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Abstract: This paper presents a novel approach for estimating the position of the sun by measuring the output voltage
signals of two solar cell arrays orientated orthogonally to one another. Each array comprises a symmetrical arrangement of
six cells inclined at angles of either 15°, 45° or 75° to the horizontal, respectively. As the position of the sun varies over
the course of the day, a change is induced in the output voltage of each of the solar cells within the array. It is shown that
the output voltage of any cell (V) varies as a linear function of the included angle between it and the solar cell with the
maximum output voltage (Vmax). A mathematical correlation is derived to express the relationship between the comparative output voltage of each solar cell (V/Vmax) and the solar position. The sun’s position is then computed by averaging the
elevation angles derived from the comparative output voltages of all of the cells within the array. It is shown that both the
zenith angle and the latitude angle of the sun can be accurately determined by deploying the measurement system such
that one solar cell array is aligned in the East-West (E-W) direction while the other is orientated in the North-South (N-S)
direction.
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1. INTRODUCTION
Solar energy systems have emerged as a viable source of
renewable energy over the recent decades, and are widely
used for a variety of industrial and domestic applications. At
the heart of such applications lies the solar collector, designed to collect the solar energy and to convert it into either
electrical power or thermal energy. Many previous studies
have addressed the application of solar collectors in the development of solar energy technologies [1-3]. It has been
shown that the energy absorbed by solar collectors can be
increased by integrating them with a solar tracking system
designed to compute the direction of the solar vector based
on the location and time [4]. Using such tracking systems,
the effectiveness of the solar collectors can be enhanced by
adaptively adjusting their positions such that they are oriented toward the sun at all times [5-10]. Experimental studies have been performed to investigate the performance of
various types of solar tracking system, including both openloop and closed-loop type of schemes. McCluney proposed a
optical solar tracking system consisting of a convex reflective sphere and a collimating lens designed to produce a collimated beam of solar radiation whose direction of propagation remained virtually constant over the daylight hours [11].
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Meanwhile, Al-Naima and Yaghobian constructed a closedloop type of solar tracking system comprising a two-axis
equatorial mount and a microprocessor controller. The experimental results demonstrated that the proposed system
outperformed a conventional one-axis tracking system [12].
Closed-loop systems based on photosensors have gradually emerged as the method of choice for realizing solar
tracking systems. In such systems, the individual photosensors discriminate the sun’s position and a comparative signal
based on the output signals of each sensor is passed to a controller. The controller processes this signal and then issues
appropriate instructions to the drive motors to actuate the
tracking system in such a manner that its value falls to zero.
Many researchers have employed the Maximum Power Point
Tracking (MPPT) principle to accomplish the design and
construction of solar tracking systems [13-16]. Kalogirou
presented a solar tracking system with an accuracy of between 0.05o and 0.2o comprising three photosensors and
three closed-loop control systems [13]. Helwa et al. compared a variety of sun tracking systems equipped with
closed-loop control algorithms and concluded that two-axis
trackers achieved a better performance than vertical-axis or
tilted-axis systems [15]. Various researchers have proposed
the use of numerical optimization schemes for the development of accurate solar tracking systems. Typical examples of
such schemes include neural networks [17], fuzzy logic algorithms [18], adaptive neuro-fuzzy control schemes [19], optical vernier [20] and nonlinear compensation [21] measuring
principles.
Various open-loop control systems have been proposed
for measuring the solar orientation in recent years. For ex2009 Bentham Open
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ample, Blanco-Muriel et al. developed a solar tracking system which utilized open-loop controllers and a low-cost programmable logic controller (PLC) to compute the direction
of the solar vector based on a knowledge of the system location and the local time [4]. Beshears et al. incorporated date,
latitude, longitude and time zone information into the PLC
program to improve the tracking system performance [22].
Recently, Georgiev et al. mounted three pyrheliometers
within a solar orientation measurement system and used their
output signals to calculate the solar position [23].
A review of the related literature reveals many different
forms of solar sensor, including brightness sensors, artificial
vision techniques, CCD devices, and so forth [7]. It has been
shown that the solar energy values detected by these sensors
can be used to compute the absorbed solar energy as a function of the time of day [24]. Of particular interest is the twoaxis analog device, which measures the solar position relative to its optical axis based on the signal obtained from a
quadrant silicon detector [25].
Many algorithms have been presented for computing the
solar position. For example, Reda and Andreas developed a
step-by-step procedure for implementing an algorithm to
calculate the zenith and azimuth angles of the sun [26]. Recently, Grena presented an algorithm for determining the
solar position by considering the main effects that can affect
the sun position like moon perturbation, nutation, difference
between topocentric and geocentric coordinat [27]. The results revealed that the algorithm yielded highly accurate estimates of the solar position. However, the computational
procedure was complex and time consuming.
In general, the solar tracking systems presented in the literature tend to suffer a number of drawbacks, including a
bulky or complex structure, a high cost, excessive computational complexity, the requirement for large numerical databases for verification purposes, and so forth. Accordingly,
the objective of the current study is to develop a low-cost,
computationally efficient algorithm for estimating the solar
position on a real-time basis. The proposed approach utilizes
a static orthogonal arrangement of two linear photocell arrays. Each array comprises a symmetrical arrangement of six

