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Abstract 

Many solar tracking technologies have been developed with the aim of improving the energy performance 
of solar PV installations. Among these, single-axis tracking (SAT) systems give good economic prospect 
for ground-mounted PV plants but experience inevitable power loss when the trackers diverge from the 
incident solar irradiance during winter. The 1.5-axis tracking (1.5AT) model is developed in recent years 
to achieve a balance between the benefits and shortcomings of the SAT and dual-axis tracking (DAT) 
systems. Despite the anticipated superiority of the 1.5AT, there is a lack of literature on the methodology 
to analytically study the potential and feasibility of the 1.5AT model, especially from a global 
perspective. In this paper, a comprehensive feasibility study has been conducted to evaluate the energy 
performance and shading analysis of the 1.5AT model. The developed methodology serves as a general 
benchmark to explore the prospects of the 1.5AT model at different geographical locations and seasons. 
This encourages further research and deployment of the 1.5AT model as a potential alternative to improve 
the return of investment for various PV system stakeholders. 
 
Keywords: Solar photovoltaic (PV) plant, 1.5-axis tracking (1.5AT), Energy performance study, 
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1. Introduction 

The International Energy Agency (IEA) has speculated that solar would play an essential role among 
all electricity generation technologies in the next decade [1]. With increasing PV deployment worldwide 
[2], there is a growing interest in ways to increase the power yield of these installations. This gives rise 
to the development of solar tracker technologies. Extensive studies have been conducted to perform 
comparative analysis between various fixed tilt (FT), single-axis tracking (SAT) and dual-axis tracking 
(DAT) solar PV systems in terms of output energy performance [3-5].  

On the other hand, several economic studies have shown that SAT systems are practical solar tracking 
options for large-scale ground-mounted PV installations from an economic viability perspective [6-8]. 
The LCOE of SAT systems has also declined over the years to the extent that it is comparable with wind 
power generation plants [9-10]. However, the power loss issue of the SAT has been observed in real PV 
plants [11]. Due to the single degree of freedom, the SAT deviation from the direct solar irradiation can 
significantly reduce the energy output of the SAT-based PV plants [12]. This is a major shortcoming of 
SAT technology.  

The 1.5-axis tracking (1.5AT) technology is an innovative solution to minimize the associated SAT 
power loss without resorting to a more expensive DAT system [13]. Several demonstrator installations 
and small-scale commercial projects of the 1.5AT system are implemented in the United Arab Emirates. 
An experimental setup of the 1.5AT technology is also constructed using bifacial modules in Danish 
Technical University. The 1.5AT model is claimed to offer better energy yield and economics as well as 
better land utilization that is comparable to an SAT model [14]. Despite the expected superiority of the 
1.5AT model over the conventional SAT and DAT models, very limited literature is available on the 
mathematical modelling and the analytical methodology to evaluate the performance of the 1.5AT model.  



2 

 

Moreover, the additional rotational axis inevitably increases the shadings cast by the structure as 
compared to the conventional SAT model. This would adversely affect the effective area for PV 
placement and thus the land utilization on flat terrain. The actual shadings are highly dependent on the 
site geographical location and constraints imposed onto the tracking angles. In addition, existing physical 
1.5AT systems are mostly in the testing and preliminary stages. These installations are also not widely 
distributed and are centralized in the Northern hemisphere at latitudes 20° – 50° N. As a result, these 
system performances may not reflect the design conditions at other latitudes that are nearer to the equator 
or approaching to the Arctic and Antarctic Circles.  

Therefore, this paper devises a comprehensive feasibility study for the 1.5AT technology through 
deriving mathematical models for energy yield and shading analysis to determine its economic viability 
and practicality at arbitrary geographical locations. The notable innovations and contributions of this 
paper include the following three aspects.  

 
(1) A theoretical approach is derived for approximating the energy output of the 1.5AT system along 

with other PV tracking systems to enable comparative analysis; 
(2) A mathematical model is developed for conducting a shading analysis of the 1.5AT system to allow 

evaluation of land utilization for comparison with other PV tracking systems; 
(3) A feasibility study is performed to evaluate the theoretical energy generation potential of the 1.5AT 

system in comparison with other conventional PV tracking systems across different latitudes. 
  
The above contributions can facilitate future development and analysis of the 1.5AT technology to 

explore its potential for deployment worldwide with the aim of increasing PV energy generation. This 
research also establishes the evaluation approach to simulate and compare the performance of FT, SAT, 
1.5AT and DAT systems at a specified site location. This can assist PV plant developers to choose the 
best tracking method for their system designs, as well as to help PV owners to better understand and 
speculate the expected outputs from different variants of their PV systems as well as to exploit the 
possible advantages in the economic viability of implementing a 1.5AT model. 

2. Performance Study Methodology 

A performance study is presented in this paper to perform a comparative analysis among the different 
conventional PV tracking technologies and the 1.5AT model. The tracking systems are studied in terms 
of their solar insolations and shadings. The various terms that are used in the development of this 
methodology is listed in Table I shown below. 

