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Abstract
DETERMINING THE ACCURACY OF SOLAR TRACKERS
Muhammad Sami Sabry
B.S., Ain Shams University
M.S., Appalachian State University
Chairperson: Brian W. Raichle
The direct understanding of the expression “accuracy of solar trackers” is that “the
trackers follow the sun.” Many studies have used the power produced by the solar trackers as
a measure to define and determine a tracker’s accuracy. No studies have been found that
determine the accuracy of solar trackers by measuring the tracker angles.
This study was an experiment to measure the tracker angles of the commercially
available, non-algorithm based solar trackers located at the Appalachian State University
Solar Research Laboratory. The solar trackers were a Zomeworks UTR-200 passive one
inclined axis solar tracker and a Wattsun AZ-225 active electro-optical two axis
(Azimuth/Altitudes) solar tracker. The measured tracker angle of the passive tracker was the
azimuth angle. The measured tracker angles of the active tracker were the azimuth and the
altitude angles. The tracker angles of the two trackers were measured under varying
conditions, such as different Direct Beam Fractions (DBFs), different total irradiances,
different wind speeds, different wind directions, and different times of the day. The angles
measured were compared to those calculated by Michalsky’s celestial algorithm, which is
“an algorithm for the calculation of solar position that has a stated, and partially
iv

demonstrated, accuracy of 0.01 deg until the year 2050” (Michalsky, 1988, p. 227) in order
to determine the accuracy of the solar trackers. Resistance measurements were used to
measure the angles of the trackers.
Results were obtained after the verification and the filtration processes of the raw data
collected had been carried out. The results showed that the average accuracy of the azimuth
angle of the Zomeworks UTR-020 is 75%, the average accuracy of the azimuth angle of the
Wattsun AZ-225 is 88%, and the average accuracy of the elevation angle of the Wattsun AZ225 is 89%. In addition, the results showed a weak correlation between the accuracy of the
azimuth angle of the Zomeworks solar tracker and the Direct Beam Fraction (DBF)
percentage, a strong correlation between the accuracy of the azimuth angle of the Wattsun
solar tracker and the DBF %, and a moderate correlation between the accuracy of the
elevation angle of the Wattsun solar tracker and the DBF%. Moreover, the accuracy of the
azimuth angle of the Wattsun AZ-225 solar tracker was always higher than that of the
Zomeworks UTR-020 under any DBFs and any Global Horizontal Irradiations (GHIs). The
results showed also that there was very weak correlation between the accuracy of the azimuth
angle of the Zomeworks solar tracker and the ambient temperature, and weak correlations
between the accuracies of the angles of the Wattsun AZ-225 and the ambient temperature as
well.
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CHAPTER 1: INTRODUCTION
Interest in solar energy has grown for a variety of reasons. It is a sustainable energy
resource, it produces no air pollution, and it is increasingly affordable and reliable. Use of
solar energy can help to mitigate greenhouse gases, and therefore many policies have been
developed and adopted, and many projects have been undertaken worldwide to produce solar
energy and to reduce the production of greenhouse gases.
Photovoltaic (PV) technology has continued to develop in recent years. Tracking
technology that maximizes the power output of PV panels is just one area of improvement.
PV manufacturers claim the increase in power generated from a PV panel mounted on a oneaxis solar tracker can be 30% higher than from a fixed (non-tracking) PV panel. In addition,
“tests have shown that up to 40% extra power can be produced per annum using a variable
elevation solar tracker” (Clifford & Eastwood, 2004, p. 269). Moreover, it is claimed that a
mounted PV panel on a two-axis solar tracker will generate 40% more power than a tiltedsouth fixed panel (Mousazadeh et al., 2009, p. 1814).
To maximize radiation hitting the surface of a fixed PV array throughout the year, the
array needs to be adjusted to a certain inclination angle and a certain solar azimuth angle. The
inclination or the tilt angle is “the angle between the surface normal and the vertical” (Braun
& Mitchell, 1983, p. 439); it is more commonly described as the angle between the horizontal
and the tilted plane of the PV array. Solar PV arrays used year-round are normally adjusted to
an inclination angle equal to the latitude where the panel is being installed. The solar azimuth
angle is “the horizontal angle measured from south (in the northern hemisphere) to the
1

horizontal projection of the sun’s rays” (Mousazadeh et al., 2009, p. 1801) or “the angular
distance between true south and the point on the horizon directly below the sun” (Mazria,
1979, p. 656). For northern latitudes due south is typically the best azimuth orientation. Even
better performance can be obtained if an array tracks the sun throughout the day and
continually adjusts its azimuth and/or inclination angles. By adjusting these angles, the sun
incidence angle becomes closer to 0ᴼ and the direct solar radiation is more normal or
perpendicular to the array’s surface throughout the day and thus better energy output will
result. The sun incidence angle is the angle “measured between a ray from the sun and the
surface normal” (Braun & Mitchell, 1983, p. 439). The surface normal is the imaginary line
perpendicular to the PV array’s surface. For a fixed orientation array that is not adjusted, the
sun incidence angle changes throughout the day. This leads to less energy generation because
of the decrease of the array’s effective area normal to the solar radiation.
One low-tech method to increase an array’s effective area is with periodic manual
inclination angle adjustments. In summer, manufacturers recommend the inclination angle be
decreased because of the high elevation of the sun above the horizon. In winter,
manufacturers recommend the opposite because of the low elevation of the sun above the
horizon. To set the azimuth angle, manufacturers recommend the surface on which the PV
panel is fixed to be directed towards the south (in the northern hemisphere) or towards the
north (in the southern hemisphere).
The tracking accuracy refers to the capability of trackers to point to the sun no matter
what the trackers’ control scheme is. To achieve high accuracy, the PV array mounted on the
tracking system must be close to normal to the direct radiation throughout the day. Knowing
the tracking accuracy will be helpful to potential adopters of PV tracking systems.
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Solar tracking PV systems continually follow the position of the sun in the sky. A
variety of tracking control schemes exist, including algorithm-based, thermal, and electrooptical systems. An algorithm-based control scheme on a solar tracker provides the equations
through which the inclination and azimuth angles are calculated and employs active
positioning using electric motors. This guarantees the optimum orientation of the trackers.
Non-algorithm based control schemes of solar trackers, such as thermal and electro-optical
control schemes, don’t involve the use of equations for calculating the inclination and
azimuth angles. Instead, they provide active and passive mechanisms by which the trackers
follow the sun through the sky. Most residential-scale solar trackers are non-algorithm based
control scheme solar trackers. It’s important to understand the performance of these trackers
and to determine their accuracy.
Statement of the Problem
A tracker’s accuracy affects the irradiance intercepted and the energy generated by a
PV array. Understanding the accuracy of non-algorithm based solar trackers is necessary for
potential adopters to make informed decisions when choosing between various available
tracking options. Determining this accuracy can be accomplished through an outdoor
experiment that compares the performance of the solar trackers under real life conditions.
The amount of the incident total and normal direct beam likely affects the driving
mechanisms of the non-algorithm based solar trackers. Hence the total radiation and the
Direct Beam Fraction (DBF), or the ratio of the solar direct normal radiation to the total solar
radiation, are likely important factors to consider when trying to determine and compare the
performance of different PV tracking technologies.
A typical PV tracking system’s main components are the tracking device and the
tracking algorithm, the control system, the positioning system, the driving system, and the
3

