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Abstract: Electricity production from solar panels is improved by maximizing their capture of 
solar radiation by tracking sunlight so that it falls perpendicular to the panels. Pneumatic actuators 
are useful technology for pointing panels toward the sun. They are an alternative to hydraulic 
actuators, which are maintenance-intensive, leakable, and require many associated components. 
Electric actuators are large, not suitable for all conditions, and have a high initial cost. Two 
pneumatic actuators were employed in this paper to drive a two-axis sun tracker. The proposed 
tracking method provides wide freedom of movement, greatly simplifies the tracking mechanism, 
possesses many advantages that come with pneumatics, like reducing consumption, costs, 
environmental risks and the need for ongoing maintenance. This paper aims to provide a 
comprehensive design of pneumatic actuators to drive a two-axis solar tracker that operates as 
efficiently as possible, taking into account the maximum load in the worst possible weather 
conditions in Iraq. This entails determining the piston cylinder length and inner diameter based on 
certain input parameters such as stroke, fully extended and retracted lengths, and force of the 
cylinder, impact angles, and wind speed. To examine the actuators' performance, a MATLAB 
simulation was run on March 1, 2024, in Baghdad-Iraq, on a typical sunny day. The findings 
showed that when loaded under the greatest wind speed that can occur, roughly 5.5 m/s based on 
Iraqi climatic statistics, the proposed tracker operates precisely, steadily, and smoothly. Ultimately, 
the design procedure used 150 mm length pneumatic cylinders to drive the solar panel. 
Furthermore, at a static inlet pressure of 2 bar for actuators, it was discovered that actuator 1's 
cylinder diameter measured 22 mm, whereas actuator 2's measured 28.15 mm. Aligning the 
pneumatic actuators on two axes improved the efficiency of the solar panel by 66.4% when 
compared to a fixed panel.  

 
Keywords: pneumatic cylinder; dual-axis tracker; PV panel; pneumatic actuator; wind. 

 

1. Introduction  
Recently, sustainability has gained great importance. 

Users are eager to switch from fossil fuels to renewable 
energy sources1) like solar, wind, and others. One 
increasingly attractive replacement for fossil fuels is 
solar energy. It is among the purest forms of energy that 
are accessible on our planet. Solar energy may be 
harnessed for many applications, including water heating 
systems2,3), air heating systems4,5), crop drying systems6-8), 
the generation of electricity9,10), etc. The need for solar 
energy equipment has increased recently due to the 
growing emphasis on clean energy. To meet the 
increasing demand for electrical energy and achieve 
sustainability goals, multiple means are used, such as 
hydro, wind, solar, and environmental energy9). 
Solar-powered equipment is common in commercial, 
residential, and agricultural environments.  

The most prevalent component of this equipment is its 
solar panel, which uses a solar tracking system11,12) to 
self-align the panel with the position of the sun to 
capture solar energy. These devices need solar tracker 
actuators installed, which allow the solar panels to be 
oriented in the best possible way concerning the sun so 
that they get sunlight throughout the day. When the sun 
is at a low angle, these actuators assist in efficiently 
harvesting sunlight.  

Actuators for solar tracking systems are crucial; hence 
their design needs to be carefully considered. Actuators 
need to provide strong durability capabilities, technical 
accuracy and control, stability, and smooth integration 
with solar trackers. 

The solar trackers are apparatus that follow the sun's 
journey across the sky, increasing the quantity of sunlight 
that reaches the PV cells and increasing their ability to 
produce power. With the use of a solar tracking system 
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and a solar panel linear actuator or gear motor, solar 
panel efficiency may be increased by 30% to 40% as 
compared to stationary solar panels11).  

Linear or rotary actuators13), solar controllers, and 
sensors are commonly used in solar trackers.  These 
actuators achieve good solar tracking. 

Actuators are driven by energy sources, which might 
be electrical current, pneumatic pressure, or hydraulic 
pressure. They transform energy into motion. It enables 
users to adjust the angles of PV panels. Single-axis14-16) 
and dual-axis12,17,18) solar tracking systems are two 
distinct varieties that are based on the different structural 
degrees of freedom. While the other is made to monitor 
the sun using two axes that correspond to the azimuth 
and solar altitude angles, the first one uses the azimuth 
angle to track the sun on a single axis. Novel designs and 
technologies for both kinds have been created recently to 
attain high structural dependability and control precision 
for the actual performance of these systems. A solar 
tracker is used to make the device's surface always 
oriented toward the sun to capture the most energy. There 
are also many types of mechanical actuators; Linear 
motors19,20), DC motors and gearboxes21,22), and stepper 
motors16,23). There are other actuators for driving the 
solar tracker, including thermo-mechanical24), 
hydraulic25), and pneumatic26,27).  

The pneumatic actuators have a lot fewer critical 
points of failure and require a lot less maintenance than 
earlier tracking-array systems. This lowers the likelihood 
of failure while cutting installation and total costs. 
Pneumatic actuators have several advantages over 
hydraulic actuators28). When it comes to the cost of 
manufacture and resistance to contamination, pneumatic 
actuators perform better than hydraulic actuators. 
Furthermore, pneumatic actuator systems are not affected 
by changes in outside temperature. Since actuator 
exhaust gases don't need to be collected, fluid pipelines 
are not required. As the pneumatic systems are almost 
dry, there's no need for long-term storage. Because of 
their high weight-to-torque ratio and greater flexibility, 
pneumatic systems are necessary. 