 
Table I: Summary of variables used in the Methodology section 

Category Notation Variable  
PV Panel Tracking 𝒏𝒏� PV panel normal vector 
 𝛾𝛾𝑎𝑎 Tracker azimuth angle 
 𝛽𝛽𝑎𝑎 PV panel pitch angle 
 𝑅𝑅𝑎𝑎 PV panel roll angle 
Solar Path 𝑺𝑺�  Sun vector 
 𝛼𝛼𝑠𝑠 Solar elevation angle 
 𝛾𝛾𝑠𝑠 Solar azimuth angle 
Tracking Accuracy 𝜃𝜃 Incidence angle 
PV Power Estimation 𝐺𝐺 Intercepted solar irradiance 
 𝑅𝑅𝑇𝑇 Transposition ratio 
 𝐺𝐺𝐺𝐺𝐺𝐺 Global horizontal irradiance 
Shading 𝐺𝐺𝐺𝐺𝑅𝑅 Ground cover ratio 
 𝐴𝐴𝑃𝑃𝑃𝑃 Area of PV array 
 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑎𝑎𝑡𝑡 Area of PV placement 
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 𝑙𝑙𝑎𝑎 Length of PV array 
 𝑤𝑤𝑎𝑎 Width of PV array 
 𝐿𝐿𝑁𝑁𝑁𝑁 Shading length on North-South axis 
 𝐿𝐿𝐸𝐸𝐸𝐸 Shading length on Earth-West axis 
 ℎ𝑚𝑚𝑎𝑎𝑚𝑚 Height of highest point in PV array 

 
The fundamental principles and theoretical explanations to achieve this are presented in the following. 
 

2.1. 1.5-Axis Tracking Model 

The 1.5AT solar tracking approach is inspired by the observation that at certain geographical locations, 
most of the direct solar irradiation comes from either a Northernly or Southernly direction for high 
latitude locations. The modelling of the 1.5AT system is effectively equivalent to adding another degree 
of freedom to the conventional SAT model. This additional angle is called the pitch angle, which is 
rotated perpendicular to the original SAT roll angle. This rotational motion allows the PV surface to be 
tilted in the direction of the tracker azimuth but not away from it.  

The 1.5AT model in this paper is treated as an open-loop system i.e. it calculates the Sun’s path 
throughout the year and adjusts the tracking angles accordingly so that the PV panel faces the Sun as 
closely as possible. The positional angles of the PV panel and the Sun are expressed in mathematical 
terms to establish the tracking model.  
a) PV Panel Tracking Parameters 

The mechanical structure for the implementation of the 1.5AT system has been proposed in [13]. To 
promote an easier understanding of this 1.5AT mechanical system, an equivalent model of the 1.5AT 
system is presented in Fig. 1 to illustrate the tracking mechanics of two rotational axes. The 1.5AT model 
can be characterized by two rotational angles of pitch angle (𝛽𝛽𝑎𝑎) and roll angle (𝑅𝑅𝑎𝑎), and one fixed 
tracker azimuth (𝛾𝛾𝑎𝑎). Fig. 2 shows the single-panel representation of 1.5AT model used in the MATLAB 
simulation environment to perform the studies in this paper. The PV panel normal line in Fig. 2 is 
evaluated as a result of the combinational effects of the three tracking angles (𝛽𝛽𝑎𝑎,𝑅𝑅𝑎𝑎  𝑎𝑎𝑎𝑎𝑎𝑎 𝛾𝛾𝑎𝑎) in Fig. 1.  

 

 
Fig. 1 Equivalent 1.5AT model showing the relevant axes of motion 

 
Fig. 2 Single-panel representation of the 1.5AT model in MATLAB showing the tracking angles 
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𝛾𝛾𝑎𝑎 is the tracker azimuth angle, which defines the compass direction towards which the PV tracker is 
pointing in its initial position. It is measured from North, rotating clockwise. Its value ranges from 0° to 
360° and is fixed in a 1.5AT system. 𝛾𝛾𝑎𝑎 should not be confused with the panel azimuth angle, which is 
the compass direction towards which the PV panel is inclined as a result of the implemented tracking 
angles.  𝛽𝛽𝑎𝑎 is the panel pitch angle, which is rotated about the axis that is perpendicular to the inclined 
axis and is positive when tilted towards tracker azimuth. For the 1.5AT model, 𝛽𝛽𝑎𝑎 has a range from 0° to 
90°. 𝑅𝑅𝑎𝑎 is the panel roll angle i.e. the angle of rotation about the axis along the PV panel plane which is 
inclined towards the tracker azimuth. 𝑅𝑅𝑎𝑎 is similar to the original SAT tracking angle, except that it is 
not always positive towards East. 𝑅𝑅𝑎𝑎 is positive when tilted towards the direction 90° clockwise from the 
tracker azimuth. For instance, if the tracker azimuth is facing North, then 𝑅𝑅𝑎𝑎  is positive when titled 
towards East and negative towards West; whereas if the tracker azimuth is facing South, then 𝑅𝑅𝑎𝑎  is 
positive towards West and negative towards East. This is to standardize the equations throughout this 
model by following the North-orientated convention despite the site location in the Northern or Southern 
hemisphere. 𝑅𝑅𝑎𝑎 has a range from -90° to 90°. 

