105.1
Mar-27 31.01 94.88
Apr-01 31.81 92.76
Apr-26 34.79 82.46

May-01 35.13 80.58
May-31 35.38 72.19
Jun-05 35.19 71.41
Jun-30 34.01 70.63
Jul-05 33.79 71.08
Jul-30 33.18 76.17
Aug-04 33.16 77.69
Aug-29 33.45 87.21
Sep-03 33.52 89.43
Sep-28 33.36 101.18
Oct-03 33.16 103.54
Oct-28 31.07 114.18
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Nov-02 30.45 115.94
Nov-27 26.78 121.99
Nov-27 26.78 121.99
Dec-07 25.32 123.01
Dec-27 23.02 122.62

Figure 16. Solar angle variations over a Year in Bengaluru, India.

The Address of Bengaluru is

1. Latitude= 12.9716 N
2. Longitude=77.9946 E
3. Time Zone = UTC-5.00 Indiana(East)

The Plot shows the solar angle variation in Bengaluru, India for different months in a year. The values are
calculated using the Matlab Simulink model as shown in the above figures. it calculates more accurate values
compared to manual calculations of solar angles.

V. CONCLUSION
The output power generated by a solar PV module is dependent on ambient radiation, atmospheric
temperature, and weather conditions. The optimal altitude and azimuth for tilting a solar panel are different for
each month of the year. An optimum panel tilt for each month is needed to harvest maximum solar energy. This
Paper suggests simple mathematical expressions for elevation and azimuth angles. The results compared to the
actual elevation and azimuth angles show a high correlation when simulated and compared in MATLAB.
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