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ABSTRACT Being abundant and non-polluted, solar energy is an increasingly desirable energy source.
Growing research is concerned about maximum solar energy acquisition from solar panels, especially in the
automatic sun-tracking of the solar panels. This paper presents a modified algorithm based on the ‘‘PSA
algorithm’’ proposed in the 2001, and presents a new automatic solar tracking system with a two-axis is
designed based on the algorithm. The PSA modified algorithm is used to calculate the sun’s horizontal
azimuth and zenith angle combined with time, longitude, latitude, and other information. This experiment
of the prototype mainly composed of a microcontroller, a global positioning system (GPS) module, a digital
compass, a tilt sensor, a 555 timer, and gates, optical couples, a H-bridge and two stepper motors. Then a
series of experiments are conducted using the proposed prototype in Tianjin City. Measured zenith angle
values were collected and recorded based on the PSA modified algorithm and the original PSA algorithm,
compared with the actual Zenith Angle of the Sun in Tianjin City. The comparison curves of Zenith Angle
show that the measurement accuracy of the modified PSA algorithm is higher than that of the PSA original
algorithm.

INDEX TERMS Automatic solar tracking system, measurement accuracy, PSA modified algorithm,
two-axis tracking method, zenith angle.

I. INTRODUCTION
Solar energy is cost-effective, reliable, nonpolluting, and
widely accepted when compared to other forms of renew-
able energy. Solar systems have been developed for different
applications in industrial and domestic settings. The solar
systems act as a collector, which captures solar energy and
converts it into thermal or electrical energy [1]. The produced
power depended on the total energy captured by the collector.
The integration of a tracking system to a solar energy system
helps to increase the output [2]–[10]. The system helps to
orient a photovoltaic (PV) panel or collector, in the radiation
beam direction of the Sun. The Sun with respect to the
Earth changes both with time and season, as the Sun moves
around the Earth. Related works about solar trackers can
be defined as either active/passive or single/two-axis based
[11]–[14]. Trackers with single-axis tracking usually have
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manual elevation capability on a second axis which can be
tuned regularly throughout the year. Also, single-axis trackers
have two types of tracking, polar and horizontal. Whilst the
two-axis tracker moves horizontally or vertically.

Sun trackers orient the solar system to make up for the
motion, thereby maintaining the system directly pointed at
the beam of radiation from the Sun. Generally, a useful
tracking system can reorient itself to benefit from diffuse
solar radiation emitted under cloudy conditions. The tracking
systems can be classified as either passive/active tracking
systems utilizing an open/closed-loop approach [15]. Some
works have also discussed hybrid systems based on both
active and passive tracking methods [16]. Solar trackers can
boost energy gain, however, there are cost, reliability, energy
consumption, and maintenance problems that must be con-
sidered. Therefore, tracking systems should be designed to
ensure the tracking method increases the power gain instead
of decreasing it. In the modern field of solar tracking tech-
nology, many domestic and foreign scholars have carried
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out long-term and effective research on the design of the
mechanical structure, ray-tracking method and controlling
system. There are mainly receiving devices of fixed, uniaxial,
and biaxial tracking types. The uniaxial tracking system can
receive more solar energy than the fixed tracking system
[17]–[19], the studies presented in [17] improved the accu-
racy of a uniaxial tracking type by 0.5◦. Also, experimental
results from a variety of different mechanical structures indi-
cate that the biaxial tracking system can receive more energy
than the fixed solar system by 30% to 40% [5]. Photoelectric
and trajectory tracking are two dominant ray tracking meth-
ods and obtain remarkable advantages, compared to the com-
mon tracking methods that rely on the longitude and latitude
of the tracking region [20]. When the location of the tracker
is changed, the controlling program must be changed too,
which is inconvenient for tracking. Thismeans that theGlobal
Positioning System (GPS) module becomes crucial because
it can provide real-time longitude and latitude information
of the tracking area no matter where the tracking device is
located. A major obstacle to the adoption of a sensor-based
solar tracking system is mainly its high cost, due to the
high cost of light sensors following the Sun’s apparent posi-
tion in cloudy conditions. Hence, the positioning algorithm
applied in the solar tracking system has a direct influence
on the measurement accuracy of the Sun’s position. In litera-
ture, a new calculation-based approach has been proposed,
they demonstrated that the proposed tracker can track the
Sun satisfactorily without using sensors, therefore, making
automatic sun trackers affordable for developing commu-
nities [21]. A low-cost biaxial tracking scheme based on
the Astronomical Almanac’s algorithm is proposed in recent
years, the system outperformed fixed systems by 13.9% and
optical-sensor systems by 2.1% [22]. Another recent study in
[23]–[25], proposed a tracking algorithm focused on comput-
ing the Sun’s position via rectangular coordinates.

