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ABSTRACT 

Solar trackers improve the photovoltaic energy output by keeping panels aligned with the sun throughout 

the day. This study introduces a novel, dual-axis solar tracking system driven by an inverted slider-crank 

mechanism. This system is designed to reduce the mechanical complexity and improve the energy 

efficiency compared to conventional tracking systems. The kinematic behavior was analyzed using GIM 

software and the torque and load requirements were evaluated utilizing dynamic simulation in SolidWorks 

Motion. Finite Element Analysis (FEA) was deployed to assess the structural integrity under wind loads. 

The system provided a reliable tracking accuracy, smooth motion, and acceptable stress levels with a 

practical Factor of Safety (FOS). A prototype was built to confirm the effectiveness of the mechanism, 

offering a compact, low-maintenance alternative to traditional dual-axis trackers, supporting the use of 

solar technologies in regions with high irradiance. 

Keywords-dual-axis solar tracker; slider-crank mechanism; renewable energy; kinematics; stress analysis 

I. INTRODUCTION  

Solar energy is an efficient solution for the growing energy 
demands, reducing the environmental impact of fossil fuel 
usage. Despite the significant advances in Photovoltaic (PV) 
technology, the ability to convert the solar energy is still highly 
dependent on the orientation of PV panels. Fixed and single-
axis tracking systems are simpler but fail to fully capture the 
solar radiation throughout the day and across seasons. Dual-
axis solar trackers, on the other hand, adjust both the azimuth 

and elevation angles, allowing them to maintain an optimal 
angle of reflection, increasing the energy output by up to 45% 
compared to stationary systems [1-3]. The urgent need for 
sustainable energy solutions has increased the development of 
renewable energy technologies, particularly solar power [4-8]. 
Countries in the Gulf region, such as Saudi Arabia, the United 
Arab Emirates, Kuwait, Oman, Bahrain, and Qatar, have the 
highest average solar radiation levels globally (6.0-6.3 
kWh/m²/day), making them ideal locations for large-scale solar 
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power installations [9-11]. Experimental studies have shown 
that the mobile tracking systems significantly outperform the 
fixed panels. Comparative analyses reveal that adding one or 
two Degrees of Freedom (1-DoF or 2-DoF) can increase the 
energy yields by 25% to over 40% [12-16]. Although various 
designs use worm screws, linear actuators, and chain 
transmissions, most of them focus primarily on electronic 
control and sun-position detection algorithms, neglecting the 
mechanical efficiency and actuator energy consumption [17, 
18]. The inverted slider-crank mechanism is a simpler and 
more energy-efficient alternative to these methods for dual-axis 
actuation. Solar tracking systems use intelligent control 
systems and real-time environmental adjustments to improve 
the tracking precision and robustness [19-22]. Dual-axis 
trackers still face mechanical challenges, including complexity, 
high maintenance requirements, and vulnerability to stresses, 
such as wind loads [23]. For large-scale solar installations, 
achieving mechanical stability and load management is critical, 
so the usage of parallel actuators or reinforced structures is 
important [24-26]. This study presents a novel dual-axis solar 
tracking system based on an inverted slider-crank mechanism, 
as shown in Figure 1. The design is simple, reliable, and energy 
efficient. Kinematic and dynamic analyses were conducted 
using GIM [27-29] and SolidWorks software to evaluate the 
motion profiles and actuation force requirements. Additionally, 
a static structural analysis was performed under simulated wind 
loading to ensure the mechanical integrity and identify the 
potential failure points. Furthermore, this study aims to 
maximize the PV energy conversion efficiency through precise 
sun tracking. Its purpose is also to promote the adoption of 
dual-axis trackers and advance the transition toward 
sustainable, high-efficiency energy systems. 

 

 

Fig. 1.  Geometric model of the solar tracking mechanism designed in 

SOLIDWORKS. 

II. KINEMATIC ANALYSIS 

The kinematic analysis was conducted under the 
assumption of constant crank rotation (N₂=2 rpm, α₂=0 rad/s²). 
The X-Y coordinate system was established, with the origin 
positioned at point O2, as depicted in Figure 2, and all angles 
were measured counterclockwise from the horizontal X-axis. 

The following definition was proposed: link 1 (ground) has 
length c and angle θ₁, link 2 (crank) has length a and angle θ₂ 
and link 3 has length L₃, horizontal displacement b, and angle 
θ₃. Link 4 is a prismatic joint that functions as a slider. In this 
study, the dimensional synthesis [30-32] was performed using 
the GIM software to determine the appropriate dimensions, as 
presented in Table I, of the proposed mechanism necessary to 
accomplish the desired motion. 

