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Abstract: Photovoltaic (PV) systems need solar trackers to function as efficiently as possible.
These trackers may be driven by a variety of actuators; hydraulic, electric, or pneumatic. Initial
expenditures, leakage potential, high power consumption, high maintenance, complex design, and
slower movement are some drawbacks of hydraulic actuators. Also, electric actuators are
distinguished by elevated operational expenses, high maintenance prerequisites, and complexity of
design and control. Pneumatic actuators have been proposed as an alternative to solve most of these
problems due to their advantages over other actuators, including lower initial costs, longer operating
life, less maintenance, relative simplicity of operation, and less prone to failure. Since the response
of pneumatic actuators is rather poor, fuzzy logic techniques must be used to efficiently control the
actuators. This paper aims to build a Matlab/Simulink model of a dual-axis solar tracker driven by
pneumatic actuators, controlled by fuzzy logic. The azimuth and tilt angles of the PV panel are
controlled by two double-acting cylinders to rectify the position of the tracker at the maximum
irradiance position. Air pressure source, valve's input signal frequency, and solenoid valves' orifice
diameter are the main factors influencing the cylinders' rod position response. The simulation shows
that after changing the orifice diameter from 10 to 2.5 mm and the input pressure source from 0.7 to
0.1 MPa, the smoothest response of the rod position occurred at a pressure of 0.5 MPa and a diameter
of 2.5 mm. Also, it was found that at a signal frequency of 1 Hz, the piston rod speed will be 0.5
steps/sec, while using 10 Hz gives 10 steps/sec, resulting in a more accurate rod position. There is a
12.35% improvement with fuzzy logic in rod position accuracy and better handling of sudden
changes in input signals compared to no fuzzy logic use.

Keywords: Solar tracking system; pneumatic actuator; double-acting cylinder; fuzzy logic; LDR;

PV panel

1. Introduction

Renewable energy methods including solar, wind,
geothermal, biomass, and hydroelectric power are
common sources of green energy. A variety of uses for
solar energy exist, such as water air/water heating
systems"?, crop drying systems®™, generating electric
energy®”, etc. Solar energy collection technology through
photovoltaic (PV) panels is one of the important and
popular methods of generating electricity. To optimize the
solar energy collected throughout the day, the PV panels
need to be positioned in a way that maximizes their
efficiency by making them perpendicular to the sun's rays.
Actuators are responsible for the task of solar tracking.

Pneumatic actuators are among the common devices
that have several unique features that make them very
suitable for many applications. They have numerous uses
in a variety of industries and applications, such as medical

devices®?, tracking systems”!?, lifting systems'""!?), and
the automotive industry'>¥, etc.

In the past two decades, solar tracking has gained
significant attention due to its role in enhancing solar
collector efficiency and the accessibility of tracking-
enabling equipment'. Solar panels with a dual-axis sun
tracker can capture up to 40% more energy than those that
are stationary'”. Many studies in the literature have
investigated different approaches to how to control the
actuators that drive the solar tracker. Some of them
focused on intelligent controllers in the optical sensor-
based sun tracker!®!7.

Aldair et al.'¥ developed a one-axis sun tracker
powered by a stepper motor and a Sugeno fuzzy logic
controller (FLC) to boost the energy generation efficiency
of solar cells. The FLCs' input memberships, input gain,
and output gain have all been optimized using a genetic
algorithm (GA). Using the Matlab/Simulink program, the
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suggested sun tracker controller was evaluated. The
findings indicate that, in comparison to the Mamdani
controller, the Sugeno controller responds well.

Akkar and Abid'” suggested an innovative dual sun
tracker controller that uses two DC motors as electric
actuators and four LDRs to be implemented on an FPGA.
The proposed controller is a neural network trained with
PSO (particle swarm optimization) and supervised feed-
forward neural networks. According to the simulation
results, PSO is not as effective in training as a supervised
feed-forward neural network. The test results showed that
the proposed controller for the dual sun tracker enhances
the PV system's energy gain by 44.3% when compared to
a stationary panel.

When it comes to combining the advantages of two
different types of actuators, pneumatic and electrical,
these electro-pneumatic actuators offer many advantages
over other actuator types. Due to the pneumatic system's
inert nature in magnetic and electrical fields, pneumatic
actuators are used in numerous vital applications.
Furthermore, this system's attributes include simplicity,
dependability, and cleanliness; low setup, labor,
maintenance, and safety costs; and the capacity to operate
in hostile situations and at extreme temperatures (both low
and high)?*2D. Because of these features, these electro-
pneumatic systems are frequently employed in many
fields, including solar panel routing. Pneumatic valves are
used in position-identifying procedures to regulate the air
pressure inside cylindrical chambers, which in turn
regulates the positioning process in solar trackers.