With the above defined parameters, the direction in which the PV panel is facing can be parameterized 
with a vector of the PV panel surface normal. The normal is represented by the black line in Fig 2. The 
model is observed from the perspective of a horizon reference frame, in which the position of any point 
is described by the three axes E, N and Z. The E-N-Z axes defines a position relative to the directions 
facing East, North and the zenith (vertical) respectively. As such the normal vector (𝒏𝒏�) of a PV panel 
tilted towards the defined azimuth can be expressed in terms of the unit vectors given by the E-N-Z axes, 
as follows [15]. 

 
𝒏𝒏� = sin𝛽𝛽𝑎𝑎 sin 𝛾𝛾𝑎𝑎 𝑬𝑬� + sin𝛽𝛽𝑎𝑎 cos 𝛾𝛾𝑎𝑎 𝑵𝑵� + cos𝛽𝛽𝑎𝑎 𝒁𝒁� (1a) 

 
The PV panel normal vector for the 1.5AT model can be derived from the equation by adding the roll 

axis into consideration.  
 
𝒏𝒏� = (sin𝑅𝑅𝑎𝑎 cos 𝛾𝛾𝑎𝑎 + sin𝛽𝛽𝑎𝑎 cos𝑅𝑅𝑎𝑎 sin 𝛾𝛾𝑎𝑎)𝑬𝑬� + (sin𝛽𝛽𝑎𝑎 cos𝑅𝑅𝑎𝑎 cos 𝛾𝛾𝑎𝑎 − sin𝑅𝑅𝑎𝑎 sin 𝛾𝛾𝑎𝑎)𝑵𝑵�  (1b) 

+ cos𝛽𝛽𝑎𝑎 cos𝑅𝑅𝑎𝑎 𝒁𝒁� 
 

b) Solar Path Parameters 
Similarly, the solar path is characterized with the solar elevation and azimuth angles, as visualized in 

Fig. 3. 

 
Fig. 3 Solar path parameters for the tracking model 

In Fig. 3, 𝛼𝛼𝑠𝑠 is the solar elevation angle, which is a measure of the height of the Sun in the sky. It is 
measured from the horizontal towards the zenith, ranging from 0° to 90°. 𝛾𝛾𝑠𝑠 is the solar azimuth angle, 
which is the compass direction of the horizontal projection of the incident solar ray. It is measured from 
North, rotating clockwise and ranges from 0° to 360°. 

The values of 𝛼𝛼𝑠𝑠 and 𝛾𝛾𝑠𝑠 can be calculated at the time and location of the observation using algorithms 
such as those described in [16-18]. A study in [19] also reviews other algorithms available to perform 
this calculation based on their accuracies and complexities.  
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The position of the Sun with reference to the PV panel can be identified by a vector that extends from 
the point on the PV panel surface towards the position of the Sun. This vector, hereby termed as the Sun 
vector (𝑺𝑺�) – is represented by the solid red line in Fig. 3. It can be expressed in terms of 𝛼𝛼𝑠𝑠 and 𝛾𝛾𝑠𝑠 along 
with unit vectors of the E-N-Z axes as follows [15]. 

 
𝑺𝑺� = cos𝛼𝛼𝑁𝑁 sin 𝛾𝛾𝑁𝑁 𝑬𝑬� + cos𝛼𝛼𝑁𝑁 cos 𝛾𝛾𝑁𝑁 𝑵𝑵� +  sin𝛼𝛼𝑁𝑁 𝒁𝒁� (2) 

c) Incidence Angle 
The incidence angle is the angle between the incident solar ray and the PV panel surface normal. It 

is represented by 𝜃𝜃  in Fig. 3. 𝜃𝜃  is often used as a measure of how well a solar tracking model is 
performing in following position of the Sun. It is evaluated by acquiring the dot product between the 
normal vector and the Sun vector of the PV panel surface. As described by the cosine rule in (3),  

 
|𝒏𝒏�|�𝑺𝑺�� cos𝜃𝜃 = 𝒏𝒏� ∙ 𝑺𝑺�  (3) 

 
since 𝒏𝒏� and 𝑺𝑺�  are unit vectors, |𝒏𝒏�| = �𝑺𝑺�� = 1, then the expression can be simplified into 
 

cos 𝜃𝜃 = sin𝑅𝑅𝑎𝑎 cos𝛼𝛼𝑁𝑁 sin(𝛾𝛾𝑁𝑁 − 𝛾𝛾𝑎𝑎) + sin𝛽𝛽𝑎𝑎 cos𝑅𝑅𝑎𝑎 cos𝛼𝛼𝑁𝑁 cos(𝛾𝛾𝑁𝑁 − 𝛾𝛾𝑎𝑎) +  cos𝛽𝛽𝑎𝑎 cos𝑅𝑅𝑎𝑎 sin𝛼𝛼𝑁𝑁 (4) 
 
where cos 𝜃𝜃 is the ratio of how much direct solar irradiation is intercepted by the PV panel surface over 
the total direct solar irradiation available. If the PV panel surface normal vector coincides with the Sun 
vector i.e. the model is tracking the Sun perfectly, then 𝜃𝜃 reduces to zero and cos𝜃𝜃 becomes 1. 