sensing system (Rockwell Automation, 2009). This type of PV tracking system is typically
included in commercial-scale solar plants. However, residential-scale solar trackers are
typically not algorithm based for simplicity to the customer and for reduction in the cost of
the system. Hence they may not be as accurate as algorithm-based solar trackers. The
problem this study addresses is to determine the accuracy of such residential trackers, so that
the home owners and installers can make better decisions about what residential PV
technology to install. No studies determining the tracking accuracy using direct angular
observations have been found.
Purpose of the Study
This research compared the accuracy of two solar trackers under the same varying
conditions. This research was carried out on a Zomeworks UTR-020 passive azimuth tracker
fixed at a 42⁰ altitude angle, and a Wattsun AZ-225 active altitude and azimuth tracker to
determine their accuracy with varying DBF, total irradiance, and wind direction at different
ambient temperatures.
Research Question and Hypotheses
This research was guided by one primary research question. Three related research
hypotheses (H) were generated.
RQ1: What is the accuracy of non-algorithm based one-axis solar trackers and two-axis
solar trackers under varying DBF and total irradiance?
H1. There will be strong positive correlations between tracker accuracy and level of DBF
for the Wattsun AZ-225 active altitude and azimuth and the Zomeworks UTR-020 passive
azimuth solar trackers.
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H2. The Wattsun AZ-225 active altitude and azimuth tracker will be more accurate than
the Zomeworks UTR-020 passive azimuth tracker under strong DBFs and total irradiances.
H3. There will be weak correlation between the accuracy and the ambient temperature.
Definition of Terms
Direct Beam Radiation: “The radiation that comes directly from the sun with no
scattering in the atmosphere” (Robinson & Raichle, 2011, p.1-2).
Direct Beam Fraction (DBF): The ratio of the vertical component of the Direct
Normal Irradiation DNI to the Global Horizontal Irradiance GHI.
Direct Normal Irradiation (DNI): “The flux of the beam radiation through a plane
perpendicular to the direction of the sun" (Reno, Hansen, & Stein, 2012, p. 9).
Elevation Angle (Altitude Angle) α: “The vertical angle between the projection of
[the] sun’s rays on the horizontal plane and direction of [the] sun’s rays passing through the
point” (Braun & Mitchell, 1983, p. 439).
Global Horizontal Irradiance (GHI): “The sum of the diffuse radiation incident on a
horizontal surface plus the…[vertical component of the direct normal irradiance]…” (Reno et
al., 2012, p. 9).
Inclination Angle (Slope of the Surface) β: “The angle between the surface normal
and the vertical” (Braun & Mitchell, 1983, p. 439).
Sun Incidence Angle θ: “The incidence angle, θ, is measured between a ray from the
sun and the…[normal of the PV array]…” (Braun & Mitchell, 1983, p. 439).
Sky Diffuse Radiation: “The solar radiation received…[by a surface]…from the sun
after its direction has been changed by scattering by the atmosphere” (Helwa, Bahgat, El
Shafee, & El Shenawy, 2000, p. 37).
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Solar Azimuth Angle γs: “The horizontal angle measured from south (in the northern
hemisphere) to the horizontal projection of the sun’s rays” (Mousazadeh et al., 2009, p.
1801).
Surface Azimuth Angle γ: “The angle between local meridian and the horizontal
projection of the surface normal” (Braun & Mitchell, 1983, p. 439).
Surface Elevation Angle αsurface: The vertical angle between the surface and the
horizontal plane.
Readers can refer to Figures 1, 2, & 3 for a graphical representation of the above
defined angles, an understanding of which was critical to carrying out this study.
Limitations of the Study
The first limitation of the study was that it was done only on a Wattsun AZ-225 active
altitude and azimuth tracker and a Zomeworks UTR-020 passive azimuth tracker at one
location: Boone, North Carolina. Therefore, the findings from this study apply only to these
trackers, at Boone’s latitude of 36.2167ᴼN. Another limitation was the potential angle offset
produced by the Zomeworks UTR-020 passive azimuth tracker to follow the motion of the
sun because of the weight of the 6” linear potentiometer mounted on it, and the friction that
took place due to the relative motion between the inner and outer damper rods (Refer to
Chapter 3, Calibration of the 6” Linear Potentiometer). A third limitation was that the study
was carried out in an outdoor environment, which meant that light, wind, and other weatherrelated variables could not be controlled; however, one of the goals of this research was to
examine the accuracy in a real-world situation, so the findings of this research lend greater
insight into the tracking accuracy of these systems in regular use.

6

Significance of the Study
This study filled a gap in the literature and directly described and determined the
accuracy of solar trackers by measuring their tracking angles. No previous studies were found
that had tried that approach, although many studies have documented the benefits of using
tracking devices to increase the power output of solar panels. Through this study, residential
PV system owners may be able to make better-informed decisions about whether it is better
to install a fixed, one-axis tracker, a two-axis tracker, or even no PV system in a certain site
based on a more complete study of the performance of these systems and their corresponding
economic values. Because tracker performance will be characterized according to climatic
conditions, extrapolation to other locations with known climatic conditions should be
possible.

7

CHAPTER 2: REVIEW OF LITERATURE
Solar Irradiation and Meteorological Conditions
As solar radiation passes through the atmosphere it is scattered due to collisions with
air molecules in the atmosphere and thus the incidence angle changes, making the solar rays
diffuse rather than direct (Robinson & Raichle, 2011). If the weather is windy, cloudy, rainy,
or snowy, there will be more scattering, reflections, and inter-reflections of solar rays. Hence,
the terms Direct Radiation, Diffuse Radiation, Albedo, and Direct Beam Fraction (DBF)
came into focus for scientists and researchers interested in the solar energy discipline. Direct
radiation is “the radiation that is not reflected or scattered and reaches the surface directly”
(Mousazadeh et al., 2009, p. 1801). Diffuse radiation is “radiation that has been scattered
either by clouds, rain, or any other potential hazard” (Robinson & Raichle, 2011, p. 1). The
albedo is defined as “the fraction of radiation reaching the ground that is reflected back to the
atmosphere from which a part is absorbed by the receiver” (Mousazadeh et al., 2009, p.
1801). The amount of direct or diffuse radiation depends on the position of the sun,
atmospheric conditions, and the orientation of the surface of the PV array. The ground
reflected radiation depends on the environmental factors between the surface of the PV array
and the ground (Braun & Mitchell, 1983, p. 440 & 441).
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Solar Tracking Geometry
For the surface of a PV array, it is important to know its azimuth and inclination
angles, as shown in Figure 1. For the position of the sun, it is important to know the solar
azimuth and solar elevation angles, as shown in Figure 2. Understanding the relationship
between these sun angles and the orientation of the solar panels is fundamental to
determining tracker accuracy. In order to have an optimum tracking orientation of the solar
tracker and insure that the surface of the PV array is always normal to the incident solar
radiation as shown in Figure 3, the inclination angle and the solar elevation angle should be
complementary angles (their sum is equal to 90°) and the surface azimuth angle should be
equal to the sun azimuth angle (Braun & Mitchell, 1983, p. 444).

Surface Azimuth Angle

Figure 1. Surface azimuth and surface elevation angles.
9

Sun Incidence Angle

Sun Azimuth Angle

Sun Elevation (Altitude) Angle

Figure 2. Solar azimuth, solar elevation, and solar incident angles while the direct solar
radiation is not normal to a surface (general condition).

Figure 3. Optimum tracking orientation; that is, direct radiation normal to the surface.
10

Components of the Solar Tracking System
The main components of a typical commercial solar tracking system are the tracking
device, the tracking algorithm, the control unit, the positioning system, the driving
mechanism, and the sensing devices. The main components of a typical residential solar
tracking system are the tracking device, the non-algorithm based control scheme (whether
thermal or electro-optical), the positioning system, the driving mechanism, and/or the sensing
devices. The algorithm is a tracking control scheme that calculates the angles that are used to
determine the position of the solar tracker. There are two types of algorithms: astronomical
algorithms and real-time light intensity algorithms. The astronomical algorithm is a purely
mathematical algorithm based on astronomical references to calculate the solar angles. The
non-algorithm thermal control scheme uses differential thermal expansion of a working fluid
to exert torque to move the tracker. The non-algorithm electro-optical control scheme uses
differential optical signal to exert torque on the tracking device to follow the sun.
In an algorithm-based system, the control unit executes the tracking algorithm and
manages the positioning system and the driving mechanism so that the tracking device is
directed towards the direction calculated. The positioning system is the system that moves the
tracking device to face the sun at the calculated angles. The positioning system can be
electrical or hydraulic. The driving mechanism is the mechanism that is directly responsible
for moving the tracking device to the position determined by the positioning system. The
sensing devices comprise a group of sensors that measure the ambient conditions (such as
ambient temperature, relative humidity, amount of rain, and other ambient measurements),
the light intensity (in the case of real-time light intensity algorithms), and the tilt angle of the
tracker. The latter is accomplished by means of an inclinometer or a combination of limit
switches and motor encoder counts (Rockwell Automation, 2009).
11

Solar Tracking Technologies
Solar panels can operate without the use of solar tracking devices, but it is well
documented that performance of the system is reduced without the use of trackers
(Mousazadeh et al., 2009). This is due to the fact that the earth rotates on its axis and
revolves around the sun, so the sun’s position in the sky relative to the horizon changes over
the course of the year. Therefore, a fixed collector will not be able to maintain a high array
effective area with the sun’s motion as trackers do (Catarius & Christiner, 2010). Solar
tracking technologies are usually classified into passive (mechanical) or active (electrical)
devices. They can be further classified into one axis solar trackers or dual axis solar trackers,
as shown in Figure 4.
Passive solar trackers are trackers with a rotating motion created by thermal
expansion. They contain two identical cylindrical tubes filled with a pressurized fluid
(usually Freon) or a shape memory alloy that work as an actuator for the rotation of the
passive solar trackers. The pressurized fluid thermally boils and expands in the cylinder
exposed to the sun and moves into the other that is shaded from the sun and condenses. This
causes unbalanced forces that exert a thermal torque on the tracker towards a certain direction
until equilibrium is restored and the actuators are balanced.
Active trackers use a motorized (electrical) motion. “Major active trackers can be
categorized as microprocessor and electro-optical sensor based, PC controlled data and time
based, auxiliary bifacial solar cell based, and a combination of these three systems”
(Mousazadeh et al., 2009, p. 1806). Electro-optical sensor based active trackers contain at the
least one pair of connected photo-resistors or PV solar panels. This pair is electrically
balanced by equal illumination intensities and so there is no control signal on the driving
motor. “These sensors are positioned near one another and have a divider, a tilted mount at a
12

calculated angle, or use a collimator to create a useful current and/or voltage difference
between the two sensors” (Catarius & Christiner, 2010, pp. 7-8). The different setups are
shown in Figure 5. For the auxiliary bifacial solar cell active tracker, the bifacial solar cell
creates an imbalance in power output and drives the trackers towards the desired position.
Poulek and Libra (n.d.) describe an auxiliary bifacial solar tracker. This type of solar tracking
basically involves having the tracking/backtracking solar panels connected to a DC motor.
“Two antiparallel sensing/driving solar cells are connected to reversible DC motor, [and] the
transmission is self-locking” (Poulek & Libra, n.d., p. 4). The figure used by Poulek and
Libra to show the principles of the auxiliary bifacial solar tracker is shown in Figure 6.
Auxiliary bifacial solar trackers may seem similar to passive solar trackers; however, an
auxiliary bifacial solar tracker is moved by an electrically controlled motor, while the passive
tracker is moved by a thermally-induced unbalanced torque. As a result the auxiliary bifacial
solar trackers are more accurate than passive solar trackers, with an accuracy of about ±5ᴼ

(Poulek & Libra, n.d.). The PC controlled date- and time-based active tracker calculates the
angles in terms of date and time by means of algorithms and sends signals to the control unit
to manage the positioning system and the driving mechanism so that the tracker is directed to
the desired direction (Mousazadeh et al., 2009).