In general, pneumatic actuators have some important 
properties. They are less expensive and offer an excellent 
force-to-weight ratio. They exhibit better force control, 
superior positioning control, and increased precision. In 
addition, these actuators are safer for workers, better for 
the environment, and more dependable than hydraulic 
controllers. Due to air compression, nonlinear dynamics, 
and parasitic frictional effects, pneumatic system designs 
are far more complex than those of other systems29), 
which have promoted their usage. Pneumatic actuators, 
often known as artificial muscles, have several 
applications, including automotive applications30,31), 
lifting systems32,33), tracking systems27,28), medical 
instruments34), and robotics35), etc. 

Powerful and efficient pneumatic actuators can be 
seamlessly integrated with solar panel tracking systems, 

creating smooth, precisely controlled motion. Pneumatic 
actuators provide a cost-effective solution of the solar 
tracker. The low-duty cycle functioning of the pneumatic 
tracker allows for reduced maintenance requirements, 
monitoring energy savings, and the possibility of 
scalability. The design of the actuators used in the solar 
tracker should aim to achieve high durability, flexibility, 
responsiveness, and reliability. 

The electricity generation of a solar PV tracking 
system is greatly affected by its geographical location 
and weather conditions. To maximize the effectiveness 
and functionality of solar tracker installations, it is 
essential to understand and take these elements into 
account during system design to withstand extreme 
conditions, site selection, and performance monitoring.  

The realism of the design results is affected by the 
solutions of mathematical equations, hence it is crucial to 
include the geographic location and climate conditions in 
the research. The worst case scenarios for these 
conditions must be taken into account when designing a 
mechanical system. This includes considering whether 
the system will be placed on the sea, in the desert, on top 
buildings, or in an area with surrounding mountains. 
Every single one of these elements has an impact on the 
actuator design that can move in tandem with the 
movement of the sun. 

There are many studies in the literature concerned 
with designing solar trackers driven by different types of 
actuators. Ergashev and Oshchepkova36) designed a 
dual-axis solar tracker, providing system protection 
against strong winds. The tracker was driven by two 
electric stepper motors. Chaurasia et al.37) designed a 
solar tracking system driven by a hydraulic actuator to 
provide electric energy of 87.6 kWh/year. They have 
created the first solar tracking system that uses 
gravitational energy as a driving force and offers a 
tracking system that works well in distant areas. 

Pneumatically driven actuators provide a great 
substitute for electric and hydraulic actuators and may 
operate safely in a wide range of challenging 
environments, such as wet, hot, and dusty ones. 

Successful design and implementation of an 
automated electro-pneumatic single-axis solar tracker has 
been accomplished by Baisrum et al.38) with an error of 
2.5o, a dynamic response of 2.08% overshoot, and a 
steady-state error of 1.25% in the load condition. Dhanya 
and Gopal39) modeled and designed a pneumatic actuator 
to guide a single-axis solar tracker. Fathi et al.40) 
designed and implemented a dual-axis solar tracker 
directed by new multifaceted, highly efficient pneumatic 
actuators. This tracker provides low-duty-cycle operation, 
monitoring energy conservation, less maintenance 
requirements, and scaling possibilities because of its 
inherent energy storage. 

So far, the solar tracking studies reported in all the 
above literature do not adopt a comprehensive 
computational method in designing the actuators needed 
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for driving solar trackers in different locations and 
climatic conditions. The objective of this work is to offer 
a comprehensive design of the pneumatic actuators 
needed to drive a two-axis solar tracker while accounting 
for the maximum load under Iraq's worst weather 
conditions, including wind speed and impact angles. In 
this paper, the internal diameter and stroke length of two 
pneumatic actuators are designed. All forces and torques 
acting on the system have been analyzed and calculated 
using MATLAB simulation software. 

 
2. Methodology 
2.1 Construction of solar tracker 

The mechanical structure of the solar tracking system, 
shown in Fig. 1, was designed. The structure of the 
tracker is made of aluminum. The system has two 
pneumatic actuators to track the sun. The first actuator 
"1" tracks the linear vertical movement of the sun from 
south to north at different angles, from the pillar to the 
solar panel. The second actuator "2" tracks the horizontal 
movement of the sun from east to west. It is a linear 
motion converted into a circular motion to provide 180o 
of precise tracking. The panel is fixed on a frame 
mounted on a pillar via a free-moving joint to hold and 
facilitate vertical movement of the frame and panel 
assembly. The system would be analyzed and a variety of 
parameters would be calculated according to the local 
weather conditions. 