Also, the spencer formula is most cited solar declination
method. The Spencer’s formula achieves 3 minutes of arc
maximum declination error and 35 seconds of timing error
and as the days vary continuously over time, the error in
Spencer’s formula can become as great as 0.28 degrees.
Motivated by this, they developed the position solar algorithm
(PSA) [26]. In [26] authors investigated several relevant sun
position algorithms and proposed a new algorithm, denoted
as the ‘‘PSA Algorithm’’. This algorithm was designed to
be efficient computationally and highly accurate. Conse-
quently, because of the algorithms’ good balance between
computational speed and accuracy, the PSA algorithm can
still be found in many solar tracking devices and systems.
However, the PSA algorithm was designed to predict the
true solar vector within 0.5 minutes of arc in the period
from 1999 to 2015 [27]. Moreover, the authors note that
the PSA algorithm in the period 2020–2050 succumbs to a
maximum angular deviation error of 35 arcsec with respect
to the true solar vector. PSA algorithm can predict solar
vectors with high accuracy between 1999 - 2015. There-
fore, it would be fairer and more accurate to compare the

presented variant the modified PSA predicts the solar vector
with high accuracy in the 2020-2050 range. In [28] authors
proposed five solar energy position calculation methods and
to comparison with existing algorithms and that three most
methods (Michalsky, PSA, ENEA) declare maximum errors
of 0.01◦, 0.008◦ and 0.0027◦, respectively, their validity
time ranges are 1950–2050, 1995–2015, 2003–2023. In [29]
authors described a procedure for a Solar Position Algo-
rithm (SPA) to calculate the solar zenith and azimuth angle
with uncertainties equal to ±0.0003 and summarized the
complex algorithm elements scattered throughout the book
to calculate the solar position. However, the algorithm in
the report is more complex than that in this paper. In [26]
authors reviewed various algorithms currently available in
the solar literature and a new algorithm, developed at the
Plataforma Solar de’ ukAlmerıa, which combines these two
characteristics of accuracy and simplicity, is presented. The
algorithm allows of the true solar vector to be determinedwith
an accuracy of 0.5 minutes of arc for the period 1999–2015.
Poulek in 1994, designed and tested a single axis passive solar
tracker using shape memory alloy actuators. The alloy can
be easily deformed even under 70 degrees Celsius. It returns
to its original shape when heated above its transformation
temperature. The efficiency was reported to be almost 2% and
two orders of magnitude better than bimetallic actuators [30].
Also, Clifford et al. then designed a new low-cost solar
tracker suitable for use in equatorial regions. The solar tracker
is passively activated by aluminum/steel bimetallic strips
and controlled by a viscous damper to prevent oscillation.
Computer modeling is used to compare with the experimen-
tal results. Through computer simulation, the efficiency is
improved by 23% compared with the fixed solar panel, which
is consistent with the experimental results [31].