A proportional valve, which controls the operator's
input flow, is a typical kind of control valve in an electro-
pneumatic system. Its linear behavior and great control
precision make it a highly ideal solution for most
industrial automation applications. Its armature moves
entirely between the open and closed states when an
electrical signal is supplied to its coil.

A proportional valve is the costliest system component;
in certain cases, its cost is comparable to that of all other
system components, which hinders acceptance of the
valve in particular situations??. Its features and intricate
craftsmanship, however, make it fairly priced.

Instead of employing proportional valves, solenoid
(on/off) valves can be relied on because they are
incredibly inexpensive and can be used to design and
construct an electro-pneumatic system at a lower cost.

Artificial intelligence approaches®® are applied to
control and overcome the challenges in electro-pneumatic
systems. The use of fuzzy logic (FL) is one of the fields of
artificial intelligence techniques that may be used in this
situation to automatically modify system parameters to
improve system element performance®*29),

The present paper aims to simulate a solar tracker
driven by electro-pneumatic actuators to capture
maximum solar radiation using LDR sensors as cost-
effective equipment under FLC. The FLC and LDR
readings in this system are considered inputs that control

the orientation of the solar panel to obtain the best azimuth
and tilt angles.

2. Components of the proposed solar tracker

Designing the tracking system hardware includes
electric and pneumatic components. Pneumatic devices
receive a signal from electric devices, which process the
sensor feedback data and produce a signal.

2.1 Electrical system design

Figure 1 indicates the electrical system block diagram
of the tracking system. This block consists of input,
represented by the light received via the LDR sensor, and
signal processing based on a microcontroller used to
process, adapt, and convert the signal received from the
LDR sensor into an output signal that excites the on-off
valves. These valves are used to compress air into an air
cylinder for driving the solar tracker.

The azimuth angle of the solar panel will be controlled
by two sensors, LDR1 and LDR2 on the east and west,
respectively, while the altitude angle is controlled by
LDR3 and LDR4 on the north and south of the panel.

DOUBLE ACTING
CYLINDER

Rt Y A o §
| TOVALVEL g & OSITION CONTROL FOR
ULy -9{ _D_:—Rm AZIMUTH ANGLE
[__oR2 > TR T | I,
[ LDR3_ ) MIRCO.CONTROLLER [T valve: AT -
POSITION CONTROL FOR
—{oRi bt = = e TILT ANGLE 1
L TO VALVEd
¥ —
DOUBLE ACTING
CYLINDER
]

Fig. 1: Electrical system design of tracking system

The microcontroller handles the signals of these sensors
using the error (the voltage difference generated between
each opposite LDRs) and the rate of change of the error,
and this will be entered into the FL system to determine
how much displacement the double-acting cylinder is
moving and what is needed to minimize this error.

2.2 Pneumatic system design

Figure 2 reveals a pneumatic system block. This system
consists of two double-acting cylinders as solar tracker
position actuators, four digital valves that are controlled
by the input signal, an air pressure source that compresses
the pneumatic gas to the valves, and an air reservoir
utilized to adjust for variations in pressure. A flow valve
allows air to enter the reservoir, where it is held until a
preset time is reached when it is released.
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Fig. 2: Pneumatic system design of tracking system
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Table 1: Description of the movement direction of the PV panel

DOUBLE ACTING
CYLINDER

DOUBLE ACTING
CYLINDER

Rod PV panel
No. | S1 | S2 | S3 | S4

direction movement

Left to East to
1 On | Off | Off | On

Right West

Right to West to
2 Off | On | On | Off

Left East
3 Off | Off | Off | Off Stop Stop

The double-acting cylinder has two chambers and a rod.
The four valves are controlled by the microcontroller to
push the rod left and right. This will change the position
of the solar panel to maximum irradiance. Two of these
valves are used to compress the air from the air source into
the left and right chambers of the pneumatic cylinder,
while the other two vent pressure from these chambers to
the reservoir.

Table 1 explains how the valves serve as switches (S1,
S2, S3, and S4) to control the direction of airflow via the
double-acting cylinder. In mode number 1, digital valves
(1, 4) are turned ON while digital valves (2, 3) are turned
OFF. The airflow direction is from Left to Right, or East
to West. In mode number 2, digital valves (1, 4) are turned
off and digital valves (2, 3) are turned on, with the airflow
direction being either Right to Left or West to East.

®WLDR2:1 mLDR1:1 W Fuzzy Logic Controller:1
3

LDR1

LDR2

3. Simulation of the pneumatic solar tracking
system

Figure 3 shows the complete diagram of the proposed
pneumatic system simulated by Matlab/Simulink
including the FLC. This simulation is applied on both the
azimuth and tilt angle position according to corresponding
signals collected by LDRs. The data obtained from the
sensors corresponding to the target angle is entered for
comparison to obtain the error value. This error will be
differentiated to get the rate of change of error. These
parameters will be employed as input to the FLC system,
and the fuzzification process will begin according to the
fuzzification rules and input membership. The output of
the fuzzification process will be input to the on-off valves
that drive the double-acting cylinder to steer the solar
panel to maximum irradiance.