13

These are the trackers used in this research (the
mechanical one is the Zomeworks UTR-020, and
the electrical one is the Wattsun AZ-225)

Figure 4. Representation of solar tracking technologies.

Figure 5. Tracker sensor setups from left to right: Divider, Tilted Mount, and Collimator.
(Catarius & Christiner, 2010, p. 8)
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Figure 6. The principle of the auxiliary bifacial solar cell tracker. (Poulek & Libra, n.d., p. 4)
One axis solar trackers can have a horizontal or vertical or inclined rotation axis.
Vertical One Axis Solar Trackers (VOASTs) are widely used in regions where the day is
long in summertime and the sun is low, compared to Horizontal One Axis Solar Trackers
(HOASTs) that are widely used in tropical regions where the sun is high and the day is
shorter in summertime. One axis solar trackers are used with PV as well as in parabolic
troughs and in linear Fresnel mirror designs. Two axis solar trackers are very important in
Concentrated Solar Power (CSP) systems as solar tower systems because of the errors of the
angles due to the long distances between the heliostats and the receiver in the tower structure,
and in solar dishes (Sterling engines). Two axis solar trackers are used as well in many
applications of Concentrated Photovoltaic (CPV) systems to always maintain correct
reflection geometry (Rockwell Automation, 2009).
Solar Tracking Algorithms
Michalsky (1988) developed an algorithm that calculates the solar position. That
algorithm stated and partially demonstrated accuracy of 0.01ᴼ beginning from the year 1950
and applicable until the year 2050. “The algorithm is taken from The Astronomical Almanac,
which has published it as an addendum to their very accurate tabulations since 1984. It uses
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the same approach as an earlier paper by Walvern, but has a more simplified form”
(Michalsky, 1988, p. 227). Walvern compared the declination angle in many commonly used
algorithms as well. The declination angle is defined as “the angle between the line joining the
centers of the sun and the earth and its projection on the equatorial plane” (Mousazadeh et al.,
2009, p. 1801). It was shown from this comparison that the Almanac algorithm (AA) was the
best of the simple algorithms that calculate solar position. “It is superior to the calculations
based on least square fits to a given set of data since it is based on the long-term progression
of the sun in the ecliptic plane” (Michalsky, 1988, p. 234). “It uses the same approach as an
earlier paper by Walraven, but has a simplified form.” (Michalsky, 1988, p. 227)
Reda and Andreas (2003) implemented a Solar Position Algorithm (SPA) to calculate
the solar zenith and azimuth angles in the period from the year -2000 to 6000, with
uncertainties of +/- 0.0003ᴼ. Their approach was developed from the book of “Astronomical
Algorithms” of Meeus (Reda & Andreas, 2003, p. 16). The solar zenith angle is “a vertical
angle between sun’s rays and a line perpendicular to the horizontal plane through the point
(θz = 90 – α)” (Mousazadeh et al., 2009, p. 1801). It is also defined as “the angle between the
vertical and a ray from the sun (i.e., the incidence angle for a horizontal surface)” (Braun &
Mitchell, 1983, p. 439). In addition, Reda and Andreas introduced some changes to
accommodate for solar radiation applications, such as the direction of measuring azimuth
angles to be measured from north and eastward, and the direction of measuring the observer’s
geographical longitude to be measured as positive eastward from Greenwich meridian instead
of negative. Reda and Andreas (2003) compared the SPA with the AA of Michalsky. It was
shown that the maximum difference between the AA and SPA main parameters is -0.00015ᴼ,
and the maximum differences between the AA and SPA for calculating the zenith and
azimuth angles are 0.00003ᴼand 0.00008ᴼ respectively.
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“A key component of the motion controller of trackers is the software, where
flexibility, easy-of-use, and integration with other I/O ports are parameters for consideration”
(Oh et al., 2009, p. 1). Software like the Laboratory Virtual Instrumentation Engineering
Workbench (LabVIEW) was demonstrated by Oh et al. (2009). LabVIEW was used to run
the AA tracking algorithm for a modeled two axis azimuth/altitude solar tracking system
application. In addition, it was used for developing the application program by calculating the
solar azimuth angle, the solar altitude angle, and the times of sunrise and sunset, and by
determining the motor steps to send them to the controller. The controller is the device
responsible for sending the relevant steps to the motors for the purpose of driving and
positioning the tracker towards the sun. In order to determine the accuracy of the calculated
angles, the changes in the solar altitude and solar azimuth angles were compared with the
results of Korea Astronomy and Space Science Institute (KASI). It was found that the
maximum error of the solar altitude angle of the algorithm developed was 0.0371⁰ and the
minimum error was 0.0006⁰. It was also found that the maximum error of the solar azimuth
angle of the developed algorithm was 0.0823⁰ and the minimum error was 0.0012⁰ (Oh et al.,
2009).
Peterson, Rice, and Vane (2005) described a simpler algorithm based control scheme
for the two axis tracker they used. “We decided we wanted to build a two axis solar tracker
and start with a basic tracking function and then progressively try and make it smarter and
efficient the best we could” (Introduction section). Their tracker was powered by Nema 23
bipolar stepper motors to rotate two photovoltaic cells around the altitude and azimuth axes.
They used tracking algorithms based on simple tracking functions. The first algorithm was
TrackE, which stands for Elementary tracking. The second one was TrackD, which stands for
Derivative tracking. The third one was TrackC, which stands for Track Cool. TrackC is the
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best algorithm that Peterson et al. (2005) came up with. The first algorithm moves the solar
tracker to find the point of highest voltage that satisfies incidence angle ϴ = 0ᴼ. The second
one uses the gradient method, which is calculating the angle ϴ required from the tracker to
travel in order to achieve the Maximum Power Point (MPP) by knowing three voltages, V1,
V2, and a reference voltage V, which is already known from the manuals of the solar panels
held by the trackers. The third voltage uses the second one to determine five points of sun
positions every hour and it predicts the other sun positions over the rest of the hour by using
the least square curve fitting method. The minimum errors in altitude and azimuth angles
were 0.0562ᴼ and 0.3411ᴼ, respectively. The maximum errors in altitude and azimuth angles
were 1.1294ᴼ and 1.6888ᴼ, respectively.
Energy Generation Enhancement Due to Solar Tracking
PV systems without tracking mechanisms are simple and have lower initial
investment costs but they produce lower power and less energy. The use of tracking systems
can boost the collected energy from the sun by 10% to 100% at different times of the year
and under different geographical conditions. It is not recommended to use solar trackers with
small PV arrays because of the energy consumption of the driving systems, which vary from
2% to 3% of the energy increase delivered by the solar trackers (Mousazadeh et al., 2009; Oh
et al., 2009; Patil, Nayak, & Sundersingh, 1997).
A two axis equatorial based tracking mechanism with computer control was designed
and fabricated by Patil et al. (1997). The mechanism was tested for several days. The team
tested the accuracy of their tracker using a shadow method to measure tracking error. A
deviation of only 3⁰ was found throughout the day, and the system yielded a 30% increase in
power output compared to a stationary PV module, with only a small amount of power
consumed by the tracking motion (Patil et al., 1997).
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A novel low cost solar tracker suitable for use in equatorial regions around the world
was presented by Clifford and Eastwood (2004). The passive solar tracker was activated by
aluminum/steel bimetallic strips and controlled by a viscous damper. The materials and the
manufacturing processes used could be done in the developing world, and replicated and
maintained in many regions all over the globe. The energy output of the tracking PV panel
was 23% more than a typical fixed PV panel.
An interesting design to investigate mechatronics applications to solar tracking
systems was done at the College of Technology Directed Projects at Purdue University by
Rodriguez (2011). The prototype was a two axis active tilt and azimuth solar tracker. It used
two 12-volt DC motors to do the yaw and tilt motions and was controlled by means of three
cadmium sulfide photo-resistors. The results showed a 28% increase in the solar energy
compared to a stationary panel. “Equipment for this experiment include two solar panels of
equal size and output ratings, three equal sets of nickel metal hydride cells, and a real-time
prototype solar tracking array” (Rodriguez, 2011, p. 20-21). The three photo-resistors were
distributed in the back of the panel array; two were at the top right and left, and one in the
middle of the bottom. The reason for that distribution was to create a large difference
between the top and the bottom voltages.
A novel PC-based one axis sun tracking system was designed and introduced by Sefa,
Demirtas, and Colak (2009). The energy collected from the tracking system was compared
with a fixed solar system for the same solar panel. System parameters such as current,
voltage, and panel position were observed as well by means of a microcontroller. The
tracking system produced 45% more energy than the fixed system (Sefa et al., 2009).
A theoretical model was developed by Helwa et al. (2000) to calculate the hourly
solar radiation incident on four different tracking systems, including a fixed PV panel facing
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south and tilted at 40⁰, vertical axis tracker tilted at 33⁰, one tilted axis tracker with rotating
axis in the N-S direction oriented by a tilted angle 6⁰ with the horizontal, and a two axis
tracker. The model used calculated global radiation on a horizontal system, diffuse radiation
on a horizontal system, and normal radiation, using formulas provided by Stine and Harrigan
(1985), Baltas, Tortoreli, and Russell (1986), and Iqbal (1983). Then the calculated values
were compared with practical data measured from the four systems installed at the test field
of the Institute of Solar Energy and Hydrogen Research located in Widderstall, Germany. It
was found that the on-site measured annual average solar radiation incident on the vertical
axis tracker was 12% more radiation than that incident on the fixed system. In addition, the
on-site measured annual average solar radiation incident on the one tilted axis tracker was 1%
more radiation than that incident on the fixed system. Moreover, the on-site measured annual
average solar radiation incident on the two axis tracker was 25% more radiation than that
incident on the fixed system.
A comparison between the performance of a fixed PV panel at altitude 40⁰ and a
Zomeworks one axis solar tracker at altitude 30⁰ was done by Robinson and Raichle (2011).
They found that for total irradiance greater than 1100 W/m2 there was a statistically
significant power increase with the Zomeworks one-axis tracker compared to a fixed mount
system, ranging from 15% at a lower DBF (50%) to 19% for the upper DBF bins (85%)
(Robinson & Raichle, 2011). A 15% to 20% power increase for the Zomeworks one-axis
solar tracker was found for all total irradiances as well.
Huang et al. (2009) designed and implemented a solar tracking control system using
Field Programmable Gate Arrays (FPGA). A FPGA is an integrated circuit designed to be
configured by a customer or a designer after manufacturing. FPGAs are very interesting at
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the current time, first of all because they have many logic gates and Random Access Memory
(RAM) blocks to do complex digital computations, and second because they accomplish fast
integrated operations using bi-directional data buses. The solar tracker was an active two axis
azimuth/elevation solar tracker. Cadmium Sulfide (CdS) photo-resistors were used to control
the active yaw and tilt motions. An Analog to Digital (A/D) converter was used to deliver the
feedback signals to a Cyclone II chip manufactured by the Altera Company in Southern
Taiwan. Then an experiment was conducted on the roof of a building at Yuan Ze University
to compare the solar tracking system and the fixed panel system. As with other studies, these
researchers found the tracking system performed better than the fixed system (Huang et al.,
2009). In the mornings and afternoons, the solar tracking system outperformed the fixed
system. At 9:30 am, the solar tracking system generated 32.5 KJ while the fixed system
generates 25 KJ.At 2:30 pm, the solar tracking system generated 33 KJ while the fixed
system generated 24 KJ. The minimum difference between the energy generated in both
systems occurs around noon.
In all reported studies except Robinson and Raichle, enhanced energy production was
reported under ideal, sunny conditions.
Solar Tracking Error and Accuracy
Looking only at the electrical power generated by a PV array is not enough to
determine tracking accuracy because the power output is not just a function of the accuracy.
Moreover, the lack of standards that describe tracker performance makes it difficult to
evaluate the performance of a solar tracker and therefore it’s difficult to compare the
performance of various solar trackers. Further, studies undertaken at different locations and
times of the year provide performance data under a range of conditions. “These challenges
call for a method for accurately characterizing both absolute and relative tracking accuracy in
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the field, under a variety of weather conditions” (Stafford, Davis, Chambers, Martinez, &
Sanchez, 2009, Overview section).
In a patent application publication (U.S. Patent Application No. 18518, 2010), Mark
McDonald used a system of two axis (azimuth/elevation) solar trackers carrying a solar
collector array. He used a PC-based control system that processes a program code and this
program code is connected to a GPS receiver. McDonald claimed “some aspects include
determination of a servo feedback signal based on the determined power” and he continued,
“determination of the solar tracking error may further include determination of the solar
tracking error based on the servo feedback signal and on a relationship between a response of
the solar collector and tracking error” (McDonald, 2010, Abstract section). He determined
the solar tracking error of the solar collector by determining the differences between the
power of a servo feedback signals. He reached the conclusion that the solar collector
responds late by 0.5⁰, and that the servo feedback signal corrects the solar collector array
position by 2.65⁰.
Wind Effects on Solar Trackers
Stafford et al. (2009) studied wind velocity and wind direction effects on solar
tracking accuracy. Their experiment was done on a commercial CPV. They claimed that the
average wind velocity could be misleading. Figure 7 shows the wind velocity as a function of
wind direction for the data collected over two months in Puertollano, Spain. The highest wind
velocity occurred when the wind direction was towards the east. Because the wind drag force
is a function of wind velocity and the orientation of the PV array, the wind drag forces are the
highest when the wind direction is out of east, as shown in Figure 8. Figure 9 shows the
tracking error versus wind loading. “In considering the effect of wind on trackers, it is
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necessary to take into account the changing orientation of the tracker” (Stafford et al., 2009,
Wind loading section, para. 2). This is important because at certain wind directions and
velocities, with certain orientations of the tracker, wind forces may exert external torques on
the tracker that affect its motion (especially passive solar trackers), or may increase the load
on the fixation of the tracker. The dashed line in Figure 9 shows 0.76ᴼ median tracking error
caused by wind loading.