2.2. Optimization of the 1.5AT Tracking Angles 

The main objective of the tracking methodology is to track the Sun as closely as possible. The tracking 
algorithm is responsible for calculating the corresponding optimal tracking angles that would give the 
minimum 𝜃𝜃 within the constraints of the 1.5AT model. Analytical methods are derived and used to find 
the solutions of the optimized angles, which establishes the fundamental principles of the open-loop 
algorithm. 

In actual implementation, the tracking angles may not be optimized at all times after taking other 
practical considerations. Larger tracking angles translates to more shadings which reduces ground cover 
ratio and thus land utilization. The additional mechanical strain from wind loads associated with the 
increased height of the PV tracking structure should also be considered. A simple solution to this issue 
can be achieved by placing a limit on the tracking angles. 

a) Optimal Panel Pitch Angle (𝛽𝛽𝑎𝑎) 
To find the panel pitch angle that would minimize 𝜃𝜃, the expression in (4) is differentiated with respect 

to 𝛽𝛽𝑎𝑎. The resulting expression is then equated to 0 to find the value of 𝛽𝛽𝑎𝑎 at the turning point. Then βa 
can be obtained as (5). 

𝛽𝛽𝑎𝑎,𝑡𝑡𝑜𝑜𝑡𝑡𝑜𝑜𝑚𝑚 = arctan�
cos(𝛾𝛾𝑁𝑁 − 𝛾𝛾𝑎𝑎)

tan𝛼𝛼𝑁𝑁
� (5) 

It can be proven using the second derivative test that within the established ranges of tracking angles, 
(5) is a local maximum for cos 𝜃𝜃. It is also observed that the optimal value of 𝛽𝛽𝑎𝑎 is not dependent on 𝑅𝑅𝑎𝑎. 

 

b) Optimal Panel Roll Angle (𝑅𝑅𝑎𝑎) 
The panel roll angle is the initial tracking angle that characterizes the conventional SAT system. The 

incidence angle of the original system can be found by equating 𝛽𝛽𝑎𝑎 to 0 and substituting it into equation 
(4). 

cos 𝜃𝜃 = sin𝑅𝑅𝑎𝑎 cos𝛼𝛼𝑁𝑁 sin(𝛾𝛾𝑁𝑁 − 𝛾𝛾𝑎𝑎) +  cos𝑅𝑅𝑎𝑎 sin𝛼𝛼𝑁𝑁 (6) 
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This gives the expression for cos𝜃𝜃 for a conventional North-South axis SAT system. The optimal 
expression for 𝑅𝑅𝑎𝑎 is found by evaluating the partial derivative of cos𝜃𝜃 with respect to 𝑅𝑅𝑎𝑎 and equating 
it to 0.  𝑅𝑅𝑎𝑎 can be derived as (7). 

𝑅𝑅𝑎𝑎,𝑡𝑡𝑜𝑜𝑡𝑡𝑜𝑜𝑚𝑚 = arctan�
sin(𝛾𝛾𝑁𝑁 − 𝛾𝛾𝑎𝑎)

tan𝛼𝛼𝑁𝑁
� (7) 

For a 1.5AT system, the value of 𝛽𝛽𝑎𝑎  is taken into account. A such, equation (4) is directly 
differentiated to find the turning point. 

𝑅𝑅𝑎𝑎,𝑡𝑡𝑜𝑜𝑡𝑡𝑜𝑜𝑚𝑚 = arctan�
cos𝛼𝛼𝑁𝑁 sin(𝛾𝛾𝑁𝑁 − 𝛾𝛾𝑎𝑎)

sin𝛽𝛽𝑎𝑎 cos𝛼𝛼𝑁𝑁 cos(𝛾𝛾𝑁𝑁 − 𝛾𝛾𝑎𝑎) + cos𝛽𝛽𝑎𝑎 sin𝛼𝛼𝑁𝑁
� (8) 

In a similar fashion, it can be shown using the second derivative test that the expressions of 𝑅𝑅𝑎𝑎 in (7) 
and (8) give local maxima for cos 𝜃𝜃. 