 

 
Fig. 1: Scheme of pneumatic solar PV panel tracker 

 
The research methodology depends on performing the 

following procedures: 
– Collecting physical data on the solar panel and 

pneumatic actuators shown in Fig. 2.  
– Using the provided hypothesis to calculate the 

remaining parameters. 
– Producing and evaluating the dual-axis solar tracker 

using the MATLAB simulation software.  
The orientation system is depicted along the rotational 

axis in Fig. 2.  
 αmin represents the angle produced between the 

vertical axis (pillar) and the support frame. The 
rotation system should be designed with αmin as the 
starting tilting angle. The first tilting angle used for 
the system's symmetry is determined by the sun 
tracking system's specifications. The range of αmin is 0 

to π/2. 
To finish the required design, the pneumatic 

actuator's parameters, stroke Dstr, fully extended 
length d1max, fully retracted length d1min, force F, speed, 
and input voltage, must all be initially determined. 

 

 
Fig. 2: Orientation with the biggest and smallest rotation 

angles along the rotation axis. 
 

2.2 Designing the piston length of the pneumatic 
actuator 1: 

To design the pneumatic actuator 1 shown in Fig. 3, 
the dimensions of the solar panel and the pillar must be 
taken into account. 
 

 
Fig. 3: Dimension calculation model for actuator 1. 

 
This study suggests utilizing a pneumatic actuator 

mechanism and choosing a calculation technique for this 
actuator to develop a dual-axis solar tracker for solar 
panels. A solar PV panel EU-M40W, measuring 
670×425×20 mm and weighing 4 kg, is used in this 
design. The solar panel's area is therefore a × b = 
670×425 mm. The tracker has a pillar with a height h of 
730 mm and a circular cross-section with a diameter Dp 
of 40 mm. The solar panel is mounted using screws on a 
rectangular aluminum frame with the same dimensions 
as the panel. The south-north rotation axis of the tracking 
system is installed at the midpoint of the frame. By 
defining the lengths of l1, l2, l3, and l4 illustrated in Fig. 2 
and 3, the dimensions of the pneumatic actuator 
mechanism may be ascertained. l1 needs to be less than 
the pillar h's, and l2 needs to be less than the frame width. 
To simplify the problem, the following lengths are 
chosen:  

   
l1 = h/2 = 365 mm, l2 = b/2 = 212.5 mm, l3 =

50 mm, and l4 = 75 mm               (1) 
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Figure 2 and 3 show the model used for calculating 

dimensions. The pneumatic actuator's fully extended and 
retracted lengths may be computed with the model's 
assistance. The following is an example of how the 
dimensions relate to one another: 

  
OAʼ = √OA2 + AAʼ2,  OBʼ = √OB2 + BBʼ2, 

  AO�Aʼ = acrtg �AAʼ
OA
�, BO�Bʼ = acrtg �BBʼ

OB
�      (2)

   
As can be seen in Fig. 3, the values of d1min and d1max 

are used to calculate the completely expanded and 
retracted length of the pneumatic actuator, respectively 

 
d1min

2 = OAʼ2 + OBʼ2 − 2OAʼ.OBʼ
cos�αmin − AO�Aʼ − BO�Bʼ�

        d1max
2 = OAʼ2 + OBʼ2 − 2OAʼ.OBʼ

cos�π − αmin − AO�Aʼ − BO�Bʼ� ⎭
⎪
⎬

⎪
⎫

 (3) 

 
Depending on the initial minimal tilting angle αmin, the 

values d1min and d1max may be obtained using Eqs. 1, 2, 
and 3. Figure 3 shows the link between d1min and d1max. 
The likelihood of receiving sunlight improves with 
decreasing minimum tilting angle value, and rotational 
energy correspondingly rises. Assuming that π/3 is the 
initial minimum tilting angle, select the pneumatic 
actuator using the following parameters. OAʼ =
373 mm,OBʼ = 221, AO�Aʼ = 0.2, BO�Bʼ = 0.2, d1min =
240mm, d1max = 390mm, Dstr1 = 150 mm , where 
Dstr1 is the stroke length of pneumatic cylinder piston of 
actuator 1. 

 
2.3 Designing the cylinder internal diameter of the 

pneumatic actuator 1: 
Several factors must be taken into account when 

installing a solar tracker, represented by the range of 
loads that the panel experiences when it rotates, some of 
which are internal, represented by the weight and size of 
the panel and its rotating accessories, and some are 
external, representing the wind load. The wind load 
affects how close the solar PV panels must be positioned 
to the roof's edges and exerts excessive stress on the PV 
modules and PV mounting system, making it a 
significant consideration. Because friction load is so little, 
it is ignored in all computations. 

Eq. 4 can be used to calculate the actuator 1 force 
required to move the solar panel vertically. 

 
   𝐹𝐹 = [𝑀𝑀 × 𝑔𝑔]𝑖𝑖𝑖𝑖𝑖𝑖 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 + [1

2
× 𝜌𝜌 × 𝑉𝑉2 × 𝐴𝐴𝑤𝑤 ×

𝐶𝐶𝑙𝑙]𝑤𝑤𝑖𝑖𝑖𝑖𝑙𝑙 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙        (4) 
 

Where 𝑀𝑀 in kg is the mass of the tracker's moving 
parts, 𝐶𝐶𝑙𝑙 denotes the coefficient of wind drag, Aw in m2 
denotes the area of moving parts exposed to the wind, V 
in m/s is the wind speed, ρ in kg/m3 represents the air 
density, and g in m/s2  is the acceleration due to gravity.  