Figure 7. Average wind velocity [m/s] vs. direction (Stafford et al., 2009, Figure 2).

Figure 8. Drag force [% of max] vs. direction (Stafford et al., 2009, Figure 3).
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Figure 9. Tracking error caused by wind loading (Stafford et al., 2009, Figure 5). Notice the
line of light indicates the different tracking errors at zero wind loading. Notice also that
positive wind loading results in large tracking error while negative wind loading results in
low tracking errors.
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CHAPTER 3: RESEARCH METHODOLOGY
Overview of Research Design
This experiment measured the elevation angle and the azimuth angle of a nonalgorithm based two axis solar tracker and the azimuth angle of the non-algorithm based
passive one axis solar tracker in the Appalachian State University Solar Research laboratory.
These angles were then compared to the angles calculated by Michalsky’s celestial algorithm.
From this comparison, the accuracy of tracking of these two types of solar trackers was
determined.
Experimental Design
The vision behind this study was to add another pillar to the performance comparison
of the solar trackers besides their power generation, namely, their ability to accurately point
to the sun. By carrying out this study a residential owner could be able to make a better
decision about whether to install a fixed panel, one axis tracker, two axis tracker, or even no
PV system at a certain site based on a complete study of performance of the systems. This
study was begun in January, 2012. The objective was to measure the angles of the one axis
and two axis solar trackers located at the Solar Research lab and to compare the actual angles
with algorithmic calculated angles to determine the trackers’ accuracy in following the sun’s
path. Different potentiometers were mounted on the solar trackers and calibrated to measure
the actual angles of the trackers.
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Site Characteristics

Figure 10. Large dense area of high woods behind
the ASU Solar Research lab causing shading.

Figure 11. Trees and lights in front of the lab
causing shading.