Fig. (1). Geometry of direct sunlight irradiation of solar sensor [31].
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cells inclined at angles of either 15°, 45° or 75° to the horizontal direction, respectively. The output voltage (V) of each
photocell depends on its position relative to that of the sun
and varies as a linear function of the included angle between
it and the solar cell with the maximum output voltage (Vmax).
The correlation between the solar position and the individual
output voltages is calibrated and it is shown that the elevation angle of the sun can be accurately estimated by computing the comparative output voltage signal (V/Vmax) of each of
the solar cells within the array. By positioning the measurement system such that its two arrays are aligned with the
East-West (E-W) and North-South (N-S) directions, respectively, the proposed system can accurately detect both the
solar zenith angle and the solar azimuth angle.
2. SENSOR DESIGN AND ALGORITHM
2.1. Irradiation Absorbency
In general, the radiation incident on a surface originates
from many different directions. However, the intensity of the
absorbed radiation depends fundamentally on the position of
the absorbing surface relative to that of the light source.
Consider the case shown in Fig. (1), in which a solar
r cell
whose surface is orientated normal to the direction N is irradiated by the sun located at a zenith angle of  in the
spherical coordinate system. In the solar measurement system proposed in the current study, the quantity q of absorbed solar irradiation is transformed into an electrical voltage signal and is then recoded in a personal computer. The
rate at which radiant energy incident in the  direction is
absorbed by the solar cell is given by

I = I cos  ,

(1)

where I is the radiant intensity when the surface of the
solar cell is normal to the position of the sun. The total
amount of radiation absorbed by the cell is given by

q =  I dA =  I cos  dA ,

(2)

where dA is the unit area of the solar cell [28]. (Note that
the absorbed radiation has units of watts (W)).
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2.2. Validity Test
The literature contains many solar irradiation geometry
models for solar devices [4, 6, 18, 29-31]. In the present
study, a spherical coordinate system is used to model the
geometrical relationship between the sun and each sensor in
the sensing array. Changes in the solar position are then estimated by processing the corresponding changes in the output voltage signals of the various sensors. To confirm the
validity of the proposed approach, a single solar cell (SC5848, SINONAR, Taiwan) with dimensions of 57.8 x 48.2 x
2.0 mm (L x W x T) was positioned in the horizontal plane
and connected to a voltage meter (3136A, Escort, Taiwan).
The variation in the output voltage signal was then recorded
as the zenith angle of the sun changed over the course of the
day. Note that as shown in Fig. (1), the zenith angle, , was
defined as the angle between the incident rays of the sun and
the normal direction of the horizontal solar cell, and thus
varied from -90o at sunrise to +90o at sunset.

Fig. (3). Photograph of linear array comprising symmetrical deployment of six solar cells.

Fig. (2) illustrates the variation in the output voltage of
the solar cell with the zenith angle of the sun under three
different solar solar irradiation conditions, i.e. 35 - 90 W/m2,
90 – 150 W/m2 and 150 – 200 W/m2, respectively. It can be
seen that the output voltage increases linearly over the zenith
angle ranges of -90o to +90o, respectively, but saturates between zenith angles of -15o and +15o. (Note that this saturation effect is consistent with that reported in [3]).

exact amount of absorbed energy varies in accordance with
the position of the sensor relative to that of the sun (see Eq.
2). Therefore, as described in the following section, a more
precise evaluation of the solar position can be obtained by
comparing the voltage signals generated by each of the nonfacing cells within the array to that of the facing sensor.