In this case, since the pneumatic actuator 1 is in a 

lateral position as shown in Fig. 4, the forces must be 
decomposed into two components and entered into the 
equation. The lifting force of the actuator can be found 
as: 

 
F = [M × g × (cos(α) + sin(α))]int load + [1

2
× ρ ×

V2 × Aw × Cd]wind load       (5) 
 
  Where F in N is the actuator's lifting force and α in rad 
is the angle of the panel according to the position of the 
sun. Fig. 4 illustrates the position angle between the 
panel and the pneumatic actuator 1. 
 

 
Fig. 4: Angles α between the solar panel and actuator 1. 

 
Then, by changing the angles α in the range from 0 to 

90o according to Eq. 5, all the expected forces can be 
obtained. Figure 5 shows how the lifting force changes 
with the location of the angle between the vertical axis 
and the panel. Changing the angle changes the actuator's 
thrust. 

 

 
Fig. 5: Analyzing the lifting force of actuator 1 vs. angles. 

 
The nomenclature of the symbols used in the 

manuscript should be provided as well as their units in 
the SI system. For example, Spatial analysis of the study 
of wind speed41) showed that during the summer, wind 
speeds increase to 5.5 m/s in the central and southern 
regions of Iraq due to the flatness of the land surface. 
When the wind map of Iraq created by the National 
Renewable Energy Centre of Spain (CENER) was 
compared to the generated wind map of the yearly 
average wind speed, a fair resemblance was found42). 
This information was gathered from the Iraq 
Meteorological Organization and Seismology data that 
was sent around the country.  

The maximum force is adopted for safety design 
purposes. The highest wind speed in Iraq is taken into 
account, in addition to adopting an appropriate safety 
factor. According to Eq. 5 and Fig. 5, the maximum force 
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will be at an angle of π/4 (0.7854 rad), so: 

 
F1(max) = [2 × 9.81 × (cos(𝜋𝜋/4) + sin(π/4))] +
[1/2 × 1.29 × 5.52 × (0.67 × 0.425) × 1.05] =

33.58 kg. m/s2 = 33.58 N              
 
At the tracking system's center of rotation, the torque 

of pneumatic actuator 1 is: 
 

𝑀𝑀𝑙𝑙𝑎𝑎𝑖𝑖1 = 𝐹𝐹 × [cos (𝛼𝛼) × 𝑙𝑙3 + sin (𝛼𝛼) × 𝑙𝑙2]  (6)  
 
Figure 6 shows how the variation of the actuator 1 

torques with angles. 

 
Fig. 6: Torque analysis of pneumatic actuator 1 vs. angles. 

 
According to Eq. 6, the maximum torque will be at an 

angle of 76.908 (1.3423 rad), so: 
 

Mact1(max ) = 33.58 × [cos (76.908) × 0.050 +
sin (76.908) × 0.215] = 7.4 N. m  

 
After determining the maximum torque value of the 

pneumatic actuator, the electrical and mechanical 
parameters of the actuator will be defined. Figure 7 gives 
an analysis of the moment applied to the center of 
rotation. Using 𝑚𝑚.𝑔𝑔. cos (𝛼𝛼) as the gravitational force 
of the panel and the frame, the eccentric moment of the 
tracking system is given: 

 
𝑀𝑀𝑒𝑒1 = 𝑚𝑚 × 𝑔𝑔 × cos (𝛼𝛼) × 𝑒𝑒    (7) 

 

 
Fig. 7: Eccentric moment analysis of actuator 1 vs. angles. 

 
The maximum value of the eccentric moment of the 

solar tracker is happening at zero angle. 
 
𝑀𝑀𝑒𝑒1(𝑚𝑚𝑙𝑙𝑚𝑚) = 4 × 9.81 × cos(0) × 0.040 = 1.57 𝑁𝑁.𝑚𝑚 

 
The eccentricity, or the separation between the panel's 

center and the system's center of rotation in the direction 
orthogonal to the panel, is represented by the symbol e, 
where m is the solar panel's weight. The moment of the 
wind relative to the axis of the rotation system is: 

 
𝑀𝑀𝑤𝑤𝑖𝑖𝑖𝑖𝑙𝑙 = 𝐶𝐶𝑚𝑚 × 0.613 × 𝑉𝑉(𝑤𝑤𝑖𝑖𝑖𝑖𝑙𝑙)

2 × 𝐴𝐴𝑤𝑤 × 𝑏𝑏   (8) 
  

Where A (m2) is the solar panel's surface area, b is the 
solar panel width concerning the rotation axis, Vwind (m/s) 
is the wind speed, and Cm is the coefficient of wind 
moment according to the angle between the solar panel 
and wind direction. 

Usually, the highest resistance moment is selected to 
calculate the wind moment Mwind, then 𝐶𝐶𝑚𝑚  = 0.643). 
Taking into account the maximum wind speed, which is 
5.5 m/s according to Climate Iraqi statistics41,44), Mwind is 
found to be equal 0.036 N.m according to Eq. 8. 