Figure 10 shows the Appalachian State University Solar Research Facility
Laboratory. The lab is located at the University’s State Farm Complex in Boone, North
Carolina. The latitude and the longitude of the site are 36.2167ᴼN and 81.6747ᴼ, respectively.
The true north, south, east, and west directions are shown in Figure 12. There is a flat open
area between true north and 45ᴼ west of true south as shown in Figure 12. Figure 12 also
shows that there is a small house and dense area of woods with high trees from 45ᴼ west of
true south to true north. Those woods are behind the Solar Lab, as shown in Figure 10. The
small house and the woods behind the lab cause shading for the one axis and two axis solar
trackers located in the lab. Figure 12 shows trees located in front of the lab from 135ᴼ east of
true south to 45ᴼ west of true south. Those trees cause shading for the pyrheliometer which
measures DNI. Figure 12 shows that shading effects take place from 45ᴼ west of true north to
45ᴼ west of true south (in between tilt angles of 0ᴼand 36ᴼfor the PV array).
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Figure 12. Plan view of the lab showing shading points and angles.
Tracking Motions of the Solar Trackers Used
Zomeworks UTR-020 solar tracker
As shown and explained in materials located in Appendix B, the Zomeworks UTR020 used in the study doesn’t move by either motors or gears. It moves by the difference in
weight produced from the thermal expansion of the working fluid in the two canisters of the
solar trackers. This is enhanced by aluminum shadow plates surrounding the two canisters of
the solar tracker. Zomeworks UTR-020 is a one axis solar tracker.
In the morning, the Zomeworks UTR-020 solar tracker begins its motion from where
it stopped at sunset of the previous day. As the sun rises and its rays hit the aluminum
shadow plates and the canisters of the solar tracker, the working fluid heats and expands
differently in the two canisters of the solar tracker. Hence, the two cylinders contain different
weights of fluid and the tracker moves. The solar tracker continues in its motion until balance
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occurs when the weights of the working fluid in the two canisters are equal. The balance
happens when the sun’s rays are normal to the surface of the PV array, where incidence
angle θ equals to 0º. This behavior of the Zomeworks UTR-020 takes place throughout the
day until sunset.
Wattsun AZ-225 solar tracker
The Wattsun AZ-225 Solar Tracker is a dual axis solar tracker. The two axes of
motion are the azimuth and altitude axes. The motion around the azimuth axis is called yaw
motion, and the motion around the altitude axis is called tilt motion. The tracker is moved by
two motors, which are controlled by two pairs of photo-resistors. The photo-resistors can
also be referred to as Light Dependent Resistors (LDRs). An LDR is an electronic
component whose resistance decreases with increasing incident light intensity. One pair of
LDRs is responsible for the yaw motion of the solar tracker around the azimuth axis. The
other pair of LDRs is responsible for the tilt motion of the solar tracker around the altitude
axis.
Before the morning, the Wattsun AZ-225 solar tracker is automatically moved from
where it stops the previous day at sunset to the east and to its maximum tilt where the sun
begins to rise above the horizon. As the sun’s rays hit the LDR pairs, different light
intensities are produced and so different resistances take place. This causes two electronic
signals to be sent to the controller. The first signal is sent from the LDR pair responsible for
the yaw motion to the motor. Hence, the motor moves the tracker to the proper azimuth
position. The proper azimuth position is where the surface azimuth angle γ equals to solar
azimuth angle γs. The second signal is sent from the LDR pair responsible for the tilt motion
to the motor. Hence, the motor moves the tracker to the proper altitude position. The proper
altitude position is where the inclination angle β becomes complementary with the solar
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altitude angle α. With these positions, the sun’s rays become normal to the surface of the PV
array where incidence angle θ equals to 0º. This behavior of the Wattsun AZ-225 takes place
throughout the day until sunset.
Instrumentation
Figure 13 shows a block diagram of the experiment. There were three main
components of the experiment: the two solar trackers, where the three potentiometers were
mounted; the solar and wind meteorological stations and the pyranometer that measured the
GHI; and the data logger and its software. The PV panels mounted on each of the two solar
trackers were Sharp ND-224UC1 solar panels grid connected with enPhase micro inverters.

Figure 13. A block diagram of the experiment.
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Measurement of azimuth and elevation angles
The azimuth angle of the passive one axis solar tracker was measured by a 6”, 10k
linear potentiometer. The azimuth angle of the active two axis solar tracker was measured by
means of a 10:1 gear box and a 10-turn, 100k rotating potentiometer mechanically coupled to
the azimuth drive assembly. The elevation angle of the active two axis solar tracker was
measured by a 900 mm, 100k linear potentiometer. The resistance of each potentiometer was
measured using a ½ bridge circuit. Angles were determined from measured resistances based
on empirical calibration functions.
Meteorological stations
The DNI was measured by a Hukesflux DR-1 Pyrheliometer (first class) pointed at
the sun by a Minitrack II Solar Tracker (Michalsky’s celestial algorithm based). The GHI
was measured by a LI-COR 200 Pyranometer. The ambient temperature was measured by a
Campbell Scientific HMP 50 temperature and humidity sensor.
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Half bridge circuit

Figure 14. The wiring layout of the half bridge circuits.
The three potentiometers were connected to a CR1000 data logger through half bridge
circuits, as shown in Figure 14. The other measuring devices had been already connected
before this research started in the lab. Figure 14 shows the wiring layout of the three
potentiometers to the data logger. Three two-wire cables were used in the wiring. One 10 kΩ
shunt resistor was connected in series with the 6” linear potentiometer. One 100 kΩ shunt
resistor was connected in series with the 900 mm linear potentiometer. Another 100 kΩ shunt
resistor was connected in series with the 10-turns rotating potentiometer. Each shunt resistor
and the corresponding potentiometer connected in series with it are connected in parallel
between the excitation voltage and the ground.
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Calibration of the Potentiometers

Figure 15. A diagram of the calibration process used in the study.
The objective of the calibration process was to get the angle/resistance transfer
function of each of the potentiometers. Each tracker in turn was manually positioned at a
known angle and its output recorded. Each equation was determined by choosing the best
curve fit to an angle vs. output graph of each potentiometer. The software used in this was
Microsoft Excel. After the equation of each measurement had been determined, the equation
was compiled to LoggerNet software, which is the software used in the Data Acquisition
System of the Solar Research lab. The verification process compared the curves of the sun
angles calculated from the algorithm and the measured angles on a very sunny day. This
process took place for each of the three potentiometers individually.
Calibration of the 6” linear potentiometer
The idea of mounting a 6” linear potentiometer on the non-algorithm based passive
one axis solar tracker came from the occurrence of relative sliding motion between
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components of the damper, as shown in Figure 16. The maximum distance traveled through
this motion is 6”. The calibration was done in order to get a relation between the output of the
6” linear potentiometer and the actual azimuth angle of the tracker. The output of the 6”
linear potentiometer mounted was “Vpotentiometer/Vexcitation”, where Vexcitation was 2500 mV for
the potentiometer used. The relation between output of the 6” linear potentiometer and the
azimuth angle of the passive one axis solar tracker is shown in Figure 17, through which the
best fit calibration equation is the quadratic equation shown in Equation 1. From Figure 17,
the sensitivity of the 6” linear potentiometer is 4.9 mV/degree. Equation 1 shows the
calibration equation by which the azimuth angle of the one axis solar tracker was determined.
The main sources of uncertainty in this equation is the from determining the tracker angle.
The statistical uncertainty is around -/+1̊.
𝑉𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑜𝑚𝑒𝑡𝑒𝑟 2
𝑉𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑜𝑚𝑒𝑡𝑒𝑟
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� − 296.85
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𝑉𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛
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(1)

Slider of the Potentiometer

Outer-damper Shell
Fixation to fix the body of the
potentiometer to the plate

Cover

Inner-damper Rod

Perpendicular Rod and Angle L to
transmit the relative motion to the
Slider

Plate to fix the body of the
potentiometer
assembly to the outer-damper
shell by means of a clamp

Body 6” Linear Potentiometer

Figure 16. Mounting of the 6” Linear Potentiometer.

Figure 17. The relation between output of the 6” linear potentiometer and the azimuth angle
of the passive one zxis solar tracker.
Calibration of the 10-turns rotating potentiometer
The idea of mounting a five-turns rotating potentiometer on the non-algorithm based
active two axis solar tracker came from the occurrence of rotation motion of the Shaft 1 as
shown in Figure 18. The calibration was done in order to get a relation between the output of
the rotating potentiometer and the actual azimuth angle of the tracker. The output of the
rotating potentiometer mounted was “Vpotentiometer/Vexcitation”, where Vexcitation was 2500 mV for
34

the potentiometer used. The relation between output of the rotating potentiometer and the
azimuth angle of the active two axis solar tracker is shown in Figure 19, through which the
best fit calibration equation is the quadratic equation shown in Equation 2. From Figure 19,
the sensitivity of the ten-turns rotating potentiometer is 1.5 mV/degree. Equation 2 shows the
calibration equation by which the azimuth angle of the two axis solar tracker is determined.
The main source of uncertainty in this equation is from determining the tracker angle. The
statistical uncertainty is around -/+1̊.
𝐴𝑧° = −2409.5 �
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𝑉𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛
𝑉𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛

Plate 1

(2)

L-Angle 1 to fix Plate 1 to the tracker

Plate 2 to fix the rotating
potentiometer to plate 1

Cylinder 1 to transmit the rotation
motion of the hexagonal shaft 1
to coupling 1

L-Angle 2 to fix Gearbox to
Plate 1

This is a 10:1 gearbox. There is
coupling 1 before it to transmit
the rotation motion of Cylinder 1
to the inner shaft of this gear box

Ten-Turns Rotating
Potentiometer
Coupling 2 to transmit the rotating
motion of the output shaft of the
gearbox to the potentiometer shaft