T * Position

f(x)=0

A
-«

Fig. 3: The proposed pneumatic system diagram

The figure shows that the input to the FLC is the amount
of Error and the rate of change of Error. The left chamber
will push the Piston rod to the right and be affected by the
output positive signal for the fuzzy controller, while the
negative signal will affect the right chamber of the double-
acting cylinder to push back the solar panel to the left.

To simulate the real-world tracking system, the data of
readings coming from the LDR sensors for adjusting the

tilt angle was adopted. To facilitate the simulation process,

the data obtained is converted from the LDR into a new

set of data so that every 1 sec of simulation corresponds
to 30 min of real-time hours of sunlight during the day.
This means simulating the daylight over a full day in a 20-
second graph.

Figure 4 indicates that all pneumatic system
parameters have been adjusted to meet the input signals
coming from the sensors. These parameters are
considerably important for assessing the response of
the piston rod. These parameters include the diameter
of the valve orifice, which is inversely proportional to
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the rod speed, the air supply pressure, which is directly
proportional to the rod speed, the pressure parameters
of the left and right chambers of the double-acting
cylinder, and the length of the piston rod.

The process of determining the optimal values of air
pressure and valve orifice diameter was carried out in two
steps. The first step is to fix the pressure at 0.5 MPa and
change the diameters to 10, 7.5, 5, and 2.5 mm, as shown
in Fig. 4(a), and then choose the optimal diameter that

produces the best response in the rod movement. The
second step is to fix the optimum value of the rod diameter
obtained from the first step and vary the air pressure
values to 0.7, 0.5, 0.3, and 0.1 MPa, as shown in Fig. 4(b),
choosing the optimum value of pressure to get the best
response in rod movement.

From the curves, it can be shown that the optimal values
of air pressure and orifice diameter are 0.5 MPa and 2.5
mm, respectively.

With 0.5 Mpa and 10 mm diameter

Fod Positon |

With 0.5 Mpa and 7.5 mm diameter

\ Fod Fosition ||

\

‘With 0.5 Mpa and 5 mm diameter

\ Rod Position

With 0.5 Mpa and 2.5 mm diameter

S~ *

With 0.7 Mpa and 2.5 mm diameter

Fed Pasition |

With 0.5 Mpa and 2.5 mm diameter

FRod Fosition

0.04f—

With 0.3 Mpa and 2.5 mm diameter

Red Fosition

oS With 0.1 Mpa and 2.5 mm diameter

-

Fig. 4: Rod position at a) 0.5 MPa pressure with different orifice diameters, b) 2.5 mm orifice diameter at different air pressures

To study the effect of changing the frequency of the
solenoid valve input signal on the rod’s position response,
two frequencies were chosen: 1 and 10 Hz. It was found
that the response improves at high frequencies, where a
more linear signal can be obtained for the rod piston.
Initially, a saw tooth input signal with a frequency of 1 Hz
was applied, and by setting the maximum rod position to

20 cm, it was observed that the rod position could be
raised 4 steps in 8 seconds to give 0.5 steps per second.
Meanwhile, at a frequency of 10 Hz, a better response and
an accurate position of 10 steps per second can be
obtained. Figure 5 shows the response of rod position to a
10Hz valve input signal.
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Fig. 5: Rod position at 10 Hz valve input signal

4. Simulation of fuzzy logic controller

Figure 6 displays the Matlab block diagram of the FLC
system. The input signal of the LDRs is considered to be
a series of input data, and the input of the fuzzy system is
the error and the rate of change of error between these
readings. The fuzzy system parameters are three triangular
memberships (positive P, zero Z, and negative N).

-

Fig. 6: Fuzzy Logic Controller

Figure 7 shows the FL parameters for three triangular
Mamdani memberships with an overall range of [-5, 5].

[#] Membership Function Editor: threemtrap2 = [m] x

File Edit View

Membership function plots ™™ """

error _ outputi

derror

0.5

-5 -4 -3 -2 =1 1) 1 2 3 4 5
input variable "derror’
Current Variable Current Membership Function (click on MF to select)
Type input WES
Params - 2 -
s [sa | [ 1000 -2 -0.5) |
Dispiay Range 58] ‘ Help | Close | |
(a)
d/de N z P
N P P z
z P z N
P z N N

Fig. 7: a) Input variable membership functions,b) fuzzy rules

The negative output indicates that the western LDR
reading is greater than the eastern reading and this means
the controller must move the solar panel further to the east
to get more solar radiation. The positive output of the
fuzzy system means that the solar panel must move more
to the west to get maximum power. The zero output means
that the west and east LDRs are the same and this is the
perfect position for solar panels. These rules are also
applied to the north and south LDRs to control tilt angle.