2.3. System Design

3. RESULTS AND DISCUSSION

Fig. (3) presents a photograph of one of the two linear
photocell arrays used in the present study to measure the
position of the sun. As shown, a compass is mounted in the
central region of the array such that its position relative to
the North, South, East and West coordinates can be easily
determined. The array comprises a symmetrical arrangement
of six photocells arranged such that their normal directions
to the horizontal plane are equal to 15o, 45o, 75o, 105o, 135o,
and 165o, respectively. Note that the angular displacement
between the normal directions of adjacent photocells is deliberately specified as 30o to exploit the saturation range of
30o (from -15o to 15o) when the sun is positioned at or close
to the normal direction of the solar cell (see Fig. 2). During
daytime, the zenith angle of the sun can therefore be crudely
estimated as lying within 15o of the normal direction of the
solar cell with the maximum output voltage. In practice, all
of the sensors within the array will absorb a certain amount
of solar radiation, not only the sensor facing the sun. The

When the linear array shown in Fig. (3) is deployed in
sunlight conditions, the output signal from one of the solar
cells will correspond to the saturated voltage value shown in
Fig. (2) since the sun will inevitably be positioned within
15o of the normal direction of one of the six solar cells. In
this study, the output voltage of this cell is designated
as Vmax . From Fig. (1) and Eq. (2), it can be seen that the
ratio between Vmax and the output voltage of any of the other
five sensors within the array varies as a function of the included angle between their respective normal directions. Fig.
(4) shows the variation in the output voltage of an arbitrary
cell as the cosine value of the included angle between it and
the solar cell with the maximum output voltage increases
from 0 to 1. The results clearly show that the correlation between the measured output voltage and the included angle
varies as a function of the solar irradiation intensity. Since in
practice, the solar irradiation intensity can not be controlled,
it is necessary to normalize this correlation in some manner.

Fig. (2). Variation of measured output voltage with solar zenith angle.
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Fig. (4). Variation of output voltage of arbitrary photo cell with
cosine value of included angle between it and solar cell associated
with V max.

In the current study, this is achieved simply by dividing the
output voltage, V, of any photocell in the array by the maximum voltage output within the array, Vmax, to obtain a normalized value between 0 and 1. Fig. (5) illustrates the results
obtained for the variation of V/Vmax with the included angle
between an arbitrary solar cell and the cell with the maximum output voltage under three different solar irradiation
conditions. It can be seen that an approximately linear correlation is obtained. From a process of linear regression, it can
be shown that the relationship between V/Vmax and the zenith
angle of the sun, , is given by
o

V / Vmax = 0.7276 cos(  90 ) + 0.1679

(3)

The correlation coefficient is found to be r2 = 0.9433.
Therefore, it can be inferred that the relationship given in Eq.
(3) is valid for any solar irradiation in the range of 35 – 200
W/m2.
Fig. (6) presents a flowchart showing the proposed algorithm for estimating the zenith angle of the sun. The process
commences by acquiring the output voltage signals from all
six cells in the array. The maximum voltage output Vmax is
identified and the sun’s position is crudely estimated to be
located within 15o of the normal direction of the corresponding solar cell. The output voltages of the other five
solar cells are then divided by Vmax and substituted into Eq.
(3) in order to determine the corresponding value of the zenith angle,  . The calculated angles are checked to verify

Fig. (5). Variation of ratio of output voltage of arbitrary photo cell
to Vmax with cosine value of included angle between arbitrary solar
cell and solar cell associated with Vmax.

Fig. (6). Block diagram of proposed solar position algorithm.

that they fall within a reasonable range of the solar cell with
maximum voltage output. Finally, the average of all the reasonable angles is computed to determine an accurate estimation of the zenith angle.
As shown in Figs. (7) and (8), by deploying the two sensing arrays in the measurement system such that they are
aligned with the East-West (E-W) and North-South (N-S)
directions, respectively, both the zenith angle and the azimuth angle can be simultaneously measured. Fig. (9) shows
the comparison of predicted angles with the actual angles
with a correlation coefficient of 0.9433 (r2) in the study.
5. CONCLUSIONS
This study has presented a novel low-cost, computationally straightforward solar position algorithm comprising two
linear solar cell arrays. The algorithm is capable of obtaining

Fig. (7). Schematic representation showing solar cell array orientated in East-West direction.
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Fig. (8). Schematic representation showing solar cell array orientated in
North-South direction.
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Fig. (9). Comparison of predicted angles with actual angles.

precise real-time estimates of the time and latitude angles of
the sun under a wide range of solar irradiation conditions
(any daylight condition) and therefore represents an ideal
solution for control systems designed to adaptively adjust the
orientation of the solar cell collectors within a solar system
in order to enhance their absorption of solar radiation.
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