Motivated by the above discussion, in this paper,
we present a modified version of the PSA algorithm that
based on this original algorithm, we designed and prototyped
an automatic solar tracking system, our proposed system is
shown in Fig. 1 to test the effectiveness of our proposed mod-
ified PSA algorithm. The solar tracking system’s maximum
power is 48W, and the minimum power is 20W. The proposed
automatic solar system, includes a microcontroller, a GPS
module, a digital compass, a tilt sensor, a 555 timer, and
gates, optical couples, an H-bridge and two stepper motors
and power. The microcontroller receives information from
the GPS module to obtain the real-time solar position and
the digital compass measures the horizontal azimuth of the
solar panel and the tilt sensor measures its zenith. Thus,
by comparing the data measured with the position calculated,
one can determine the accuracy of the proposed algorithm
for sun-tracking. Consequently, our results demonstrate that
our proposed algorithm maintains the same computational
efficiency while performing significantly better in the period
2021–2050. Even though, in recent years, sun-tracking PV
panels are rarely seen in practice as the cost of PV pan-
els has dramatically decreased in the past five years. How-
ever, accurate sun-tracking is still important for high solar
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concentrating systems, therefore, the algorithm that we pro-
posed can provide potential benefit for such systems due to
the improvement in sun-tracking provided by our solution.

FIGURE 1. Block diagram of the automatic solar tracking system.

II. TRACKING ALGORITHM FOR CALCULATING THE
SOLAR POSITION
This section begins with a brief explanation of some of the
terms used in the algorithm and then the PSA original algo-
rithm and the PSA modified algorithm will be introduced in
detail.

A. SEVERAL KEY TERMS USED IN THE ALGORITHM
1) EARTH-SUN GEOMETRY
The orbit around the Sun is denoted as the Ecliptic is
shown in Fig. 2. The celestial equator is the representation
of the Earth’s equatorial plane as it is projected to infin-
ity. The equinoxes represent the intersection of this plane with
the ecliptic. Fig. 2 also shows the earth at the vernal and
autumnal equinoxes and the obliquity of the ecliptic is the
angle between the ecliptic and equatorial plane. In addition,
in the southern hemisphere, the vernal equinox marks the
beginning of summer, and the autumnal equinox corresponds
to the beginning of winter. 23 September and 21 March
are days vernal and autumnal equinoxes, respectively, occur
approximately.

2) LATITUDE AND LONGITUDE
Three basic coordinate systems which are used in the solar
position determination, are longitude/latitude for positions
on the earth, right ascension/declination for celestial objects
positions and azimuth and zenith angle for the Sun. In this
work, we measure longitude from the Greenwich meridian,
and latitude from the equator. Thus, longitude and latitude
can be used to determine any position on the Earth’s surface.

3) RIGHT ASCENSION AND DECLINATION COORDINATES
The right ascension/declination coordinate system is like the
longitude/latitude system discussed above. In more detail,

the right ascension is the angle from the vernal equinox
eastward towards the celestial equator to the junction with
the declination circle, and declination as the angle from the
celestial equator to the object (positive north), subtended at
the center of the celestial sphere. RA as the right ascension
and DECL as the declination is shown in Fig. 3.

The right ascension varies depending on the earth’s orbital
position. For stars, due to the large distances between the
earth and stars, the earth-sun distance introduces negligible
errors for the right ascension/declination for all but the most
precise applications. However, this is not the case for the Sun,
as the distance is small compared to the stars. Thus, the Sun’s
right ascension/declination varies daily.

FIGURE 2. Position of equinoxes.

4) AZIMUTH AND ZENITH ANGLE
The zenith is defined as the Sun’s incidence angle and the
azimuth angle as the horizontal plane traversing clockwise
from the north to the Sun’s center. The elevation angle is
determined as shown in Fig. 4 and Fig. 5, is the zenith angle,
is the azimuth angle and is the elevation angle.

FIGURE 3. Right ascension and declination.
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FIGURE 4. Diagram showing Zenith and Azimuth angle.

FIGURE 5. Angles of Sun position.