TABLE I.  OPTIMIZED DIMENSIONS OF THE PROPOSED 
MECHANISM 

Crank length � 366 mm 

Ground length � 400 mm 

Connecting rod length �� 1100 mm 

Crank angle �� �20°, 120°
 
 

The vector loop method is used to analyze the mechanism's 
kinematics, which was applied to different types of linkages, 
including four-bar and slider-crank mechanisms [33]. The 
model is simplified through the use of position vectors to 
represent each link, thereby forming a closed loop, as 
illustrated in Figure 2. This approach enables the application of 
vector equations, facilitating the solution for unknown 
positions, velocities, and accelerations. 

 

 

Fig. 2.  Vector loops of the mechanism considered for synthesis. 

A. Position Analysis 

The position vector loop for the slider-crank mechanism 
����� is: 

������⃗ � ������⃗ � ������⃗ � 0�⃗     (1) 

Parameters a, b, and c are the scalar lengths: 

����� � ����� � ����� � 0   (2) 

This results in two scalar equations that can be solved 
simultaneously for θ₃ and the position of the slider b: 

�� � tan"� # $ %&' ��
$ ()% ��*+,    (3) 

� � -�� � �� � 2�� cos ��   (4) 
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B. Velocity Analysis 

To find the angular velocity of link 3 and the linear velocity 
of the slider, (2) was differentiated with respect to time: 

1�2����� � 1�2����� � 0   (5) 

from which, two scalar equations can be solved simultaneously 

for 2� and the velocity of the slider �3 : 
2� � $4�

5 cos6�� � ��7   (6) 

�3 � -��2�� � ��2�� � 2��2�2� cos6�� � ��7 (7) 

To find the angular acceleration of link 3 and the linear 
acceleration of the slider, (5) will be differentiated with respect 
to time: 

8�9�1���� � �2������: � 8�9�1���� � �2������: � 0 (8) 

This leads to two scalar equations that can be solved 

simultaneously for 9� and �; : 
<� cos �� � sin ��

� sin �� �� cos ��
> < �;

9�
> � ?@

�A  (9) 

where: 

� � ��9� cos �� � �2�� sin �� � 2�3 2� cos �� �
�2�� sin ��     (10) 

and 

@ � �9� sin ���2�� cos �� � 2�3 2� sin �� � �2�� cos �� (11) 

The acceleration analysis of the slider link 4 gives: 

�BC �  �� cos �� 69� � 2��7   (12) 

�BE �  � sin �� 69� � 2��7   (13) 

III. DYNAMIC FORCE ANALYSIS 

To determine the internal forces and torque in the system, 
dynamic force analysis is performed using Newton's laws as: 

∑ G⃗ �  H�I����⃗      (14) 

∑ J�⃗ � KI9     (15) 

These equations are projected in the rectangular coordinate 
system, leading to: 

∑ GC �  H�IC       ∑ GE �  H�IE       ∑ J �  KI9 (16) 

where m is the mass, �IC and �IE are the linear accelerations of 

the center of mass, KI  is the mass moment of inertia calculated 
at the center of mass, and 9 is the angular acceleration. These 
equations are applicable to each moving body in the system, as 
portrayed in Figure 3.  

 

 

Fig. 3.  Free body diagrams of each link. 

This results in a set of linear simultaneous equations, which are 
solved using a matrix method. The only force that exists at the 
interface between link 4 and 3 is friction. Assuming Coulomb 
friction, the x and y components of the force at this interface 
can be expressed as: 

GL�C � M6sin �� N O cos ��7   (17) 

GL�E � �M6cos �� N O sin ��7   (18) 

Link 3 is also subjected to a distributed load P, which 
represents the wind force. A set of eight equations has been 
formulated to ascertain eight parameters: the forces G��C , 
G��E , G��C , G��E , G�LC , G�LE , M, and the input torque J�� . The 

dimensions of the link lengths and positions, the locations of 
the links' Centers of Gravity (CGs), the linear accelerations of 
those CGs, and the angular accelerations and velocities of the 
links have all been previously determined through kinematic 
analysis. Subsequently, these equations can be used to 
assemble the matrices and ascertain the solutions: 

⎣
⎢⎢
⎢⎢
⎢⎢
⎢
⎡ 1 0 1 0 0 0 0 0

0 1 0 1 0 0 0 0
����E ���C 0 0 ��L�E �L�C 0 1

0 0 1 0 0 0 sin �� � O cos �� 0
0 0 0 1 0 0 cos �� � O sin �� 0
0 0 ����E ���C 0 0 �L�C6cos �� � O sin ��7 � �L�E6sin �� � O cos ��7 0
0 0 0 0 1 0 sin �� � O cos �� 0
0 0 0 0 0 1 � cos �� � O sin �� 0⎦