Figure 18. Mounting of the five-turns rotating potentiometer.
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Figure 19. The relation between output of the rotating potentiometer and the azimuth angle
of the active two axis solar tracker.
Calibration of the 900 mm linear potentiometer
The idea of mounting a 900mm linear potentiometer on the non-algorithm based
active two axis solar tracker came from the occurrence of relative sliding motion between the
internal and external shafts connected to the tilt motion motor of the tracker, as shown in
Figure 20. The calibration was done in order to get a relation between the output of the
900mm linear potentiometer and the actual elevation angle of the tracker. The output of the
900mm linear potentiometer mounted was “Vpotentiometer/Vexcitation”, where Vexcitation was 2500
mV for the potentiometer used. The relation between output of the 900mm linear
potentiometer and the elevation angle of the active two axis solar tracker is shown in Figure
21, through which the best fit calibration equation is the quadratic equation shown in
Equation 3. From Figure 21, the sensitivity of the ten-turns rotating potentiometer is 14.4
mV/degree. Equation 3 shows the calibration equation by which the elevation angle of the
two axis solar tracker was determined. The main source of uncertainty in this equation is
from determining the tracker angle. The statistical uncertainty is around -/+1̊.
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𝑉𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑜𝑚𝑒𝑡𝑒𝑟 2
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(3)

Plate to transmit the relative motion
between the internal and external shafts
(connected to the tilt motion motor) to the
slider of the potentiometer

Moving internal shaft connected to the tilt motion
motor to push and pull the panels array causing
the tilt motion of the tracker

Body of the potentiometer and slider

Cover
Fixations to hold the body of the
potentiometer to the external shaft
connected to the tilt motion motor

External shaft connected to the tilt
motion motor

Elevation (Tilt Motion) Motor

Figure 20. Mounting of the 900mm linear potentiometer.

Figure 21. The relation between output of the 900mm linear potentiometer and the elevation
angle of the active two axis solar tracker.
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Data Collection
Sample
The data sample included one minute averages calculated from a 10-seconds
sampling rate of the measured azimuth angles of the passive one axis solar tracker and active
two axis solar tracker, the measured elevation angle of the two axis solar tracker, the angles
calculated by Michalsky’s celestial algorithm, the DNI, the calculated Global Horizontal
Irradiance (GHI), the GHI measured in the lab, the wind speed, the wind direction, and the
ambient temperature. The data collection period was from February 10th to June 16th, 2013 for
the azimuth angle of the Zomeworks UTR-020 passive azimuth solar tracker, and from May
16th to June 16th, 2013 for the other two angles of the Wattsun AZ-250 solar tracker. The raw
data included 195,272 minutes for the Zomeworks UTR-020 azimuth solar tracker and
46,081 minutes for the Wattsun AZ-225 solar tracker.
Data Collection Process

Figure 22. A diagram of the data collection process.
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The data collection process consisted of two consecutive stages: the verification
process and the filtering process. The input was one minute data in text files format generated
by the data acquisition system used. Those files were then converted to Excel files to apply
the verification, filtering, and various analysis processes. The verification process was carried
out in order to validate the data by assuring that, first, all the data were from sunrise to
sunset; second, the measured azimuth and elevation angles were positive; third, the measured
azimuth angles were less than or equal to 360ᴼ; and fourth, the DBF percentages were
positive and less than or equal to 100 %, and by comparing the calculated GHI and the
measured GHI so that the calculated GHI was different from the measured GHI by no more
than 10%. After that a filtering process took place. The idea for the filtering process was to
exclude the data collected of measured GHI less than 100 W/m2, the data collected while
shading affected the solar trackers, and any data that described non-physical performances of
the trackers. The reason for this filtering was to reduce sensitivity to low power, high noise
conditions and to better generalize the results and conclusions of the study to any location on
the globe, because DBF and GHI depend on the climatic conditions in the location of the
trackers and change from one place to another. After the verification and filtration processes
were executed, the remaining data included 32,405 minutes (17% of total) for the
Zomeworks UTR-020 solar tracker and 14,118 minutes (31% of total) for the Wattsun AZ225 solar tracker.
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Data Analysis Procedures

Figure 23. A diagram of the data analysis procedures.
The input for data analysis was the data output from the data collection strategies. The
DBF, the Tracking Error %, and the Accuracy % were calculated as shown in Equations 4, 5,
and 6, respectively. Hence, tracking error percentage histograms for the three measured
angles were determined. This method is called “Angles Method to determine the accuracy of
solar trackers.” In addition, Hypotheses 1 & 3 were tested by calculating the correlations of
accuracies of the measured angles with DBFs and ambient temperatures. The following
equations show how to determine the Direct Beam Fraction (DBF), the tracking error
percentage, the accuracy percentage, and the correlation between two variables, respectively.

where,

𝐷𝐵𝐹 =

𝐷𝑁𝐼 ∗ sin 𝛼
𝐺𝐻𝐼𝑚𝑒𝑎𝑠.

DBF: Direct Beam Fraction.
DNI: Direct Normal Irradiance.
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(4)

α: Sun Elevation Angle.
GHImeas.: Global Horizontal Irradiance.
𝑇𝑟𝑎𝑐𝑘𝑖𝑛𝑔 𝐸𝑟𝑟𝑜𝑟 % =

where,

(𝐴𝑛𝑔𝑙𝑒𝑚𝑒𝑎𝑠. − 𝐴𝑛𝑔𝑙𝑒𝑐𝑎𝑙𝑐. ) ∗ 100
𝐴𝑛𝑔𝑙𝑒𝑐𝑎𝑙𝑐.

(5)

Anglemeas.: Angle measured from the potentiometers.
Anglecalc.: Angle calculated by Michalsky’s celestial algorithm.
𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 % = 100 − |𝑇𝑟𝑎𝑐𝑘𝑖𝑛𝑔 𝐸𝑟𝑟𝑜𝑟 %|
𝑟=

where,

1
𝑥𝑖 − 𝑥 𝑦𝑖 − 𝑦
�(
)(
)
𝑛−1
𝑠𝑥
𝑠𝑦

(6)
(7)

r: Correlation.
n: Sample size.
xi, and yi: The two targeted variables.
𝑥, and 𝑦: The sample means of the two targeted variables.

sx, and sy: The standard deviations of the two targeted variables.
After those calculations were performed, the data were organized in different
categories of DBFs and measured GHIs. The reason for having these different categories was
to analyze the data in different clear and cloudy weather conditions. In this way the research
question was answered and Hypothesis 2 was tested when accuracies via weighted averages
were calculated for the different categories of DBFs and measured GHIs.
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CHAPTER 4: RESEARCH FINDINGS
Representation of Angles with Time on a Sunny Day
In the data analysis, a graphical representation of the collector and sun angles on a
sunny day is shown in order to understand the behavior of the azimuth angles of both the
Zomeworks UTR-020 passive azimuth solar tracker and the Wattsun AZ-225 active azimuth
elevation solar tracker with time of the day. Another graphical representation was created to
understand the behavior of the elevation angle of the Wattsun AZ-225 active azimuth
elevation solar tracker throughout the day as well.

May 24, 2013
300
250

Angles (Degrees)
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150
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0
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Time of Day
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Sun_Elevation

1_Axis_Az_Angle

2_Axis_Az_Angle

2_Axis_El_Angle

Figure 24. Angles on a sunny day (May 24, 2013).
Figure 24 shows the behavior of the collector and sun angles in degrees according to
the local standard time. It shows the angles from 10:00 am to 3:00 pm on May 24, 2013, a
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day selected from the filtered data because it was a sunny day. The sun azimuth and the sun
elevation angles shown are the angles that were calculated by the celestial algorithm of
Michalsky (1988). The 1_Axis_Az_Angle is the azimuth angle of the Zomeworks UTR-020
passive azimuth solar tracker. The 2_Axis_Az_Angle is the azimuth angle of the Wattsun
AZ-225 active azimuth elevation solar tracker. The 2_Axis_El_Angle is the elevation angle
of the Wattsun solar tracker as well. The differences between the sun azimuth angle and the
Wattsun two axis azimuth angle are very small, and they represent the low tracking errors
and the high accuracy of the azimuth angle of the Wattsun solar tracker used in the
experiment. Small differences are also shown between the sun elevation angle and the
Wattsun two axis elevation angle. These differences represent the low tracking errors and the
high accuracy of the elevation angle of the Wattsun solar tracker used in the experiment. The
errors are primarily present in the morning hours.
It is clear from Figure 24 that there are big differences between the azimuth angles of
the sun and of the Zomeworks passive solar tracker used in the experiment, which represent
higher tracking errors and lower accuracies of the Zomeworks tracker. In addition, Figure 26
shows that these differences decreased until 12:19 pm, after which they increased. The
azimuth angle of the Zomeworks tracker was more than the sun azimuth angle in the morning
with maximum difference in the early morning. This difference decreased until it equaled
zero before it increased again. Moreover, the azimuth angle of the Zomeworks passive solar
tracker became less than the sun azimuth angle when the differences between the angles
increased again. This behavior shown for the Zomeworks passive solar tracker appeared to be
consistent with its passive method of tracking motion to follow the sun as explained in
Chapter 3 (Tracking Motions of the Solar Trackers Used section). In the early morning, the
tracker was still looking to the west where it was positioned as the sun set on the previous
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day, and so the torque needed to rotate the tracker is greatest. In addition, the early morning
radiation is weak, resulting in a small differential expansion of the tracker's working fluid and
a small rotation torque. Consequently, the tracker tends to miss the sun in the very early
morning.
Tracking Error Histograms
One Axis Zomeworks UTR-020 Azimuth Angle