The rotating system's torque balance Mbal equation 
around point O is as follows: 

 
𝑀𝑀𝑏𝑏𝑙𝑙𝑙𝑙 = 𝑀𝑀𝑙𝑙𝑎𝑎𝑖𝑖1 − 𝑀𝑀𝑒𝑒1 − 𝑀𝑀𝑤𝑤𝑖𝑖𝑖𝑖𝑙𝑙 (9) 

 
Substituting the values in Eq. 9, yields Mbal = 5.767 N.m. 

The required pneumatic actuator 1 diameter can be 
calculated from the force equation: 

 
𝐹𝐹1 = 𝑃𝑃 × 𝐴𝐴1    (10) 

 
Where A1 is the area of cylinder 1 and P is the air 

pressure. Using the force value of 2 Bar= 2 × 105𝑁𝑁/
𝑚𝑚2 = 2 × 105 Pascal . Substituting the force and 
pressure values in Eq. 10, the actuator area A1 was found 
as 1.679 × 10−4 m2. Substituting A1 in Eq. 11 to find 
the cylinder diameter of actuator 1: 

 
𝐴𝐴1 = 𝜋𝜋

4
× 𝐷𝐷12  (11) 

 
Where D1 is the actuator diameter 1 . So, D1 =

14.6 mm. Using a safety factor of 1.5, the diameter of 
the pneumatic cylinder (actuator 1) ≅ 22 mm. 

 
2.4 Designing the cylinder piston length of pneumatic 

actuator 2 
To design the required movement of the pneumatic 

actuator 2, a gear with a diameter 𝐷𝐷𝑔𝑔 of 90 mm and a 
chain with a length lch of 170 mm must be available. The 
chain must be designed so that it can rotate half the gear. 
The required chain length lch was 𝜋𝜋 × 𝐷𝐷𝑔𝑔/2 =142 mm. A 
170 mm chain length was chosen for safety design 
purposes. Therefore, the gear teeth can be fixed in the 
chain. Increasing the length of the chain does not affect 
the movement aspect because the main control of the 
stroke length is the actuator whose length will be 
designed. The chain must also be mounted on a stabilizer 
that can move when pushed by the actuator 2, as shown 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6

Angle (Radian)

10

15

20

25

30

35

40

45

50

55

60

65

70

T
he

 T
or

qu
e 

F
irs

t A
ct

ua
to

r 
(N

.m
)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6

Angles (Radian)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

1.6

T
h
e
 e

cc
e
n
tr

ic
 m

o
m

e
n
t 
(N

.m
)

- 1874 -



EVERGREEN Joint Journal of Novel Carbon Resource Sciences & Green Asia Strategy, Vol. 11, Issue 03, pp1870-1881, September, 2024 

 
in Fig. 8.  

 

 
Fig. 8: Dimension calculation model for converting linear 

motion of actuator 2 into rotational motion. 
 
By installing a block parallel to the piston pillar, the 

guiding cylinder enhances the carrying capacity of 
weights by stopping the piston from turning because of 
the guide pillar's added support. This is crucial when a 
system has to have extremely precise regulated linear 
motion or is subjected to heavy side stresses. Gear 
circumference = 𝜋𝜋 × 𝐷𝐷𝑔𝑔 = 𝜋𝜋 × 90 = 282.7 mm.To 
achieve rotation of the panel at 180o, only half a cycle is 
needed in the movement. So the circumference of the 
circle must be divided by two; 282.7/2 = 141.37 mm 
≈150 mm. Therefore, the stroke length of the piston 
cylinder (Actuator 2) = 𝐷𝐷𝑠𝑠𝑖𝑖𝑠𝑠2 = 150 mm. 

 
2.5 Designing the cylinder internal diameter of the 

pneumatic actuator 2 
After designing the stroke length of the pneumatic 

actuator 2, which allows the tracker to be moved 180o, 
the internal diameter of the cylinder of actuator 2 must 
be designed. Figure 9 shows the transition stages of 
actuator 2. 

 

 
Fig. 9: Transition stages of actuator 2. 

 
Heavy lateral loads require more planning because 

cylinders are primarily made to push and draw weights. 
Consideration should be given to designing the cylinder 
thrust to remain as near to the piston rod's centerline as 
feasible. When selecting the kind of cylinder and size of 

the piston, the main factor is the load. The weight of the 
solar panel is 4 kg, while the total weight of the structure 
with frame, pillar, and gear is about 0.65 kg, and the 
weight of the pneumatic cylinder 1 is 0.35 kg, so the total 
weight is about 5 kg. 

 
𝐹𝐹 = [𝑀𝑀 × 𝑔𝑔]𝑖𝑖𝑖𝑖𝑖𝑖 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 + [1

2
× 𝜌𝜌 × 𝑉𝑉2 × 𝐴𝐴𝑤𝑤 ×

𝐶𝐶𝑙𝑙]𝑤𝑤𝑖𝑖𝑖𝑖𝑙𝑙 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  (12) 
 
Wind load generates additional force that obstructs the 

movement of the actuator cylinder 2. There are two areas 
with an important impact facing the movement of the 
wind, including the solar panel and the side area of the 
pillar. The maximum effect of wind on the lateral area of 
the cross-section of the pillar (Apillar) carrying the solar 
panel is added to the effect of the panel area Ap in Eq. 12 
within the total wind effect area 𝐴𝐴𝑤𝑤 as follows: 

 
Apanel = a × b = 0.67 × 0.425 = 0.2848 m2 

 
Apillar = Pillar circumference

2
× Pillar hight = πDp

2
× h =

π×0.04
2

× 0.73 = 0.04584 m2. 
 

