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conversion of solar energy into electrical energy. The mechanisms
for its construction and the kinematic equations that allow to know
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1 Introduction

Global warming has emerged as a significant issue in recent years (Abbass et al, 2022; Ozcelik et al, 2016). Consequently,
various technologies have been developed in the field of renewable energies, including the utilization of solar panels (Osman et
al, 2023). An influential factor in optimizing energy conversion through this technology is solar radiation, so considering the
panel's orientation in relation to the sun is crucial, as outlined in (Abbass et al, 2022). Mexico features regions with prolonged
periods of high solar radiation which offer a natural geography conducive to harnessing this technology to its full potential.
Located in the northern part of Mexico, the state of Sonora stands out as the region receiving the highest levels of solar
radiation, averaging 5.6-5.8 kWh/(m”~2/day), making it an ideal location for the establishment of solar power plants, as
discussed in (Arancibia et al, 2014). The Numerical Weather Prediction (NWP) model was employed in (Sosa et al, 2018) in
southern Sonora to assess solar radiation levels across different seasons. Likewise, a study conducted in (Sosa et al, 2019)
explored a photovoltaic installation for the company Sales del Valle S. A. de C. V., aiming to achieve a 28% reduction in energy
consumption through the deployment of panels mounted on a mechanical structure.

In solar panel technology, electrical energy conversion is predominantly contingent on the panel's orientation relative to the
sun's rays and its temperature. In the 2013 study presented in (Anusha and Chandra, 2013), a comparative analysis between a
fixed and a mobile panel demonstrated a 40% increase in electricity generation by manipulating one degree of freedom (DOF)
of the panel. The study emphasized the electronic design of the tracking system, while the didactic panel was directly linked to
the DC motor. Additionally, (Arreola et al, 2015) proposed the use of a 2-DOF tracker employing 24 VDC motors with a speed
reducer coupled to the angular movement of the axles holding the panel. Orientation was determined using the algorithm
proposed by (Walraven, 1977) as a reference, together with electronic instrumentation; this enabled maximizing power
generation, which was subsequently compared with both a fixed system and the proposed system; the result was a 27.98%
increase, with 0.3% of the total energy being consumed by the actuators. The study was conducted in the municipality of
Texcoco, in the State of Mexico.

A comparative study of a 1-degree-of-freedom (1-DOF) and a 2-degree-of-freedom (2-DOF) solar tracker was presented in (Ray
and Kumar, 2016). The first case involved the direct coupling of a DC motor to the shaft upon which the solar panel is installed,
utilizing corresponding electronics for solar tracking. Subsequently, a second degree of freedom and its corresponding motor
were applied to the same system to provide axle movement, complementing the electronic control system. Scale prototypes
demonstrated that the 1-DOF system achieved 30% efficiency, while the 2-DOF system reached 40% efficiency when compared
to a fixed panel at 21°.
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In the same line of research, (Bhanu and Govindarajulu, 2022) presented a study on a 2-degree-of-freedom (2-DOF) tracker
employing a worm screw to control panel orientation with direct coupling. DC motors were utilized to control the axle with spur
gears. The electronic tracking system and a comparison of the tracker with a fixed panel were also discussed, revealing 30%
efficiency when utilizing the proposed mobile system. The physically constructed systems were demonstrated at scale.

A similar proposal was outlined in (Nwanyanwu et al, 2017), where two DC actuators were applied to control both panel and
axle movements with direct coupling between the shaft and the motor. The focus was on the system's electronic instrumentation;
however, no evidence of the constructed prototype or field results were provided. In 2017, a 1-degree-of-freedom (1-DOF)
tracker was introduced in (Hussan et al, 2017) that allowed controlling the axle, with the panel fixed at 35.47°. The system
employed a DC motor coupled to a worm screw reducer connected to the shaft to facilitate the corresponding movement. The
implementation of a solar panel parallel to the tracker was proposed, using a reflective surface to enhance electrical energy
generation. The results were compared with those of a fixed panel, revealing that the proposed scheme allows for a 71.75%
power efficiency compared to the fixed scheme. Like previous articles, the focus remains primarily on electronic
instrumentation and the tracking algorithm. Meanwhile, (Ozer et al, 2018) presented a comparative study between a fixed panel
and a 2-degree-of-freedom (2-DOF) tracker, with the latter achieving 25% efficiency. The tracker utilizes a 100 W solar panel,
and both panel and axle movements are individually controlled by a chain transmission system. The analysis presented in (Ozer
et al, 2018) concentrates on the development of electronic instrumentation for actuator tracking and control.