2.3. Solar Insolation  

Solar insolation is the integral of incident solar irradiance that is received by a surface over a defined 
time period. The respective solar insolations being received by the PV tracker surfaces are calculated as 
the key performance indicator to evaluate the energy performance of different PV tracker models. Solar 
insolation is used instead of actual PV power output because it can better represent the tracking 
performance of various models without consideration of the many other factors that could lead to PV 
output power losses such as temperature, soiling, module mismatches, string configurations, inverter 
efficiency and cable losses.  

The solar irradiance intercepted by the tracking PV panel, 𝐺𝐺 is evaluated as follows 
𝐺𝐺 = 𝑅𝑅𝑇𝑇 ∙ 𝐺𝐺𝐺𝐺𝐺𝐺 (9) 

where 𝑅𝑅𝑇𝑇 is the transposition ratio, which can be interpreted as the ratio of solar irradiance intercepted 
by the tracking PV panel to that intercepted by a horizontally placed PV panel under the same conditions. 
It can be defined as 

𝑅𝑅𝑇𝑇 =
cos 𝜃𝜃𝑡𝑡𝑡𝑡𝑎𝑎𝑡𝑡𝑡𝑡
cos 𝜃𝜃ℎ𝑡𝑡𝑡𝑡𝑜𝑜

 (10) 

where cos 𝜃𝜃𝑡𝑡𝑡𝑡𝑎𝑎𝑡𝑡𝑡𝑡 is the cosine of the incidence angle for the tracking PV panel and cos 𝜃𝜃ℎ𝑡𝑡𝑡𝑡𝑜𝑜 is that 
for a horizontally placed PV panel under the same conditions. 𝐺𝐺𝐺𝐺𝐺𝐺 is the global horizontal irradiance. In 
this study, it is calculated with the Clear Sky Irradiance Robledo-Soler (RS) model [20], which uses 𝛼𝛼𝑠𝑠 
to predict the solar irradiance falling on a horizontal plane, assuming zero cloud coverage. 

The solar irradiance are evaluated at 15-minute intervals for this study. The resulting sampling points 
are then integrated over the simulation period to obtain the solar insolation for the specific tracker model.  

2.4. Shading Analysis 

Apart from the power output, the shading cast by the PV tracking system is also important. Partial 
shading of PV arrays can contribute to many problems including significant power drop, the formation 
of hot spots and accelerated degradation of PV modules [21]. The coverage of the shading area also 
directly influences the area that can be utilized to place more PV panels. Ground cover ratio (𝐺𝐺𝐺𝐺𝑅𝑅) is a 
measure of the PV area utilization and is defined as 

𝐺𝐺𝐺𝐺𝑅𝑅 =
𝐴𝐴𝑃𝑃𝑃𝑃
𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑎𝑎𝑡𝑡

=
𝑙𝑙𝑎𝑎𝑤𝑤𝑎𝑎

𝐿𝐿𝑁𝑁𝑁𝑁𝐿𝐿𝐸𝐸𝐸𝐸
 (11) 

where 𝐴𝐴𝑃𝑃𝑃𝑃 is the area utilized by the PV arrays, 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑎𝑎𝑡𝑡 is the total area available, 𝑙𝑙𝑎𝑎 and 𝑤𝑤𝑎𝑎 are length 
and width of the PV array respectively whereas 𝐿𝐿𝑁𝑁𝑁𝑁 and 𝐿𝐿𝐸𝐸𝐸𝐸 are the shading lengths on the North-South 
and East-West axes respectively during the hours of PV power generation. This time range can be 
adjusted according to the local availability of solar irradiance near sunrise and sunset. The GCR is then 
calculated using the maximum values of shading lengths during this time period. A balance should be 
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achieved in between the allocated spacings for shading areas and the additional solar insolation 
intercepted. For the case study in this paper, the entire daytime period (from sunrise to sunset) is taken 
into consideration in the GCR calculation. The above expression assumes that the PV arrays are placed 
in a grid arrangement such that shadings from adjacent arrays and other objects in the vicinity are avoided 
during this period. The shadings are calculated for different tracking methods to enable comparison. 
a) DAT Shading Model 

The azimuth/elevation tracking (two axes, primary vertical) method [22] is used to represent the DAT 
system in this study. Assuming that the panel azimuth angle is always following the solar azimuth angle 
i.e. 𝛾𝛾𝑎𝑎 = 𝛾𝛾𝑠𝑠, then the shading lengths can be derived as [23-24] 

𝐿𝐿𝑁𝑁𝑁𝑁 = |𝑤𝑤𝑎𝑎 cos 𝛾𝛾𝑠𝑠  (cos𝛽𝛽𝑎𝑎 + sin𝛽𝛽𝑎𝑎 cot𝛼𝛼𝑠𝑠)| (12a) 

𝐿𝐿𝐸𝐸𝐸𝐸 = |𝑤𝑤𝑎𝑎 sin 𝛾𝛾𝑠𝑠  (cos𝛽𝛽𝑎𝑎 + sin𝛽𝛽𝑎𝑎 cot𝛼𝛼𝑠𝑠)| (12b) 
For this study, 𝑙𝑙𝑎𝑎 represents the PV array side that is parallel to the horizontal and 𝑤𝑤𝑎𝑎 represents the side 
that forms the array tilt angle, 𝛽𝛽𝑎𝑎 with the horizontal. 
b) 1.5AT, SAT and FT Shading Models 

