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ABSTRACT

The use of servo/stepper motor actuators in solar tracker systems requires additional gear components. These
additional components affect the movement response output of the solar tracker system. This study research the
accuracy, response output of a single-axis solar tracker system using pneumatic actuators and ultraviolet (UV) sensors.
The type of pneumatic actuator used is a double-acting cylinder. The pneumatic actuator functions to move the solar
tracker mechanically and are connected directly to the solar panel frame. Solar tracker moves from east to west
automatically and vice versa. The movement of the solar tracker angle from 0° to 45° based on the combined reading
of 2 UV sensors (UVx and UVYy). The direction of movement of the tracker is regulated through 4 digital valves which
are operated digitally. While the tracker speed is regulated through 1 proportional valve which is operated
continuously. The opening and closing of the digital valve and the size of the proportional valve opening are regulated
based on the results of the data processing and signal conditioning on the microcontroller. The data processing method
uses an adaptive neuro-fuzzy inference system (ANFIS). The ANFIS architecture uses a Sugeno fuzzy model with 2
inputs and 9 rules. Changes in the ANFIS output value are based on the combined reading feedback input from the UV
sensor. System testing was carried out with a UV lamp. The experimental results show an average error of 1.6° for no-
load conditions and 2.5° for loaded conditions in the east-west direction. The dynamic response of the system
produces 2.08% overshoot, and 1.25% steady-state error.
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1. INTRODUCTION changes is based on forecasting weather conditions

using the deep learning method [6].
Solar power plants are included in the category of

new renewable energy power plants. Movable solar
panels based on actuators integrated with solar trackers.
The position of the maximum angle of sunlight cannot
be predicted based on changes in time and calendar [3]-
[7]. To get a good angle position, the solar panels
mounted on the solar tracker can be moved
automatically, continuously/discretely. The integration

The position of the solar tracker rotates 3 times a
day (morning, afternoon, and evening) [3]. The use of
servo/stepper motors as actuators in one-axis or two-
axis solar trackers has shortcomings in terms of
response and the addition of gear components to the
system [3], [4], [6]-[13]. The use of fuzzy on one-axis
solar-tracker with UV sensor as feedback produces slow

of servo motor actuators and solar trackers has an
impact on the direction of rotational and translational
motion following the capture of sunlight. Changes in the
direction of motion of the solar tracker are based on
sensor feedback (optical combination sun, UV,
photodiode, infrared, LDR) [4]-[6], [7], [9], [10], [12],
[13]. The solar tracker can be driven automatically with
long time range changes. The prediction of angle

response movement output. The impact of the reflected
light effect on the sensor [5].

This research designs and prototypes a hybrid
system is integrating pneumatic actuators and electronic
control systems. It is expected to get good accuracy,
dynamic response results because the actuator is
mechanically connected directly to the solar panel
frame. The control method used is ANFIS 2 inputs and
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9 rules. ANFIS input is obtained from the combined
reading feedback of 2 UV sensors embedded on the east
and west sides of the solar panel.

2. BACKGROUND

Referring to the hybrid control research, the
pneumatic system is superior. Pneumatic actuators
produce large torque, small physical, easy installation,
avoid sparks due to electrical hazards, and better
kinematics than electric actuators [1], [2], [5], [11].

The research testing was carried out in a laboratory
room in daytime conditions. The test was carried out
using a UV lamp as a substitute for sunlight. The use of
UV lamps was based on the similarity of the
characteristics of sunlight.

Previous research discusses solar trackers using
servo/stepper motor actuators. Actuators with additional
gear components are used to automatically move the
solar panel frame based on feedback from the LDR
sensor [12], [13]. Feedback from the optical
combination sun sensor [4]. And without using sensors,
the system works based on the division of time
(morning, afternoon, and evening) [3]. Meanwhile,
other research discusses hybrid solar trackers, a
combination of pneumatic actuators and electronic
controls. The data processing on the electronic control
uses the fuzzy method [5].

3. RESEARCH METHODS

This research is divided into two parts, namely
hardware, and software. The result of this research is the
realization of a system tested on a laboratory scale.

3.1. Hardware

The hardware consists of electronic and pneumatic
parts. Electronics functions to process data from sensor
feedback, and the result is a signal that is forwarded to
pneumatics.