Percentage of Time

Tracking Error Percentage Histogram of Zomeworks UTR-020
Azimuth Angle

8.5%
6.9%

Tracking Error %

Figure 25. Tracking error percentage histogram of Zomeworks UTR-020 azimuth angle.
Figure 25 shows the histogram of the tracking errors of the azimuth angle of the
Zomeworks solar tracker used in the experiment. The histogram is generally normally
distributed with a large standard deviation but skewed to the right and with an average
tracking error +25% and median tracking error +19% with dominant mode at 5% tracking
error. The behavior of the Zomeworks solar tracker looking to the west in the morning of
each day (as explained in the previous section) explains the large positive tracking errors
shown in the histogram of Figure 25. The one mode of -5% tracking error shows that the
tracker spends 12% of the time behind the sun by 5% after catching it around noon. The
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tracker spends 8.5% of the time with -10% tracking error. The tracker spends 6.9% of the
time with 0% tracking error. Zero percentage tracking error means that the tracker points
exactly towards the sun and the incidence angle equals to 0° where all the conditions of the
optimum solar tracker orientation explained in Chapter 2 (Solar Tracking Geometry section)
apply.
Two Axis (Wattsun AZ-225) Azimuth Angle

Tracking Error Percentage Histogram of Wattsun AZ-225 Azimuth Angle
35
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Figure 26. Tracking error percentage histogram of Wattsun AZ-225 azimuth angle.
Figure 26 shows the histogram of the tracking errors of the azimuth angle of the
Wattsun solar tracker used in the experiment. The histogram generally follows a normal
distribution with a relatively small standard deviation but is skewed to the left with an
average tracking error of -12% and median tracking error of -7% with one mode of 0%
tracking error during 33.1% of the time. Azimuth tracking rarely leads the sun azimuth
position, but lags the sun azimuth angle by more than 10% around 15% of the time. Zero
percentage tracking error means that the tracker points exactly towards the sun and the
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incidence angle equals to 0° where all the conditions of the optimum solar tracker orientation
apply.
Two Axis (Wattsun AZ-225) Elevation Angle

Tracking Error Percentage Histogram of Wattsun AZ-225 Elevation Angle
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Figure 27. Tracking error percentage histogram of Wattsun AZ-225 elevation angle.
Figure 27 shows the histogram of the tracking errors of the elevation angle of the
Wattsun solar tracker used in the experiment. The histogram is generally normally distributed
with a relatively small standard deviation with an average tracking error of +11% and median
tracking error of +6% with one mode of +5% tracking error. Elevation tracking seems to
over- and under-shoot the sun position by greater than 10% with approximately equal
frequency – less than 10% of the time in each case. In addition, gross overshooting is
occasionally experienced. The one mode at +5% tracking error shows that the tracker spends
29.7% of the time pointing exactly towards the sun and the incidence angle equals to 0°
where all the conditions of the optimum solar tracker orientation apply.
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CHAPTER 5: CONCLUSIONS AND DISCUSSION
Research Question Conclusions
This research was guided by one primary research question:
RQ1: What is the accuracy of non-algorithm based one-axis solar trackers and twoaxis solar trackers under varying Direct Beam Fractions (DBF) and total irradiance?
In order to answer the research question, tracker accuracy was binned in both Global
Horizontal Irradiances (GHIs) and Direct Beam Fractions (DBFs), with GHI bins of of 200
W/m2 and DBF bins of 10%. Then the weighted averages of the accuracies were calculated
for each single category. Tables 1, 2, and 3 show the results for the three angles measured in
the experiment.
One Axis Zomeworks UTR-020 Azimuth Angle
Table 1. Zomeworks UTR-020 Accuracy % under varying DBF and GHI (Uncertainty 3%)
GHI W/m2
Weighted
DBF%
Average
100-300 300-500 500-700 700-900 900-1100 1100-1300
0-10
68
77
82
N
N
N
70
10-20
64
75
81
85
N
N
75
20-30
51
75
81
81
N
N
76
30-40
44
68
81
84
N
N
73
40-50
45
59
80
85
83
74
75
50-60
46
56
73
85
84
85
77
60-70
27
46
63
83
87
90
74
70-80
33
41
62
79
88
92
70
80-90
N
44
65
85
91
93
83
Weighted
67
65
70
83
90
90
75
Average
N: No data in the category.
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Table 1 shows that accuracy increases as GHI increases for each of the DBF bins. In
addition, it shows that the accuracy decreases as DBF increases for the lower GHI bins. This
inverse behavior between accuracy and DBF for the Zomeworks UTR-020 shows a possible
explanation of the role played by the aluminum shadow plates that surround the canisters of
the tracker. The objective of these plates is to reflect all rays incident on them to heat the
working fluid inside the canisters of the tracker. So as DBF increases the diffuse radiation
that is received by the reflectors decreases. The increasing amount of DBF doesn’t heat the
working fluid as the reflected rays do, because the working fluid exists in corners 1 & 2 as
shown in Figure 28, which by then the working fluid is more exposed to normal reflected
rays than the DBF of the solar radiation. Table 1 also shows that the overall weighted
average of the accuracy of the Zomeworks UTR-020 azimuth angle is 75%.

Corner 1

Corner 2

Figure 28. Image of the Zomeworks UTR-020 solar tracker explains the heating of the
working fluid (Adapted from Gigawatt, Inc., 2013, image 4).
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Two Axis (Wattsun AZ-225) Azimuth and Elevation Angles
Table 2. Wattsun AZ-225 Azimuth Angle Accuracy % under varying DBF and GHI
(Uncertainty 3.5%)
GHI W/m2
Weighted
DBF%
Average
100-300 300-500 500-700 700-900 900-1100 1100-1300
0-10
76
82
83
N
N
N
78
10-20
92
90
88
73
N
N
90
20-30
94
93
92
91
91
N
92
30-40
94
94
94
94
87
N
94
40-50
95
93
93
93
93
86
93
50-60
90
92
93
94
93
91
93
60-70
96
93
94
94
94
94
94
70-80
94
95
93
95
95
95
94
80-90
96
94
92
95
95
95
95
90-100
N
N
96
98
98
N
98
Weighted
78
88
92
94
95
94
88
Average
N: No data in the category.
Table 3. Wattsun AZ-225 Elevation Angle Accuracy % under varying DBF and GHI
(Uncertainty 1.4%)
GHI W/m2
Weighted
DBF%
Average
100-300 300-500 500-700 700-900 900-1100 1100-1300
0-10
75
10-20
85
20-30
89
30-40
92
40-50
93
50-60
91
60-70
95
70-80
94
80-90
99
90-100
N
Weighted
76
Average
N: No data in the category.

89
90
93
94
94
94
94
92
92
N

95
95
95
96
96
95
94
93
93
94

N
95
95
95
96
96
97
97
96
95

N
N
99
97
96
96
96
96
96
95

N
N
N
N
95
96
96
96
97
95

79
90
93
95
95
95
96
95
96
95

91

94

96

96

96

89

Tables 2 and 3 show the weighted averages of the accuracy increase with increasing
GHI. In addition, they show that the weighted averages of the accuracy significantly
increased while DBF increased from 10% to 20%, and that the weighted averages of the
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accuracy are basically constant and very high for GHI greater than 300 W/m2 and DBF%
greater than 30%. Moreover, they show that the overall weighted averages of the accuracies
of both the Wattsun AZ-225 azimuth and elevation angles were 88%, and 89% respectively.
Conclusions from Testing Hypotheses
In this section, findings related to the three research hypotheses are presented. Those
research hypotheses were:
H1. There will be strong positive correlations between tracker accuracy and level of
DBF for the Wattsun AZ-225 active altitude and azimuth and the Zomeworks UTR-020
passive azimuth solar trackers.
H2. The Wattsun AZ-225 active altitude and azimuth tracker will be more accurate
than the Zomeworks UTR-020 passive azimuth tracker under strong DBFs and total
irradiances.
H3. There will be weak correlation between the accuracy and the ambient
temperature.
The following sub-sections show the results for the three angles measured in the
experiment.
First Hypothesis
Table 4. First Hypothesis Test Results
Correlation
Angles Measured
Coefficients Between
Accuracies and DBFs
Zomeworks
+0.2
Azimuth
Wattsun Azimuth

+0.6

Wattsun Elevation

+0.4

Observations
Weak Positive
Correlation
Strong Positive
Correlation
Moderate Positive
Correlation