For the 1.5AT and SAT models, the azimuth facing of the PV arrays may not be orientated directly 
towards North or South. In this case, the derived shading lengths do not reflect on the actual North-South 
and East-West axes. Instead, the “North” and “South” reference points represent the orientations defined 
by the array azimuth angle; then the corresponding “East” and “West” facings are established according 
to this reference point. In this context, the representative four cardinal directions serve to establish the 
spacing between PV arrays in their assumed grid arrangement.  With this definition, the shading lengths 
are determined. 

𝐿𝐿𝑁𝑁𝑁𝑁 = �
ℎ𝑚𝑚𝑎𝑎𝑚𝑚
tan𝑎𝑎𝑁𝑁

cos(𝛾𝛾𝑁𝑁 − 𝛾𝛾𝑎𝑎)� + 𝑙𝑙𝑎𝑎 cos𝛽𝛽𝑎𝑎 +  |𝑤𝑤𝑎𝑎 sin𝑅𝑅𝑎𝑎 sin𝛽𝛽𝑎𝑎| (13a) 

𝐿𝐿𝐸𝐸𝐸𝐸 = �
ℎ𝑚𝑚𝑎𝑎𝑚𝑚
tan𝑎𝑎𝑁𝑁

sin(𝛾𝛾𝑁𝑁 − 𝛾𝛾𝑎𝑎)� + 𝑤𝑤𝑎𝑎 cos𝑅𝑅𝑎𝑎 (13b) 

where ℎ𝑚𝑚𝑎𝑎𝑚𝑚 is the height of the highest point in the PV array with the given tracking angles, defined as 
ℎ𝑚𝑚𝑎𝑎𝑚𝑚 = 𝑙𝑙 sin𝛽𝛽𝑎𝑎 + |𝑤𝑤 sin𝑅𝑅𝑎𝑎 cos𝛽𝛽𝑎𝑎| (13c) 

To calculate shadings for the SAT and FT models, 𝛽𝛽𝑎𝑎 and 𝑅𝑅𝑎𝑎 are respectively substituted with zero in 
the equations (13). 

2.5. Performance Study Workflow for 1.5-Axis Tracking System 

In the design of a 1.5AT system, it is desirable to study the expected performance of the model in 
comparison to other tracking methodologies. The underlying principles to achieve this have been derived 
in the previous sections. The overall performance of the 1.5AT model is evaluated in terms of the 
intercepted solar insolation and shadings in this paper. The solar insolation is calculated by taking the 
integral of the incident solar irradiance received by the inclined PV surfaces over the specified time 
period. The respective workflows are shown in Fig. 4 and Fig. 5. 
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Fig. 4 Solar irradiance calculation workflow 

 

 
Fig. 5 Shading analysis workflow 

In the performance studies, angles defining the positions of the PV tracker and the Sun are first 
acquired. For the solar insolation study, these inputs are used to obtain the incidence angles for the 1.5AT 
model and a horizontal model to calculate the transposition ratio. Next, this ratio is applied to transpose 
the solar irradiance received by the horizontal model onto the plane of the 1.5AT model to quantify the 
equivalent solar insolation intercepted by each PV tracker. Whereas for the shading analysis, the length 
of shadings on the N-S and E-W axes are evaluated from the PV tracker and solar positional angles. The 
ground coverage ratio can then be calculated from the shadings to determine the percentage of usable PV 
area. 

3. Case Study for the 1.5AT Model Implementation  

Case studies have been performed to analyse the PV solar insolations and shadings for different 
tracking models in comparison to the 1.5AT model. The PV system performances are studied with respect 
to the global trend and a physical solar PV plant in Gatton, Australia [25-26].  

3.1. Global Trend 

Several research studies [3-6] have given some insight into the difference in power output potential 
from PV tracking technologies at different latitudes. These studies often have real physical systems as 
references to accommodate local climate factors in analysing these power output variations. The annual 
solar insolation simulated for the DAT, 1.5AT and SAT tracking models (without tracking angle 
constraints) at various latitudes are presented in Fig. 6. The percentage of solar insolation gains are also 
calculated. These results only serve as a general benchmark on the maximum potential achievable by 
various tracking technologies.  
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Fig. 6 Simulated annual solar insolations for different tracking technologies 

For most practical installations, the shadings cast by the PV trackers are also a key factor in 
determining the total area available for actual PV placement. Therefore, unconstrainted PV tracking 
models may not provide an accurate representation of actual PV output yields. To address this concern, 
the simulations above are repeated with the consideration of tracking angle constraints listed in Table II. 
The results are shown in Fig. 7. 