B. PSA MODIFIED ALGORITHM
The position of the Sun in the sky depends on the following:

1) Time.
2) The motion of planets around the Sun.
3) Seasons.
4) Observer location.

The first input to the algorithm is time and this is expressed
by a convenient method termed Julian Day. The Julian Day
counts whole days since March 1, 4800 B.C, it also aims
to simplify and consolidate the time format into one single
variable, instead of splitting it into year, months, date, hours,
minutes, and seconds. It is obtained by using (1) [26].

jd = 365.5× (y+ 4800+ (m− 4)/12)

+ (A1× (m− 14)2/12− (A2y+ 3+ 6.25×(m−14))

+ d − A3− 0.5+ hour/24.0 (1)

where m is the month, y is the year, d is the day of the month
and hour is the hour of the day in Universal Time in decimal
format. The Universal Time or Greenwich Time depends on

the earth’s rotation and is counted from midnight. The above
equation was formulated by Fliegel and Van Flandern but
the last two terms were added by Blanco-Muriel et al. These
terms make it possible to derive decimal form of the Julian
day.

The algorithm makes use of ecliptic coordinates to find
the position of the sun. The plane of the earth’s yearly orbit
around the sun is called the ecliptic. The ecliptic coordi-
nates are calculated from the Julian day, by the follow-
ing set of equations (all angles are in radians) obtained in
Blanco-Muriel et al.:

n = jd − B1 (2)

where n is time measured in days from epoch January
2000, which is Julian date 2451545.0 as seen in
Blanco-Muriel et al.

L (meanlongitude) = C1 + C2 × n (3)

where the mean longitude is defined as the longitude of a cir-
cular and gravitationally free orbiting body with inclination
measured as zero as seen in Blanco-Muriel et al.

g (meananomaly) = D1 + D2 × n (4)

If the path were circular, it would not be difficult to find the
Sun’s position. However, since the deviation from the path
around the sun is about one degree per day, then the mean
anomaly of the Sun is the position of the earth along this path.
The true anomaly of the Sun is defined as the position along
its real elliptical path is shown in (5).

l (eclipticlongitude) = L + E1×sin (g)+E2×sin(2g) (5)

To help visualize the movement of the Sun, astronomers
introduced the idea of the celestial sphere.We can imagine the
sky as an infinite hollow sphere encompassing the Earth. This
imaginary sphere is a very good way to visualize the motion
of the sky. Ecliptic longitude is calculated based on the coor-
dinate of the ecliptic system. Here, the ecliptic longitude is
denoted as the angular eastward distance measured from the
vernal equinox to the intersection of ecliptic. Vernal equinox
(March 21 in the northern hemisphere) has a declination of
0 degrees, The vernal equinox marks the first day of spring.

ep (obliquityoftheecliptic)

= F1 − F210−9 × n[[space]]+ F3 × cos (g) (6)

where the obliquity of the ecliptic is the angle between the
equatorial plane and ecliptic plane. The axial tilt of the earth
changes gradually over a thousand of years, but its current
value is closely 23degrees 26 mins 23o16′.

For the solar tracking system, the equatorial coordinates
must be converted into horizontal coordinates to have more
meaning and use by the system. This is done by using (7)
and (8).

ra (rightascension) = arctan
[
cos (ep)× sin (l)

cos (l)

]
(7)

dec (declination) = arcsin[(sin(ep)× sin(l))] (8)
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where ra denotes the right ascension and dec denotes the
declination. The unit for right ascension is degrees, but it is
commonly measured in time (hours, minutes, and seconds).
This means that if the sky rotates 360 degrees in 24 hr, there-
fore, it turns every hour. For example, 1 hour of right ascen-
sion is equivalent to 15 degrees of sky rotation. The celestial
equivalent of latitude is called declination and is measured in
degrees. North of the celestial equator the declination values
are positive and south of the Celestial Equator [26].

lmst (LocalMeanSiderealTime)