In 2019, (Ruelas et al, 2019) outlined the prototype for a 2-degree-of-freedom (2-DOF) tracker in which solar alignment is
determined by an efficient orientation chart based on the presented electronic design. It employs a linear actuator for the angular
control of the panel while proposing a 2-step bevel gear and worm screw system for the axle. The study, conducted in Obregon,
Sonora, Mexico, demonstrated a 24% increase in electrical energy compared to a fixed system. The prototype was constructed at
a 1:1 scale and incorporates four 250 W panels.

In (Mollahasanoglu and Okumus, 2021), servomotors with encoders were employed to drive both the panel and the axle of a 2-
degree-of-freedom (2-DOF) tracker through a pair of spur gears. The authors detail the acquisition, processing, and control
system for a 70 W panel reporting that building a 1:1 scale prototype resulted in a 24.7% efficiency improvement over a fixed
system. Similarly, (Saad et al, 2023) introduced a prototype for a 2-DOF solar tracker utilizing linear actuators for panel and
axle control. The 150 W panel was equipped with the corresponding electronic instrumentation, and the proposed system was
compared with a fixed system, achieving a 25.19% increase in efficiency. In (Thungsuk et al, 2023), a cubic-shaped solar
tracker featuring a 10 W panel installed on each edge of the cube was presented, with simultaneous axle movement on each
panel facilitated by a chain transmission system. Additionally, the second degree of freedom for the angular movement of the
panel utilizes the same transmission system coupled to a mechanism to generate the rocker output. The necessary electronic
instrumentation and the system for detecting the position of the sun are presented, and the results were experimentally evaluated,
considering cases such as a fixed panel with axle movement (1-DOF), a panel and axle movement (2-DOF), and a solar panel
mounted on a structure. The results reveal that the 1-DOF tracker achieves an efficiency of 16.71% compared to the fixed
system, while the 2-DOF tracker reaches 24.97%.

The abovementioned works provide a comprehensive approach to solar trackers, prioritizing both the electronic system and the
sun position detection system. However, the design of the mechanical system for reducing the energy consumption required by
the actuators is often overlooked. The research presented by (Long et al, 2014) focuses on the position development of a 2-DOF
parallel manipulator coupled to a solar panel. The full-scale tracker was constructed to generate 400 W, and corresponding
experimental tests were conducted, with solar position determined using the Local Condition Index (LCI) function. Meanwhile,
the proposal in (Atencio et al, 2015) employs a 1-DOF tracker where an electric piston coupled to the shaft supporting the solar
panel is controlled by a Proportional-Derivative (PD) scheme.

The tracker has also been constructed at a 1:1 scale. Intellectual property protection has been secured through the patent of the
mechanical system that facilitates the tracker's movement, as detailed in (Stefano et al, 2012), where 3 planar mechanisms are
employed to control the tracker's 2 degrees of freedom. Another patent, focusing on the mechanical system, is discussed in
(Corio, 2013), which enables the control of 1-DOF in the solar panel tracker through a spur gear and worm screw system that
can be integrated into the serial control of different solar panels. Meanwhile, (Thibert, 2018) implements a spherical tracker to
control 2-DOF of the solar panel using 2 actuators.

In this study, the kinematic design of two 4-bar planar mechanisms is executed to control 1-DOF of a solar tracker. The
corresponding comparison is presented to evaluate their applicability in solar panels. Finally, a practical-scale construction of
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the proposed mechanisms is undertaken using additive manufacturing to validate the proposed equations and their functionality
in the tracker.

2 Planar mechanisms for the control of one degree of freedom of solar tracker
2.1 Eccentric crank-rocker mechanism

Solar trackers facilitate the conversion of solar energy into electricity using solar panels, whose efficiency is contingent on their
position relative to the sun. A prevalent contemporary approach involves installing the solar panels at a fixed orientation angle,
as depicted in the following image.

(a) (b)

Fig. 1. (a) Schematic diagram of solar panel on a structure. (b) Commercial Installation in a Housing Unit.