 
Table II: Simulated models of global trends and their tracking constants 

No. Model 𝛽𝛽𝑎𝑎− 𝛽𝛽𝑎𝑎+ 𝑅𝑅𝑎𝑎− 𝑅𝑅𝑎𝑎+ 
1 Azimuth/elevation DAT 0° 75°α - - 
2 1.5AT 0° 20° -45° 45° 
3 N-S axis SAT - 0° -45° 45° 
4 Horizontal - - - - 

α The constraint of DAT model 𝛽𝛽𝑎𝑎 is referred from [24].  
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Fig. 7 Simulated annual solar insolations for different tracking technologies with tracking constraints 

It can be observed that the annual solar insolation of the 1.5AT model is always higher than the SAT 
model and is very close to that of the DAT model within latitudes ±60° when unconstrainted. This is 
because, at these latitudes, most of the direct solar irradiance is coming from one general direction i.e. 
North or South and this Sun’s path is tracked by the 1.5AT model. To visualize this better, the available 
solar irradiance, 𝐺𝐺 is divided into two groups based on their solar azimuth angles, 𝛾𝛾𝑠𝑠; where  
𝐺𝐺𝑁𝑁𝑡𝑡𝑡𝑡𝑡𝑡ℎ ← 270° < 𝛾𝛾𝑠𝑠 < 360° 𝑜𝑜𝑜𝑜 0° < 𝛾𝛾𝑠𝑠 < 90°  (14a) 

𝐺𝐺𝑁𝑁𝑡𝑡𝑆𝑆𝑡𝑡ℎ ← 90° < 𝛾𝛾𝑠𝑠 < 270°  (14b) 
Then, the resulting power outputs from the respective groups are simulated for a horizontally placed 

PV panel and shown in Fig. 8 below. The percentage of solar insolation contributing by both groups at 
different latitudes are also evaluated and presented. 

  

   
Fig. 8 Solar insolation from the North and the South for a horizontal PV panel 

From Fig. 8, the majority of solar insolation from the North and South is reflected on the Southern 
and Northern hemispheres, respectively. This indicates that an unconstrained 1.5AT model can generally 
intercept most of the incident solar irradiance received by a DAT model at a majority of latitudes.  

From Fig. 6(a) and 7(a), the peak generations are observed near the equator because these locations 
are less affected by the four seasons and have sunny days throughout the year. During the summer in the 
Northern hemisphere i.e. June to August, the Sun moves to the North of the zenith as it approaches the 
midday period. Since a 1.5AT system in the Northern hemisphere is orientated towards South, this 
movement of the Sun is not tracked completely by the model, causing a slight output difference when 
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compared with the DAT model, especially near the equator. This can be observed in Fig. 6(c) and 7(c). 
However, the position of the Sun during this period is considerably high in the sky i.e. the solar elevation 
angle 𝛼𝛼𝑠𝑠 is large, thus significant solar irradiance is still received by the horizontally tilted 1.5AT model 
during this time.  A similar situation is applicable in the Southern hemisphere from December to 
February. Moreover, for latitudes that are further away from the equator and the Earth’s poles, the 
difference in solar insolation between the 1.5AT and DAT models is relatively small when tracking angle 
constraints are not imposed.  

On the other hand, the advantage of the 1.5AT tracking reduces significantly as the latitude goes 
beyond the Arctic and Antarctic Circles i.e. ±66.5°. These points can be observed as the “notches” in 
DAT power output in Fig 6(a) and 7(a). Locations beyond this point receive 24 hours of daylight for at 
least 1 day in summer, during which the Sun shines from both North and South. Thus, the DAT system 
gives better performance at these latitudes. Apart from these locations, the unconstrained 1.5AT model 
produces competitive solar insolation performance at a lower cost and complexity than the DAT model. 
It should also be noted that the SAT, 1.5AT and DAT models produce approximately similar solar 
insolation outputs near the equator.  

When the 1.5AT model is constrained to a smaller tracking angle of 20° as compared to the 75° 
constraint on the DAT model, the solar insolation received by the 1.5AT model decreases considerably 
particularly at higher latitudes. This causes the performance of the 1.5AT model to be relatively 
comparable with the SAT model. Nevertheless, an optimal solar tracking design should achieve a balance 
between the additional solar insolation received, shadings as well as the costs and complexity associated 
with the selected tracking technology. 

3.2. Simulation Study with a Real System 

Various types of tracking models are simulated for the University of Queensland Gatton Solar 
Research Facility in Australia, which is located at 27.560076°S, 152.340711°E. The research facility 
currently includes DAT arrays, SAT arrays and FT arrays. These existing physical systems are used as 
references to adjust the simulation parameters to better reflect the real situation at the site. The models 
are simulated to evaluate their solar insolations, shadings and ground coverage ratios based on a grid 
arrangement setup. The tracking constraints of the models are listed in Table III. The results of the solar 
insolation performance study for the simulated models are shown in Fig. 9. 