= (gmst × 15+ longitude)× (π/180) (9)

where Local Mean Sidereal Time (LMST) is obtained from
the current Greenwich Mean Sidereal Time (GMST), with a
mean solar day to themean sidereal day offset in the longitude
of 1.00273790935. For the longitude the west of the Green-
wich Meridian (GM), it is given a negative sign in (9). For
the longitude to the east of the GM, the sign of the longitude
in (9) is positive. Sidereal time is defined as the hour angle
of the vernal equinox. Sidereal time enables measurement of
the rotation of the earth with respect to the stars, rather than
the Sun. The current GMST should be calculated using the
following formula:

gmst (hours) = G1 + G2 × n+ G3 × hour (10)

where hour is the hour of the day inUniversal Time in decimal
format, for example, 9 h 14 min 55 sec converted to decimals
is:

9hours14mins55secs = 9+
14
60
+

55
3600

= H1hours (11)

A conversion from celestial to horizontal coordinates (also
known as altitude and azimuth coordinates) is achieved by
finding the hour angle. The hour angle is obtained by finding
the Local Sidereal Time (LST) as shown in (9), via the
Universal Time and longitude of the observer’s position, and
then subtracting the right ascension from the Local Sidereal
Time to obtain the hour angle as shown in (12).

wh(hourangle) = lmst − ra (12)

Moreover, the following equations in (13) and (14) enable
the calculation of Zenith angle θZ , and azimuth angle θA,
of the Sun for an observer at longitude and latitude. where
B is the latitude

θZ (zenithangle) = cos−1[cos(B)cos(wh)cos(dec)

+ sin(dec)sin(B)] (13)

θA (azimuthangle) = tan−1[−sin(wh)/(tan(dec)× cos(B)

− sin(B)× cos(wh))] (14)

To deal with parallax by using (15) and (16).

Parallax = −4.26 ∗ 10−5 × cos(h) (15)

θZnew = θZ + Parallax (16)

When from observing near the horizon, refraction is impor-
tant, and it is necessary to correct for atmospheric refraction
to ensure the highest degree of accuracy is maintained. The
Sun approximately 34 minutes below the horizon can still
be visible because of refraction. We also need to take the
atmospheric pressure and temperature impact on the obtained
θZnew as follows:

θref =
I1P

(273+ T )tan(θZnew + I2/(θZnew + I3))
(17)

where P represents the atmosphere pressure in millibars and
T represents temperature in Celsius at point of observation.
Therefore, the actual zenith angle θZ becomes

θZActual = θref ± δ (18)

where δ represents the measurement impacts caused by the
digital compass which has an accuracy of 1-2 degrees and
the tilt sensor whose resolution allows for measurements
with inclination changes of less than 1 degree. The table 1
shows symbols for the numerical values in the equations.
The Table 2 shows a comparison between the original PSA
algorithm and the proposed modified PSA algorithm.

C. CALCULATION OF THE ACTUAL MEASURED ZENITH
ANGLE OF THE SUN USING SHADOW LENGTH
To be able to calculate the actual Sun angle, first one must
measure the height of the pole or stick, and then measure the
shadow length of the pole. The Sun’s actual measured Zenith
angle can be then calculated as follows:

θZ = arctan(shadowlength/poleheight) (19)

III. EXPERIMENTS AND RESULTS
Figs. 6, 7 and 8 depict the completed mechanical structure
of the prototype, the final prototype, and the circuit board,
respectively, of our proposed solar-tracking system. The
brands and models of motors used in the system are Mabuchi
and 550VC respectively. And the brands and models of sen-
sors used in the system are Wit-Motion and SINDT02-485
respectively.When the proposed automatic tracking system is
initially put outside, the solar receiving panel rotates — based
on the pulse signals from the microcontroller controlling the
stepping from the stepper motor — until the perfect position
is obtained relative to the Sun. At the end of the day, the
control algorithm resets the panel to the previous day initial
position.