Results
Rejected
Accepted
Rejected
Hypothesis
Rejected

Final Result
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Table 4 shows that the correlation coefficient of the Zomeworks azimuth angle’s
accuracy and the DBF% is +0.2. It also shows that the correlation coefficient of the Wattsun
azimuth angle’s accuracy and DBF% is +0.6. In addition, it shows that the correlation
coefficient of the Wattsun elevation angle’s accuracy and DBF% is +0.4. Because the
correlation coefficient of +0.6 is the only coefficient that describes strong correlation, the
first Hypothesis is rejected as shown in the bottom of the results column.
Second Hypothesis
In order to test the second hypothesis, two bar charts were plotted. The first one was
between the weighted average accuracies and DBF percentages for both the Zomeworks
azimuth angle and the Wattsun azimuth angle. The second one was between the weighted
average accuracies and GHI for both angles as well. The two charts are shown in Figures 29
& 30.
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Figure 29. Accuracy percentages and DBF % for Zomeworks and Wattsun azimuth angles.
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Figure 30. Accuracy percentages and GHI for Zomeworks and Wattsun azimuth angles.
It is shown in Figures 29 and 30 that the Wattsun azimuth angle’s accuracy is always
higher than that of the Zomeworks azimuth angle under all ranges of both DBF percentages
and GHI. Therefore, the second hypothesis is accepted.
Third Hypothesis
Table 5. Third Hypothesis Test Results
Correlation
Coefficients Between
Angles Measured
Accuracies and
Ambient
Temperature
Zomeworks
+0.1
Azimuth
Wattsun Azimuth

+0.3

Wattsun Elevation

+0.2

Observations

Very Weak Positive
Correlation
Weak Positive
Correlation
Weak Positive
Correlation

Results

Accepted
Accepted
Accepted
Hypothesis
Accepted

Final Result

Table 5 shows that the correlation coefficient of the Zomeworks azimuth angle’s
accuracy and the ambient temperature is +0.1. It also shows that the correlation coefficient of
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the Wattsun azimuth angle’s accuracy and ambient temperature is +0.3. In addition, it shows
that the correlation coefficient of the Wattsun elevation angle’s accuracy and ambient
temperature is +0.2. Because all the correlation coefficients are weak or weak correlations,
the third hypothesis is accepted.
Daily Behavior of Zomeworks UTR-020 Solar Tracker
Histograms of Zomeworks UTR-020 solar tracker in Appendix A were created from
the filtered data that was used in the analysis of this study. As shown in those histograms, the
Zomeworks solar tracker leads the sun in the morning and lags the sun in the afternoon. The
modes of the histogram of the Zomeworks UTR-020 behaviors from 8:00 am to 4:00 pm
illustrate this (Table 6).

Tracking Error Percentage Histogram of Zomeworks UTR-020
Azimuth Angle for different periods of a day

Percentage of Time

45
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8:00 AM to 8:30 AM

35

8:30 AM to 9:00 AM
9:00 AM to 9:30 AM

30

9:30 AM to 10:00 AM

25

10:00 AM to 11:00 AM

20

11:00 AM to 12:00 PM
12:00 PM to 1:00 PM

15

1:00 PM to 2:00 PM

10

2:00 PM to 2:30 PM
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-20
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3:30 PM to 4:00 PM
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Figure 31. Tracking error percentage histogram of Zomeworks UTR-020 azimuth angle for
different periods of a day shows that the tracker leads the sun in the morning and lags the sun
in the afternoon through different timed stages.
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Table 6. Modes of Tracking Error Percentages of the Zomeworks UTR-020 Solar Tracker
throughout the Day
Times of the Day
Modes of Tracking Errors %
8:00 am – 8:30 am
+50% & +65%
8:30 am – 9:00 am
+40% & +60%
9:00 am – 9:30 am
+35% & +50%
9:30 am – 10:00 am
+25% & +45%
10:00 am – 11:00 am
+15%
11:00 am – 12:00 pm
+10%
12:00 pm – 1:00 pm
0%
1:00 pm – 2:00 pm
-10%
2:00 pm – 2:30 pm
-5% & -25%
2:30 pm – 3:00 pm
-5%
3:00 pm – 3:30 pm
-5% & -35%
3:30 pm – 4:00 pm
-5% & -30%

Table 6 shows that the Zomeworks solar tracker has large and positive errors in the
morning and smaller negative errors in the afternoon. A clear trend is seen from the tracker
leading the sun’s azimuth in the morning to lagging the sun’s azimuth in the afternoon. It is
shown in the histograms in Appendix A and from Table 6 that there are three behaviors of
the Zomeworks UTR-020 throughout the eight hours of the day and they are almost
symmetric around noon time. In the first two hours of the day, the tracker has two different
behaviors every half an hour. In the middle four hours of the day, around noon, the tracker
had one behavior for every hour. In the last two hours of the day, the tracker has two
different behaviors every half an hour as well. It is also clear that a tracking error of -5% was
common in the last two hours of the day.
While no definitive explanation of the bimodal distributions was found, the behavior
is suggestive. During the morning the tracker has two modes, both of which significantly lag
the sun. Two modes are seen as well during the afternoon; however, one of these modes is
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near to zero error while the other mode follows the diurnal trend of increased leading.
Continued investigation of this behavior is warranted.
Future Research
This research was the first of its kind to fill a gap in the literature by determining the
accuracy of solar trackers through direct measurement of their tracking angles. Because this
research was done only on two types of solar trackers, further studies could be done on other
types of solar trackers. Additional studies could compare the accuracy of different types of
solar trackers whether by using the “Angles Method” as this research did/or by using the
“Maximum Power Point (MPP) Method” as previous studies have done, or compare them. In
addition, this research could be repeated taking into consideration other variables like wind
speed and wind direction. This research could be repeated indoors under controlled variables
to study the effect of each variable on the accuracy of solar trackers. Moreover, this research
could be repeated in other locations.
Another important parameter could be the focus of future research, which would be to
examine the economic values of different solar trackers. Differences in solar trackers relative
accuracy could affect the market.
Several modifications could be tested in the design of the Zomeworks UTR-020 solar
tracker as well. The cross section of the canisters that act as actuators could be changed to
reach better heating of the working fluid. Different materials of these canisters could be
developed in order to reach higher absorptivity and lower reflectivity to ensure better heating
of the working fluid. Different shapes, materials, or coatings of the aluminum shadow plates
could be implemented to enhance the reflectivity. New materials could be tested for the
working fluids for example; nano-materials perform in a totally different way than
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macroscopic materials. Further research could be done to investigate for different Nanomaterials that could be used as the working fluid of the Zomeworks actuators.
Final Remarks
This research was undertaken to measure the solar tracking angles of the Zomeworks
UTR-020 and the Wattsun AZ-225 solar trackers in order to determine their tracking
accuracy. The measured angles were the surface azimuth angles of both the Zomeworks and
the Wattsun solar trackers, and the solar elevation angle, which is the complementary angle
of the surface elevation angle and the inclination angle of the Wattsun solar tracker when the
incidence angle equals to zero (as explained in Chapter 2, Solar Tracking Geometry section).
For complete accuracy, the surface azimuth angles of the Zomeworks and the Wattsun solar
trackers should be equal to the solar azimuth angle when the incidence angle equals zero as
well (as explained in Chapter 2, Solar Tracking Geometry section).
This method of determining the accuracy of solar trackers by measuring angles was
called “Angles Method to determine the accuracy of solar trackers” (as explained in Chapter
3, Data Analysis Procedures section). In contrast to many other studies showing the
advantages of using tracking systems, this research didn’t measure the power generated by
the solar panel systems that incorporated the Zomeworks UTR-020 and Wattsun AZ-225
solar trackers. Instead, it sought to closely examine the degree to which these tracking
systems were able to achieve optimal solar angles (optimal accuracy) over the course of a
day and under different operating conditions.
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Appendix A: Zomeworks Daily Behavior

From 8:00 AM to 4:00 PM

Tracking Error Percentage Histogram of Zomeworks UTR-020
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From 9:00 AM to 9:30 AM

Tracking Error Percentage Histogram of Zomeworks UTR020 Azimuth Angle from 9:00 AM to 9:30 AM
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From 10:00 AM to 11:00 AM

Tracking Error Percentage Histogram of Zomeworks UTR-020
Azimuth Angle from 10 AM to 11 AM
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From 11:00 AM to 12:00 PM
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From 12:00 PM to 1:00 PM

Tracking Error Percentage of Zomeworks UTR-020 Azimuth
Angle from 12 PM to 1 PM
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From 1:00 PM to 2:00 PM
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From 2:00 PM to 2:30 PM

Tracking Error Percentage Histogram of Zomeworks UTR-020
Azimuth Angle from 2:00 PM to 2:30 PM
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From 3:00 PM to 3:30 PM

Tracking Error Percentage Histogram of Zomeworks UTR-020
Azimuth Angle from 3:00 PM to 3:30 PM
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Appendix B: Solar Trackers Used in the Experiment

Zomeworks UTR Brochure
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70

Wattsun Brochure
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72

Minitrack II Solar Tracker (Michalsky’s Celestial Algorithm Based) Used to get the
Actual Sun Angles
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Appendix C: Experiment Measurements

Linear Potentiometers Used in Angle Measurements

Used in Zomeworks
UTR-020 Azimuth Angle
Measurement
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Used in Wattsun AZ-225
Elevation Angle
Measurement

Direct Normal Irradiation (DNI) Measurement
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Global Horizontal Irradiance (GHI) Measurement
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Ambient Temperature Measurement
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