⎥⎥
⎥⎥
⎥⎥
⎥
⎤

V  

⎣
⎢⎢
⎢⎢
⎢⎢
⎢
⎡G��C
G��E
G��C
G��E
G�LCG�LE

M
J�� ⎦

⎥⎥
⎥⎥
⎥⎥
⎥
⎤

�

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎡ H��I�CH��I�C

KI�9�
H��I�C � W��H��I�E

KI�9�HL�BCHL�BE ⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎤

(19) 

IV. STATIC ANALYSIS 

Static stress analysis was performed to determine the 
structural performance of the solar tracking mechanism under 
expected operational loads. The objective of this analysis is 
threefold: first, to identify the critical stress regions; second, to 
evaluate the deformation behavior; and third, to ensure that the 

design meets the safety and reliability requirements. The 
mechanism was modeled in SOLIDWORKS, and the 
simulation was executed using its integrated FEA tools to 
assess the stress distribution, displacement, and FOS. The 
structural components, including the supporting beams, were 
fabricated from aluminum 1060 alloy, which was selected for 
its high strength-to-weight ratio and corrosion resistance and 
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the material properties are presented in Table II. In order to 
simulate realistic loading conditions, the solar tracking 
mechanism is constrained by fixing the lower plate. Two loads 
were applied to the solar panel surface: a vertical load to 
represent the panel's self-weight, and a horizontal load to 
simulate the effect of wind, as shown in Figure 4(a). The 
analysis was conducted at an inclination angle of 60° (θ₃), 
which represents a typical operating position of the solar panel. 
The panel is assigned a mass of 21 kg [34], resulting in a 
gravitational force of 206.01 N. 

TABLE II.  MECHANICAL PROPERTIES OF ALUMINUM 6061 
ALLOY 

Elastic modulus 69,000 MPa 

Poisson's ratio 0.33 

Shear modulus 27,000 MPa 

Mass density 2,700 Kg/m3 

Tensile strength 68.9356 MPa 

Yield strength 27.5742 MPa 

 

  
(a) (b) 

Fig. 4.  Loads and boundary conditions: (a) fixtures (green), loads (purple), 

gravity (red); (b) generated mesh structure. 

The wind load is estimated using the standard drag force 
equation [35]: 

W � �
� XY��Z[    (20) 

where W is the wind force, X is the air density (1.225 kg/m³), Y 
is the wind velocity set at 4.5 m/s based on the meteorological 
data for Kuwait [36], � is the projected area of the panel (1.0 m 
× 1.7 m), and Z[ is the drag coefficient. The drag coefficient is 
calculated using the empirical formula [35]: 

Z[ � 1.1 � 0.02 #]�
[ � [

]�
,   (21) 

where ��  and ^  are the length and depth of the panel, 
respectively. The resultant wind force is calculated to be 
24.158 N, and it is observed that all contacts between the 
components of the mechanism are classified as bonded, under 
the assumption that no relative motion or separation will occur 
under the load. The finite element mesh is automatically 

generated using the default fine mesh setting in 
SOLIDWORKS, resulting in a total of 12,774 elements, as 
displayed in Figure 4(b). 

V. TORQUE ANALYSIS 

To ensure a reliable and safe operation, it is important to 
determine the driving torque of an appropriately sized motor. In 
this study, SOLIDWORKS motion analysis was used to 
estimate the required driving torque for the proposed solar 
tracker system. The design presents an inverted slider-crank 
mechanism driven by a motor mounted at the hinge O₂. The 
motor operates at a constant speed of 2 rpm, initiating from an 
initial crank angle of θ₂ = 20°. The simulation lasts eight sec 
during which the crank executes the specified motion. 

VI. RESULTS AND DISCUSSION 

The outcomes of the kinematic, dynamic, and static 
analyses conducted on the proposed dual-axis solar tracking 
system, are presented as well as the validation through 
prototype testing. The motion behavior of the inverted slider-
crank mechanism was initially determined through the usage of 
analytical models developed in MATLAB and simulations 
generated by the GIM software, as illustrated in Figure 5. 

 

 

Fig. 5.  Simulation of the optimized inverted slider-crank mechanism 

operation. 