Figure 1 (a) and (b) depict a panel with a specific tilt, and for the southern region of Sonora, Mexico, a recommended fixed
angle of approximately 27° can be applied, as suggested in (Sosa et al, 2019). Similarly, to enhance power generation, panel
orientation towards the sun is essential, necessitating a system with at least two degrees of freedom, as illustrated in the
following figure.

Fig. 2. Degrees of Freedom of the Solar Tracker.

In Figure 2, the two motions required to optimize the orientation of a solar tracker to solar position are depicted, where the angle
S represents the axle movement and @ signifies the angular change of the solar panel. Various methods for controlling the

required degrees of freedom are discussed in (Racharla and Rajan, 2017). Nevertheless, within the mechanical domain, purpose-
specific mechanisms like 4-bar planar mechanisms can be utilized to control one degree of freedom in a solar tracker and
integrate it into renewable energy systems.

This is a planar mechanism designed to generate a particular output pattern, consisting of 4 elements: ground, crank, coupler,
and rocker arm. A common application of this element is in mechanical locking pliers, as shown in Figure 3 ().
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(a) (b)

Fig. 3. (a) Commercial 4-bar mechanism. (b) Schematic diagram of the off-center crank-rocker.

Figure 3 (a) depicts mechanical locking pliers, where the input force is applied to the coupler. For analysis, the eccentricity is
assumed to be zero, and its mathematical solution, considering the crank as the input link, is detailed in (Norton, 2009; Myszka,
2009). However, a comprehensive solution for this application necessitates considering eccentricity in the mechanism, as
illustrated in Fig. 3 (b). In this same figure, the lengths of the links are represented by the variables a, b,c, and d with the
input force assumed to be located at link d , representing its crank. The output link corresponds to link ¢, the rocker arm. The
corresponding vector diagram comprises a set of vectors in polar coordinates, as presented in Figure 4.

Fig. 4. Vector diagram of the off-center crank-rocker mechanism.

Note that in Figure 4, the angular value of the frame is non-zero (6, #0°), generating an eccentricity in the mechanism and its
general solution. Likewise, the links become vectors, originating in the fixed (x,y) and floating (X', y", x",y"). coordinate
systems. Therefore, the position equation given by the following expression is obtained from Figure 4:

ae'” +be'® —ce'* —de'% = M

Equation (1) represents the general vector position equation for the eccentric crank-rocker mechanism. The solution procedure
using the complex method is detailed in (Norton, 2009), resulting in the position equations for the coupler and rocker, given
below.

_B_/R2_ 2
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Equations (2) and (3) represent the general solution for the off-center crank-rocker mechanism, constituting the general
equations for this planar device, unlike the system presented in (Norton, 2009), which provides a specific solution. The velocity
equations for the mechanism are expressed by the following expressions:

o 30, 5en(0,-0,) “
sl ™ b sen(d,-0,)

and

_aw, sen(0,-0,) (5)
@val =T sen(6,-6;)

Likewise, the angular acceleration equations are given by the following expressions:

a :ClDl_AiFl (6)
3bal AlEl_BlDl

and
C,E, -BF, (7
a4ba| U E——
A&El - BlDl
where:
A =csind,
B, =bsiné,
C, =aa, sin 6, +aw’ cos g, +be? cos 6, —cw; cos b,
D, =ccosé,
E, =bcosé,

F, =aa, c0s 8, —aw’ sin 6, —bew’ sin 6, +cw} sin g,
where Equations (6) and (7) are considered fundamental for knowing the linear and torsional inertial forces.
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2.2 Eccentric crank-slider mechanism

Another mechanism architecture is the crank-slider. A common application of this element can be found in a can crusher, as
presented in Figure 5 (a) below.

B Ground y ‘r V/— %~ N AV
P / Slider . A\ 93 d,d
- Ve
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Coupler % -
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- H 1 EN a/k A X
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>
"
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(a) (b)

Fig. 5. (a) Commercial can crusher mechanism. (b) Schematic diagram of off-center crank-slider.

The schematic diagram can be seen in Figure 5 (b). In this latter figure, the input link is the slider represented by node B.
Therefore, the known variables are considered to be: a, b, c¢,d, while the variables to be determined are 6, and &,. The

vector equation for crank-slider position is expressed in the following equation:
ae'” —be'® —ce'" —de't =0 ®)

Using the methodology presented in (Norton, 2009), the position equations for the coupler link and the crank are given by the
following mathematical expressions:

2D

[ 9
9200" =2tan’1 (—_Ei Ez —4DF ] ( )

and
6 2t {H_ JH 4G J (10
2G
where:
D=K, +2ad
E=-4ac
F=K,—2ad
G=K;—2bd
H =4bc
I =K, +2bd

K,=a*-b*+d?+c?