Experiments were carried out in Tianjin City, daily from
9:00 to 17:00 for a period of one year and the Zenith angle
values were measured using right ascension of 0.3529 rads
and declination of 0.07016 rads. During this time period,
we recorded the actual Zenith angles of the Sun by using the
shadow length method discussed with the help of a one-meter
measuring rule. After accounting for parallax error, we uti-
lized the trigonometry by using (19) to derive the actual
measured Zenith angle, then the obtained readings were
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TABLE 1. Symbols for the numerical values in the equations.

TABLE 2. Comparison of original Blanco-Muriel algorithm versus modified algorithm.

recorded and plotted in Fig. 10. Fig. 10 shows a compari-
son between the PSA modified algorithm and the original

algorithm in Zenith angle at different moments of the same
day. Fig. 9 shows a comparison between the PSA modified
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FIGURE 6. Mechanical structure of solar auto-tracking system.

FIGURE 7. Final solar tracking prototype.

algorithm and the original algorithm in Zenith angle at dif-
ferent moments of the same day. The red line represents the
value of the curve calculated by PSA modified algorithm and
the blue line represents the value of the curve calculated by
PSA original algorithm in Fig. 9. The red line represents the
actual valueof the Zenith angle by the automatic solar tracking
system and the blue line in represents the value of the curve
calculated by PSA modified algorithm in Fig. 10. For better
comparison, the results of the actual Zenith angle values and
the PSA modified algorithm calculations are plotted against
each other by simulation in MATLAB, as shown in Fig. 10.

We can see from Fig. 9 that the Blanco-Muriel modified
algorithm achieves better accuracy than its original algorithm
and the original algorithm has a different shape to the mod-
ified one, this is due to the original algorithm being valid
between the periods of 1999-2015, after 2015, the original
algorithm becomes inaccurate as can be seen in Fig. 10.
Our result confirms the findings in Blanco et al., 2020.
Here, we observe that the minimum Zenith angle occurs two
and a half hours after local noon. Therefore, it is essential
to develop a new algorithm with better accuracy response.

FIGURE 8. Circuit board of solar tracking system.

FIGURE 9. PSA modified algorithm compared against the original one in
Zenith angle.

FIGURE 10. Actual measurement and calculating measurement of Zenith
angle.

Furthermore, in Fig. 10, the actual value of the Zenith angle
is so close to the calculated value which proves the automatic
solar tracking system is successful and works well.
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IV. CONCLUSION
In this paper, a new automatic tracking system with two-axis
based on the PSA modified algorithm is designed and based
on which lots of experiments are carried out in Tianjin City,
China. Then Zenith, angle values are recorded and relative
results are analyzed. The research about solar energy and
methods of solar tracking system design in domestic and for-
eign regions is introduced and compared. From the obtained
results, we observed that the modified PSA algorithm is more
accurate in calculating the Sun’s position than the original
algorithm. In this article, we present the flowchart of the auto-
matic tracking system and its working principle among these
modules is explained in brief. Then, the biaxial tracking is
designed and utilized and the control system is placed on the
board at the bottom of the whole mechanical structure. The
circuit system consists of a tilt sensor, microcontroller, digital
compass, GPS module and other key components. At last, the
system is designed successfully and experiments are carried
out in Tianjin City. Then a comparison plot containing Zenith
angle values shows that the automatic solar tracking system
achieves good performance and the PSA modified algorithm
is suitable to replace the original algorithm.

The modified PSA algorithm is based on universal Earth-
Sun geometry and atmospheric concepts that are applicable
in both hemispheres, and the system can be deployed in any
country and still achieve good tracking performance as well
as being useful to the academic and industrial community in
developing countries looking for low-cost innovative tracking
solutions. Even though, in recent years, sun-tracking PV
panels are rarely seen in practice as the cost of PV panels
has dramatically decreased in the past five years. However,
accurate sun-tracking is still important for high solar con-
centrating systems and our proposed algorithm can provide
potential benefit for such systems due to the improvement in
sun-tracking provided by our solution.
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