The wind drag coefficient of the circular cross-section 
Cd_piller is equal to 0.47 while for the panel area Cd_panel is 
equal to 1.05 40). Since the effect of wind on the 
pneumatic actuators is very small, it has been neglected. 
Substituting the necessary values in Eq. 12 to get the 
maximum value of cylinder force in actuator 2: 

 
F2(max) = [M × g]int load + [1

2
× ρ × V2 × �Apanel ×

Cd_panel + Apillar × Cd_piller�]wind load  
 
  = [5 × 9.81] + �1

2
× 1.29 × 5.52 × (0.2848 ×

1.05 + 0.04584 × 0.47)� = 55.3  kg m
s2

= 55.3 N  
 
At the tracking system's center of rotation, the torque 

of actuator 2 is determined by: 
 

𝑀𝑀𝑙𝑙𝑎𝑎𝑖𝑖2 = 𝐹𝐹 × (𝑙𝑙𝑎𝑎ℎ + 𝐷𝐷𝑔𝑔)  (13) 
 
Where 𝑙𝑙𝑎𝑎ℎ  is the length of the chain and 𝐷𝐷𝑔𝑔 is the 

diameter of the gear. Substituting the values in Eq. 13 to 
get torque value as: Mact2 = 59.171 N. m.The tracking 
system's eccentric moment 2 is expressed as follows: 

 
𝑀𝑀𝑒𝑒2 = 𝑚𝑚 × 𝑔𝑔 × cos (𝛼𝛼) × 𝑒𝑒  (14) 

 
Figure 10 shows the plot of the tracking system's 

eccentric moment 2 as a function of angle α according to 
Eq. 14. 

 

Dg 
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Fig. 10: Eccentric moment analysis of actuator 2 vs. angles. 
 
The maximum value of the eccentric moment of the 

actuator 2 can be calculated by using α = 0o, 
 

Me2(max) = 5 × 9.81 cos(0) × 0.750 = 36.7875 N. m 
 
The wind moment can be calculated as: 
 

𝑀𝑀𝑤𝑤𝑖𝑖𝑖𝑖𝑙𝑙 = 𝐶𝐶𝑚𝑚 × 0.613 × 𝑉𝑉(𝑤𝑤𝑖𝑖𝑖𝑖𝑙𝑙)
2 × 𝐴𝐴𝑤𝑤 × 𝑏𝑏  (15) 

  
Aw = Apanel + Apillar = 0.2848 + 0.04584

= 0.33064 m2 
 
By substituting the values in Eq. 15, 
  

Mwind = 0.6 × 0.613 × 5.52 × 0.33064 × 0.02
= 0.07356 N. m 

 
The torque balance 𝑀𝑀𝑏𝑏𝑙𝑙𝑙𝑙  equation can be given as: 
 

𝑀𝑀𝑏𝑏𝑙𝑙𝑙𝑙 = 𝑀𝑀𝑙𝑙𝑎𝑎𝑖𝑖2 − 𝑀𝑀𝑒𝑒2 − 𝑀𝑀𝑤𝑤𝑖𝑖𝑖𝑖𝑙𝑙     (16) 
 
Substituting the given values in Eq. 16, the torque 

balance 𝑀𝑀𝑏𝑏𝑙𝑙𝑙𝑙 = 22.31 N. m 
 
The available force is the product of the cylinder's air 

pressure and piston area (force factor). The value of the 
force is 55.3 N and the air pressure in the system is 
constant at 2 bar. So the unknown value in the following 
force equation is the diameter area of the pneumatic 
actuator 2: 

 
𝐹𝐹2 = 𝑃𝑃 × 𝐴𝐴2          (17) 

 
Where 𝐴𝐴2 is the area of cylinder 2 . Substituting the 

values of force and pressure in Eq. 17 to get the actuator 
area 𝐴𝐴2 = 2.765 × 10−4 𝑚𝑚2.  

It is known that, 
 

𝐴𝐴2 = 𝜋𝜋
4

× 𝐷𝐷22      (18) 
 

Where D2 is the cylinder diameter of actuator 2.  
From Eq. 18, D2 = 18.76 mm 

 
The cylinder must be designed to avoid the influence 

of circumferential and hoop pressures, which may lead to 
bursting of the cylinder walls. To overcome these factors, 
the thickness of the cylinder wall must be sufficient to 

withstand the pressures created by the internal pressure 
of the air. This can be accomplished by choosing a safety 
factor of 1.5. So the diameter of the pneumatic cylinder 
(actuator 2) = 18.76 mm × 1.5 = 28.15 mm. 