The relationship between the crank input angle (θ2) and the 
resulting tilt angle of the solar panel (θ3) was determined and 
the findings yielded a high degree of agreement between the 
analytical and simulated values, as shown in Figure 6, thus 
validating the kinematic model. The smooth variation of θ₃ 
with respect to θ₂ indicates a stable motion and effective sun 
tracking capability. Additionally, an analysis of the kinematic 
behavior of point A was conducted, corresponding to the slider-
crank joint that controls the solar panel's motion. The analysis 
was performed to calculate the inertial forces acting on the 
system. As presented in Figures 7 and 8, the acceleration 
components of point A are examined in the horizontal (X) and 
vertical (Y) directions, respectively, as a function of the crank 
input angle (θ₂). The acceleration values were calculated using 
both MATLAB and GIM software, and the results 
demonstrated an excellent agreement between the two 
methods. This finding validates the accuracy of the dynamic 
model and the horizontal acceleration aAx displays a seamless 
transition from negative to positive values, thereby reflecting 
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the slider's directional change during movement. In contrast, 
the vertical acceleration aAy follows a parabolic trajectory, 
indicating a decelerating downward motion followed by an 
upward acceleration. The precise estimation of these 
acceleration components is important for calculating the 
dynamic forces and, consequently, the motor torque required to 
drive the mechanism. This analysis guarantees that the actuator 
selection is based on realistic dynamic loading conditions, 
enhancing the reliability and efficiency of the solar tracking 
system. 

 

 

Fig. 6.  Solar panel angle (θ3) versus crank rotation (θ2). 

 

Fig. 7.  Acceleration of point A for the optimized design in direction X. 

The validated kinematics were then used to conduct a 
dynamic force analysis, according to the Newton-Euler 
equations. The resulting inertial forces and input torques were 
subsequently utilized to appropriately size the actuation system. 
The torque simulations conducted in SOLIDWORKS motion 
indicated that the system requires a driving torque ranging 
between 120 N·m and 250 N·m during a complete drive cycle, 
as exhibited in Figure 9. The simulation analyzed both the 
gravitational and wind loads, modeled under typical conditions 
for Kuwait. The results of the study indicated a maximum von 
Mises stress of 9.67 MPa and a peak deformation of 2.74 mm, 
as shown in Figures 10 (a) and 10 (b). The calculated FOS 
across the structure exceeded 2.85, as presented in Figure 10 
(c), indicating that the design is structurally sound under the 
expected loading scenarios. These outcomes substantiate the 
selection of materials and geometry for the mechanism's 
components. This type of information is critical for selecting a 

motor with sufficient torque while optimizing the energy 
efficiency. 

 

 

Fig. 8.  Acceleration of point A for the optimized design in direction Y. 

 

Fig. 9.  Driving torque of the slider-crank mechanism. 

VII. PROTOTYPE 

To validate the proposed design, a functional prototype of 
the dual-axis solar tracking system was developed, as 
illustrated in Figure 11. The structure is constructed with a 
lightweight aluminum frame mounted on a steel base plate, 
which provides support for a 50 W polycrystalline solar panel. 
The tracking motion is achieved using two MG996R servo 
motors. The operation of these motors is directed by an 
Arduino Uno microcontroller, which processes the input from 
four LDRs arranged in a quadrant configuration. This 
configuration is used to ascertain the sun's position. Initially, 
the LDRs were installed behind the panel; however, this 
resulted in inconsistent tracking due to indirect light exposure. 
The repositioning of the sensors to the panel frame resulted in a 
substantial enhancement in the system accuracy and 
responsiveness, facilitating a more precise alignment with the 
sun. The control logic is based on a simple voltage comparison 
between opposing sensors, directing the motors toward the 
brighter side. The system is powered by a 12-V rechargeable 
lithium-ion battery, with the control unit located at the base. 
The wiring is routed internally through the central support 
column to prevent tangling or movement interference. 
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(a) (b) (c) 

Fig. 10.  Static structural analysis results: (a) stress distribution, (b) deformation, (c) FOS. 

The preliminary testing confirmed the mechanism's smooth 
and reliable operation under typical daylight conditions. The 
structure remained stable during movement, and the motors 
responded effectively to the changes in sunlight direction. 

 

 

Fig. 11.  Prototype of the dual-axis solar tracking system showing the 

aluminum frame structure, mounted solar panel, and servo motor setup for 

azimuth and elevation control using an Arduino microcontroller. 

VIII. CONCLUSIONS 

This study presented the design, analysis, and prototyping 
of a novel dual-axis solar tracking system driven by an inverted 
slider-crank mechanism. The development of kinematic and 
dynamic models was facilitated by the GIM software, while the 
validation of structural integrity was achieved through Finite 
Element Analysis (FEA) in SOLIDWORKS. The mechanism 
exhibits consistent tracking performance while maintaining a 
low level of complexity. The stress analysis confirms an 
adequate Factor of Safety (FOS) and torque requirements 
remain within practical limits for the actuator selection. The 
development of a physical prototype validates the system's 

feasibility for real-world applications. In summary, the 
mechanically optimized design offers a cost-effective and 
energy-efficient solution that enables the advancement of dual-
axis solar tracking technologies in renewable energy 
applications. Subsequent studies will concentrate on integrating 
an automated control system, conducting long-term field 
testing, and optimizing the design for enhanced performance 
and durability. 
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