5. System Integration

Figure 8 depicts the overall system to actuate the
pneumatic tracking system using the FLC.

The positive output signal from the controller will
position the piston rod from east to west, while the
negative signal will control the position of the rod back
from west to east (for the azimuth angle of the solar panel)

The same system with the same parameters will also
control the position of the piston rod from north to south
for the tilt position of the solar panel.

The saturation level component is used to modify the
signal value to meet the valve’s parameters, while the
comparator with constant zero is used to reverse the
negative value to a positive one for the right chamber,
which is responsible for reversing the movement of the
cylinder back to its position.

LDR3 North

LDR1 West I

2 2

0]

LDR? East Azimuth

E 1 1 T >
LDR3 North |

Tiit

-0

Az &Tilt

LDR4 South

LDR4 South

Fig. 8: The overall solar tracking system

The data from the LDR sensors will cause the actuator's
rod to alter in position, as seen in Fig. 9. The signals that
feed the on/off valves under the FLC are shown by the red
and blue curves, respectively. The red signal sends a
signal to the valves controlling the cylinder's right
chamber, which causes the rod to go back to the left side
while the blue signal pushes the rod forward.
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Rod Position using Fuzzy Logic
T T T

T T
[——Rod Position

|——OIP Fuzzy for Left Chamber
|——OIP Fuzzy for Right Chamber|

I I I I I I I I
2 4 6 8 10 12 14 % 8 2
Time (seconds)

Fig. 9: Rod position using Fuzzy Logic

6. Performance comparison with and without

fuzzy logic control

For the identical LDR data that the controller received,
Figure 10 depicts the movement of the rod position
between two systems: the system with FLC (black
curve) and without FLC (blue curve). The primary
enhancement of the FLC system is that the double-acting
cylinder's rod movement works well with the solar
tracking device. The error and rate of change of the input
signal's error will be used by the FL system to control the
input signal.

"
Time (ssconds)

Fig. 10: Performance comparison with & without FLC

After 8 seconds, the rod will move slightly, and the
system without fuzzy will move to its maximum position.
In the first method, the precision of the rod speed is poor,
while in the second system, the accuracy is higher. Also,
since the FLC system continues to drive the rod piston to
the proper position by managing the input signal through
its membership function, the figure demonstrates that the
rod returned to its initial position in around 12.5 second.
In the final position of the rod, the no-fuzzy system will
drop to zero while the FLC system will drop to a position
of 9 cm, according to the input data used as a simulation
for the LDR sensors.

Additionally, Figure 10 shows that the no-fuzzy
system will cause the rod to oscillate in response to
abrupt changes, but the FL system will manage the
quick shift in the input signal.

Figure 11 displays the test for the rod position with
an initial value of 10 cm, demonstrating how the fuzzy
system is managed when processing the input signal.

As can be seen in the fig, in the scenario when the initial
value of the rod position is 10 cm (the rod piston is
originally in the center), the fuzzy system will drive the
rod to 8 cm, while the no-fuzzy system will return the
rod position to 10 cm. In addition, as seen in Fig. 12,
there is a delay of 1.055 sec in the left chamber signal and
1.412 sec in the right chamber signal giving a delay of
about 2 sec in overall simulation time, making the FLC
controller gives the system 12.35% greater accuracy than
no-fuzzy system.

Rod Position With 10 cm Initlal Stroke

| e W IR BUY FIETY SO
|
i
—
-0.06 =

Time (seconds)

Fig. 11: Comparison of rod position with and without FLC at
an initial rod position of 10 cm

Fig. 12: time delay in rod position movement

7. Conclusions

Matlab/Simulink was used to simulate pneumatic
actuators that drive a dual-axis tracking solar panel to its
maximum irradiance position. The simulation indicates
that by lowering the air pressure source from 0.64 to 0.5
Mpa, the speed response may be increased from 0.1 to 7.8
sec, which will allow for the achievement of the maximum
rod position. The accuracy of the system will rise as a
result. In addition, the piston rod moves at a pace of 0.5
steps/sec at 1 Hz; at 10 Hz, on the other hand, the speed
increases to 10 steps/sec, giving the piston rod a more
exact location. Two systems, with and without using an
FLC system are examined. The simulation's findings show
that the FLC system can handle sudden changes in the
input signals better and increases rod position accuracy by
12.35%. It was found that the system with FLC manages
the position more precisely in the case of the rod piston's
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first stroke at the midpoint of 10 cm. In many more
applications, the model may be used to follow the required
trajectories with success.
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