As seen in Fig. 3, the three roller bearings for this 
system correspond to the positions O, A', and B'. In this 
instance, the friction torque on standard roller bearings 
can be disregarded because it is extremely modest about 
the whole torque. Also, the bearings of the gear are 
neglected because the shaft is in the vertical direction as 
shown in Fig. 2. All previously designed system 
specifications and dimensions for the pneumatic 
actuators are tabulated in Table 1. 

 
Table 1. Dimensions of pneumatic actuators 

Dimensions (mm) 
Pneumatic 
actuator 1 

Pneumatic 
actuator 2 

Cylinder stroke length 150 150 
Cylinder internal 

diameter 
22 28.15 

Cylinder fully 
extended length 

390 400 

Cylinder fully 
retracted length 

240 250 

Chain length - 170 
Gear diameter - 90 

 
The design of the pneumatic actuator type might be 

aided by the actuator's size and force design. In this study, 
the pneumatic cylinders of the solar tracking system may 
be chosen for practical applications with the following 
specifications listed in Table 2. 

  
Table 2. Practical specifications of pneumatic actuators 
Item Quantity Specifications 

Pneumatic 
cylinder 

2 

EXP- FLEX-MAC 
30×150-S-0.05-1.0 Mpa with stroke 

of 150 mm The force (Max load) 
cylinder output 350 N, cylinder 

return force 307N, full retraction 
(240 ~ 250 mm) length & full 

extension (390~ 400 mm) length was 
chosen 

Valves 4 

3 Way 2 Position Normally closed 
Solenoid valve model: 3V210-08, 

Pressure 0.15-0.8Mpa input voltage 
24VDC, 4.8W, port size 1/4 inch 

 
3. Simulation Results and Discussion  

Most of the relevant studies did not focus on the 
design process for the appropriate actuator size for the 
proposed application and according to climatic 
conditions, different loads, and other parameters. The 
design of the two pneumatic actuators for driving the 
solar tracker was simulated using MATLAB Software.  

The simulation was conducted for 24 hours during the 
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day on 1st March 2024, in Baghdad, Iraq. The following 
data show additional information about timings: Dawn: 
06:05:26, Sunrise: 06:30:02, Culmination: 12:14:38, 
Sunset: 17:59:43, Latitude: N 33°20'26.15''33.34060°, 
and Longitude: E 44°24'3.24''44.40090° 46). Coordinates: 
38S 444250 3689207, considering that the solar 
declination (δ) = -5.6785° 47). In Fig. 11, the angles of 
azimuth and altitude in Baghdad are shown. Where the 
azimuth angle is considered as the input signal to the 
pneumatic actuator 2, whose movement is 180°, a daily 
movement. The altitude signal is considered an input 
signal to the pneumatic actuator 1, which follows the sun 
from south to north and is a seasonal movement. Fig. 12 
shows the solar radiation in Baghdad during the day. 

 

 
Fig. 11: Azimuth and Altitude angles during the day on the 

1st day of March 2024. 
 

 
Fig. 12: Solar radiation during the day. 

 
The stroke displacement of the pneumatic cylinder of 

actuator 1 during the day is shown in Fig. 13. The 
actuator starts working at 06:30 and ends at 17:30. While 
the simulation in Fig. 14 shows the position of actuator 2, 
which starts working at 6:00 and ends at 17:30. 

 

 
Fig. 13: Stroke displacement of the pneumatic actuator 1. 

 

 
Fig. 14: Stroke displacement of the pneumatic actuator 2. 
 
Figs. 15 and 16 show the scanning angles of the 

movement of solar panels in the vertical and horizontal 
planes during the day, respectively It can be noticed that 
the panel begins to move vertically at 06:30 and ends at 
17:30 with a scanning angle of 0.89 rad (51°), while 
moving horizontally starting at 6:00 and ending at 17:30 
with scanning angle of 2.9758 rad (170.5°). It is noted in 
Fig. 15 that the curve of the tracker angle rises in the 
morning until it reaches its peak at noon, at which point, 
the angle between the actuator 1 and the panel is 0.89 rad, 
after which the curve descends to the bottom at sunset. 
On the other hand, it is noted from Fig. 16 that the 
pneumatic cylinder 2, whose linear motion was 
converted into a rotary motion using a gear, has a gradual 
movement from an angle of 0.2 rad (11.46o) at 6:00 and 
continues to rise until it reaches the end of the cylinder 
stroke at an angle of 2.9758 rad (170.5o) at 17:30. 

 

 
Fig. 15: Vertical scanning angles of the solar panel with 

actuator 1. 
 

 
Fig. 16: Horizontal scanning angles of the solar panel with 

actuator 2. 
 
By multiplying the output voltage and current of the 

solar panel while it is loaded with a 50 Ω resistance, one 
may calculate the output power (Po) of the panel. Fig. 17 
shows the output power curves for both a fixed PV panel 
and another situation in which the panel tracks the sun. It 
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is discovered that a mobile solar panel equipped with a 
tracking system generates an average power of 25.05 W, 
whereas a stationary solar panel generates an average of 
15.05 W.  

 

 
Fig. 17: PV panel output power during the day. 