K,=—a%+b’+c’+d?
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Equations (9) and (10) allow determining the angular position of the crank and coupler for any input value on the slider, whereas
in (Norton, 2009) the input link for the crank-slider mechanism is the crank itself.

o d cos 6, (1)
" asin(6,-6,)

and

o = d cosé, (12)
" bsin(6,-6,)

The velocity at any point of the crank and coupler, respectively, can be determined from Equations (11) and (12), while the
mathematical expressions to ascertain the angular acceleration are the following:

= ~bw? +aw? cos(6, —6,)+d cos b, (13)
2 asin(6,-6,)
and
. _ aw; —ba; cos(6,—6,)+d cosb, (14)
i bsin(6,-6,)

Equations (13) and (14) allow determining the angular acceleration of the crank and coupler, respectively, which, when
combined with Equations (11) and (12), determine the linear accelerations with their angle of incidence — parameters used for
the dynamic force analysis of the mechanism.

2.3 Eccentric crank-rocker mechanism

The proposed integration of the 4-bar mechanism with rocker arm output and kinematic motions governed by Equations (2) to
(7) is shown in Figure 6.

Solar panel

Ground /‘

N\
Crank

TITTTTITTTTTTTITITT]
Fig 6. Integration of a crank-rocker into a solar tracker.
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Figure 6 illustrates the proposed integration of the planar mechanism, where the coupling has been designed to control panel
movement, optimizing its positioning relative to the sun. In this figure, the input actuator is assumed to be in the crank link (a),

enabling control of the variable 6, . The rocker arm movement is coupled to the solar panel, and its position is determined by
6, . The kinematic design proposal is detailed in Figure. 7 (a) and (b).

e |

3

(b)
Fig. 7. (a) Geometric design proposal made in CAD tool. (b) Functional 3-D printed model.

The figure above allows evaluating the functionality of the crank-slider mechanism in order to generate a desired output motion
in the solar panel.

Adaptation of the crank-slider mechanism in the solar tracker for the second case study is shown in Figure 8.

Solar panél

Ground /

Slider

HTTrTrrririrririiriy
Fig. 8. Integration of a crank-slider into a solar tracker.

In Figure 8, it can be observed that the mechanism's sliding link represents the force and motion input into the system, while the
crank establishes the coupling with the solar panel and represents the output variable of interest ( &,). The kinematic design

proposal is shown in Figure 9 (a) and (b).
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(b)

Fig. 9. (a) Proposed geometric design of the crank-slider in CAD tool. (b) Functional 3D printed model of the crank-slider.

3 3. Results
3.1 Kinematic parameters of the crank-rocker

The rocker mechanism presented in Figure 7 was evaluated to determine its kinematic parameters using the elements presented
in Table 1

Table 1. Numerical parameters for the scale crank-rocker mechanism.

Description Variable Value
Crank a 23mm
Coupler b 126 mm
Rocker c 93.9mm
Ground d 155.46mm
Ground angle 6 342.8°
Working Range 0, 180-380°
Input Angular Velocity @, 1.39rpm
Input Angular Acceleration , Orad/seg’

The kinematic parameters of the output links — including position, velocity, and acceleration — can be determined by using the
information from Table 1 in conjunction with Equations (2) to (7). However, for the current case study, particular attention is
given to the panel's output motions relative to crank motion. The analysis of position and angular acceleration of the rocker arm
generates the characteristic pattern depicted in Figure 10.

Figure 10 allows identifying that the minimum value of 6,,,, =94.47° when the crank is at 8,=378.9°, while the
maximum position of the rocker arm is 6,,,, =122.83° for ¢,=198.7°making it possible to generate a A§=28.36°.
opening in the rocker arm, while the angular accelerations exhibit a minimum of |a4Min =0.0424rad/seg’ when

0,=187° and a maximum of |a,,,|=0.0608rad/seg” for 6,=373.4°.
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Fig. 10. Rocker arm position and acceleration pattern in its working range.