Table III: Simulated models of a real system and their tracking constants 

No. Model 𝛽𝛽𝑎𝑎− 𝛽𝛽𝑎𝑎+ 𝑅𝑅𝑎𝑎− 𝑅𝑅𝑎𝑎+ 
1 Azimuth/elevation DAT 0° 75°α - - 
2 1.5AT 0° 20° -45° 45° 
3 Inclined N-S axis SAT - 20° -45° 45° 
4 N-S axis SAT - 0° -45° 45° 
5 FT - 20° - - 
6 Horizontal - - - - 

α The constraint of DAT model 𝛽𝛽𝑎𝑎 is referred from [24], all other constraints are acquired by 
referring to the original physical system. All models are orientated at an azimuth angle of 357°. 
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Fig. 9 Simulated solar insolations for different tracking models in Gatton study 

The FT and horizontal systems act as control in this simulation study to serve as benchmarks for the 
other soalr tracking models. Tilting the PV panels towards the equator at a fixed angle can increase the 
PV yield in summer and decrease the performance in winter. This can be observed in Fig. 9(a), 
particularly in the solar insolation curves of the FT and horizontal models. A similar trend is also seen in 
the SAT and inclined SAT models. The 1.5AT model does not give this loss because it can dynamically 
adjust its pitch axis to align with the solar declination angle.  

The physical system in Gatton is located in the Southern hemisphere, so summer occurs from 
December to February. During this period, the SAT system produces better solar insolation than the 
inclined SAT system because it is not tilted towards the array azimuth. Thus, the SAT system receives 
more solar irradiance from the Sun which is positioned slightly South from the zenith during midday. On 
the other hand, the inclined SAT system yields more solar insolation than the SAT system during the 
winter. At this stage, the inclined SAT model intercepts considerably more direct solar irradiance from 
the Sun which is shining at a lower elevation angle from the North. Overall, the inclined SAT model 
accumulates better annual solar insolation because the power gained by the SAT model in summer is 
relatively less than the power lost in winter.  

The 1.5AT model tracks the orbital motion of the Sun in the South through the seasons as the solar 
elevation angle gradually decreases when winter approaches. When the Sun is slightly inclined towards 
North from the zenith in summer, the 1.5AT model is not tilted i.e. it acts like the SAT model. This 
effectively gives the 1.5AT model a solar insolation that is always higher or equivalent to the SAT and 
inclined SAT models throughout the year. The 45°constraint on the array rotation angle, 𝑅𝑅𝑎𝑎 causes the 
1.5AT, inclined SAT and SAT model to always yield less solar insolation than the DAT model. This 
trend becomes more significant during the summer because the DAT model can track the Sun in the 
North near the zenith during midday. 

The ground coverage ratios for the four studied PV tracking models are shown in Fig.10. Similar 
ground coverage ratios are acquired for the DAT, 1.5AT and inclined SAT models at the tracking 
constraints defined in Table III. These shadings are significantly more than that in the SAT model. 
Individually, the roll angle gives the inclination of the PV surface towards East or West if the SAT model 
is orientated towards North or South. The shadings of SAT model are mainly casted on the East-West 
axis.  The DAT, 1.5AT and inclined SAT models implements an additional pitch angle on top of the roll 
angle. This feature contributes greatly to the shading lengths on the North-South axis, which is less 
significant in the SAT model.  
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Fig. 10 Ground coverage ratio for different tracking models in Gatton study 

4. Conclusion 

This paper developed a systematic mathematical approach to evaluate the solar insolation and shadings 
of the 1.5AT model. Overall, the 1.5AT design may provide a considerable gain in energy yield at a 
reasonable cost and complexity for certain applications. Based on the results of this paper, the 
unconstrained 1.5AT model gives good solar insolation which is close to the outputs of DAT systems for 
most latitudes in between the Arctic and Antarctic Circles. It takes advantage of the observation that most 
of the direct solar irradiance at these locations originates from the compass direction of the equator i.e. 
either North or South. However, the tracking angle constraints need to be considered to ensure that the 
achievability of simulated results. For a practical design, the increase in energy generation should be 
large enough to justify the additional shadings casted by the 1.5AT model. It needs to be noted that the 
1.5AT may not be a cost-effective option for PV plants located at the latitudes closer to the equator since 
the energy output of SAT is closer to that of the 1.5AT while the capital cost of the SAT is lower than 
the 1.5AT. Therefore, a feasibility simulation study following the proposed methodology should be 
performed to optimize the PV output and land utilization. A practical example is demonstrated by the 
simulation study of the Gatton Solar Research Facility PV systems in this paper. 

The methodology derived in this paper provides a general benchmark to study and simulate the solar 
insolation and corresponding shadings of different solar tracking models. The simulated system 
performances can then be referred by PV system designers to determine which tracking technology are 
best suited for their applications based on the geographical location and climate conditions. The global 
potential of the 1.5AT model is also mapped out to establish the general locations where the tracking 
technology is likely to be feasible. 
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