 
The figure illustrates how the power from the 

stationary panel rises steadily from sunrise to midday, 
when it reaches a value of 31.26 W, and then falls to its 
lowest value at sunset. In contrast, the power from the 
moving panel stays roughly at the level of 19 W from 
7:30 until 16:30. Subsequently, it steadily drops until it 
reaches its lowest value at 18:30. 

As illustrated in Fig. 18, the efficiency curves of a 
stationary or moving PV panel with respect to the sun's 
position can be drawn using the panel's area (Ap = 
670×425 m2), radiation intensity (G) curve (Fig. 12), and 
panel wattage curves (Fig. 17) that emerge from the 
panel. [17] states that efficiency may be assessed as 
follows: 

 
𝜂𝜂(%) = 𝑃𝑃𝑜𝑜

𝐺𝐺𝐴𝐴𝑝𝑝
× 100%      (19) 

 

 
Fig. 18: PV panel efficiency during the day. 

 
It is evident that throughout the day, the mobile panel's 

efficiency surpasses that of the stationary panel. The 
movable panel's efficiency is at its peak (12.7%) in the 
presence of sunlight. After that, it begins to decline until 
midday and then rises once again until dusk. When it 
comes to fixed panels, the situation is the exact reverse. 
The average efficiency of the moving panel is 

determined to be 8.8%, whereas that of the stationary 
panel is 5.287 %. This indicates that as compared to the 
stationary solar panel, the pneumatic tracking system 
increased the solar panel's efficiency by 66.4%. 
 
4. Conclusions  

The study offers a simple and comprehensive design 
approach that relies on a combination of factors such as 
tilt angle, actuator distance, torque, and pneumatic 
actuator power to drive a two-axis tracking system 
adapted to Iraq's climate. The design includes the inner 
diameter and length of the piston cylinder of the 
pneumatic actuators and its rotational control unit on an 
ordinary bright day, on the first of March 2024 in the city 
of Baghdad, the capital of Iraq. Using MATLAB 
software, the test results showed that the tracking system 
works accurately and stably and moves smoothly when 
loaded under the maximum wind speed that can occur, 
which is about 5.5 m/s according to Iraqi climate 
statistics. It was found that the length of the pneumatic 
cylinder is 150 mm for both pneumatic actuators. Also, it 
was found that the diameter area of the pneumatic 
cylinder of actuator 1 was 22 mm while it was 28.15 mm 
for actuator 2, taking into account the constant inlet 
pressure value of pneumatic actuators at 2 bar. The 
outcomes also shown that, in comparison to a fixed panel, 
the efficiency of the solar panel rose by 66.4% when it 
was orientated in two axes with pneumatic actuators.  

The pneumatic actuator design procedures presented 
in this paper serve as a general guide that can be adopted 
by future research in the field of tracking systems driven 
by any type of actuator. It would be interesting to design 
hydraulic actuators that meet the same specifications as 
the proposed pneumatic tracking system and perform a 
comparative analysis with it.  
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Nomenclature 

𝐴𝐴1,𝐴𝐴2 Area of cylinders 1 & 2 (m2) 

𝐴𝐴𝑝𝑝 Solar panel area (m2) 

Apillar Pillar cross-section (m2) 

𝐴𝐴𝑤𝑤 Area of moving parts exposed to wind (m2) 

𝑏𝑏 Solar panel width relative to rotation axis (m)  

𝐶𝐶𝑙𝑙 Wind drag coefficient (-) 

𝐶𝐶𝑚𝑚 Wind moment coefficient (-) 
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𝐷𝐷𝑙𝑙 Actuator diameter (m) 

𝐷𝐷𝑔𝑔 Gear diameter (m)   

𝐷𝐷𝑝𝑝 Pillar diameter (m) 

𝐷𝐷𝑠𝑠𝑖𝑖𝑠𝑠  Actuator stroke length (m2) 

𝑑𝑑𝑚𝑚𝑙𝑙𝑚𝑚  Fully extended length (m) 

𝑑𝑑𝑚𝑚𝑖𝑖𝑖𝑖  Fully retracted length (m) 

𝑒𝑒 Eccentricity (m) 

𝐹𝐹 Force (N) 

𝑔𝑔 Acceleration due to gravity (m/s2) 

ℎ Pillar height (m) 

𝑙𝑙𝑎𝑎ℎ Chain length (m) 

𝑀𝑀 Mass of moving components of tracker (kg) 

𝑀𝑀𝑤𝑤𝑖𝑖𝑖𝑖𝑙𝑙  Wind moment concerning the system's 
rotational axis (N.m) 

𝑀𝑀𝑏𝑏𝑙𝑙𝑙𝑙 Torque balance of the rotation system (N.m)  

𝑀𝑀𝑙𝑙𝑎𝑎𝑖𝑖  Actuator torque at the tracker's center of 
rotation (N.m) 

𝑀𝑀𝑒𝑒 Eccentric moment of tracking system (N.m) 

𝑚𝑚 Solar panel weight (kg) 

𝑃𝑃 Air pressure (bar) 

𝑉𝑉 Wind speed (m/s) 

𝛼𝛼 Solar panel angle with vertical axis (radian) 

𝜌𝜌 Density of air (kg/m3) 
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