3.2 Kinematic parameters of the crank-slider

The kinematic parameters used in this mechanism maintain the same crank and coupler dimensions as presented in Table 1,
while the values complementing the crank-slider are provided in Table 2.

Table 2. Numerical parameters for the scale crank-slider mechanism.

Description Variable Value
Eccentricity c 4.24mm
Slider d 11-16mm
Linear Slider Speed g 3.33mm/seg
(manufacturer data)
Linear Slider Acceleration d 0mm/seg’

The kinematic parameters of the mechanism for the working range of the slider can be determined from the information in Table
1 and 2 and Equation. (9) to (14), as shown in Figure 11.

In the position and angular acceleration patterns presented in Figure 11, it is assumed that the system is in a stable
state in which it is found that 6,,, =91.20° when the slider is at d=11mm, while the minimum position is at

=0.4803rad/seg® are obtained

aZMax|:O'0607 rad/seg® and |052Min

Gyin =47.02° for an input of d=16mm. Similarly,

for the same slider positions, respectively.

Slider motion control is achieved by coupling a lead screw to a commercially available stepper motor, as shown in Figure 9 (b).
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Fig. 11. Slider mechanism position and acceleration pattern in its working range.

4 Discussion

Solar trackers require at least 2-DOF to position the panel toward the sun for maximum power conversion. However, controlling
each degree of freedom necessitates an actuator that consumes a portion of the generated electrical energy. Therefore, research
is needed in different mechanical systems with the aim of reducing the required power. In the current research, crank-slider and
crank-rocker mechanisms, as shown in Figures 7 and 9, were employed for the control of 1 degree of freedom, and their
operation can be applied for this purpose. Kinematic equations (position, velocity, and acceleration) of the rocker mechanism
were developed, considering eccentricity in the frame and input force located on the crank, resulting in Equations. (2) to (7),
which constitute a general deduction compared to that presented in (Norton, 2009). For the crank-slider mechanism, the
expressions for position, velocity, and acceleration are given by Equations. (9) to (14), considering that the slider is the link with
the input motion. Patterns characteristic of position and angular acceleration were obtained based on Equations. (2) to (7) and
considering a working range of 4,=180-380°, as shown in Figure 10. When compared with corresponding patterns for the

crank-slider (see Figure 11), it is observed that the solar panel exhibits smoother motion in position and angular acceleration
with the latter mechanism.

Considering the dynamic force analysis of the crank-slider and crank-rocker mechanisms, the inertial torque depends on angular
acceleration and moment of inertia, which could be a crucial factor. It is essential to avoid abrupt acceleration changes that may
damage the solar panel or the tracker components. During experimental tests of the constructed prototypes, the crank-rocker
mechanism (see Figure 7 (b)), whose actuator consists of a DC motor and a gear reducer, required a constant power supply to
sustain the panel in the desired position. In the case of the crank-slider (see Figure 9b)), the actuator is installed in the slider and
comprises a DC motor directly coupled to a lead screw, allowing the solar panel to remain in the desired position even when
deenergized.

5 Conclusions

Over the past few decades, the issue of global warming has gained worldwide relevance due to its negative impact on the planet.
This has prompted the development of public policies supporting the reduction of greenhouse gases, and in the scientific realm,
the emergence of the green energy sector. Among these, solar panels play a crucial role, but they require a specific position
relative to the sun to maximize electrical energy conversion. Due to its geographical location, the state of Sonora is an
exceptional place for solar energy capture, making it an attractive location for the establishment of solar parks in the region.
This growth potential underscores the need to continue research and development in these systems.
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One area of opportunity focuses on the mechanical system supporting the solar tracker. For the mechanical structure of the
tracker, the use of the off-center crank-rocker and off-center crank-slider mechanisms is proposed to control one degree of
freedom (1-DOF). The general kinematic equations for the off-center crank-rocker were developed considering that the input
motion is in the crank link. Meanwhile, for the off-center crank-slider system, the corresponding kinematic equations were
developed when the input motion was coupled to the slider.

Furthermore, the kinematic design and 3D construction of the scale model were carried out to test the position equations
developed for the proposed mechanisms. Finally, through a comparative analysis in acceleration, it was concluded that the
crank-slider mechanism exhibits smoother motion with respect to the rocker arm. It also has the advantage of holding the panel
in position even when electrical power to the actuator is cut off. In contrast, the crank-rocker requires continuous power to keep
the panel in place.
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