3.1.1 Electronic Design

Figure 1 shows the overall electronic block diagram
design. The electronic block consists of input, process,
signal processing, and output.
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Figure 1 Electronic Block Diagram

The input block consists of two UV sensors (x and
y) with 12C communication. UVx is placed on the east
side and UVy on the west side of the solar panel. Both
UV sensors function to read the value of UV radiation
from the sun. The result of reading the UV index value
serves as a dynamic setpoint value and feedback for data
processing in the microcontroller. The process block
uses the  Arduino platform  ATMega328P
microcontroller. The microcontroller serves to process
the incoming data from the UV sensor readings.

Furthermore, it is processed using the ANFIS
algorithm and produces 2 output signals: digital and
pulse width modulation (PWM). The signal processing
block consists of proportional and digital driver blocks.
The signal processing driver (h-bridge-type L293D)
functions to process the signal PWM to voltage (V) with
a range of 0-5 volts. Then the V signal is flowed to the
proportional driver (VEA 250), and is converted into a
V signal with the current limit setting automatically.
The digital driver (h-bridge-type L298N) converts
digital logic signals into VV by amplifying the current.
The output block consists of digital and proportional
valve actuators. The digital valve serves to regulate the
direction of airflow through the double-acting cylinder.
The proportional valve functions to regulate the speed
of airflow through the double-acting cylinder.

Table 1 shows the specifications of electronic use.
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Table 1. Electronic Specifications
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\[o] Component Specification/Type

1 VEML6070 UV Sensor, I12C, 2.7-5.5, UV Index, Infrared Index

2 Microcontroller ATMega328P, Arduino UNO, Arduino Nano Platform
3 L298N Double H-Bridge, max 32 Vdc/ 5 A

4 L293D Double H-Bridge, max 32 Vdc/ 1 A

5 VEA 250 Voltage Source 24Vdc, Input Voltage 0-5V

6 Power Supply 24 VVdc/10A, 5Vdc/2A

7 UV Lamp 220Vac/25 Watt

3.1.2 Pneumatic Design

Figure 2 shows a block diagram of the pneumatic.
The system design consists of a cylinder double acting
as a solar tracker actuator, 4 digital valves, 1
proportional valve, air service unit, and compressor.

UNx
0
o | SOLAR
DOUBLE ACTING [}3—7— > PANEL
CYLINDER A g LA
Ulx %
1
[ DIGITAL DIGITAL |DIGITAL
DIGITAL >
. 2 JALVE3 |VALVE4
VALVE1 2 , | VALVE2 \;.AL‘\'E,.
, ; 11 HIT® T
AL In UK Al " HE
1 2 1 2 c
v
SILENCER SILINCER

*
4-,- PROPORTIONAL

19 VALVE

AIR SERVICE UNIT
o
COMPRESSOR

Figure 2 Pneumatic Block Diagram

The compressor produces air which serves as an
energy source for all pneumatic components (double-
acting cylinders, proportional and digital valves). Air
from the compressor is supplied to the air service unit.
The air service unit has three functions: filtering water
droplets contained in the air, distributing oil lubrication,
and regulating pressure. Furthermore, the energy source
that has been processed in the air service unit is
channeled to the double-acting cylinder through
proportional and digital valves. The proportional valve
functions to regulate the speed of airflow through the
double-acting cylinder. The digital valve serves to
regulate the direction of airflow through the double-
acting cylinder (A>B or B2>A).

Table 2 shows an overview of the speed and
direction of airflow through the double-acting cylinder.
Mode number 1, the condition of the airflow direction is
from A to B or east to west on digital valves (1, 4) ON
and digital valves (2, 3) OFF. Mode number 2, the
condition of the airflow direction is from B to A or west
to east on digital valves (1, 4) OFF and digital valves (2,
3) ON. Meanwhile, the speed response of the solar
tracker is influenced by the percentage of proportional
valve openings between 0.1 till 25%. Mode number 3,
the airflow condition is compressed so that the double-
acting cylinder stops. All digital valves are in the OFF
state, and the proportional valve opening percentage is
0%.

Table 3 shows the specifications of the pneumatic
used.
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Table 2. Description of the Direction of Movement of Airflow

No Digital Digital Digital Digital PROPORTIONAL DOUBLE-ACTING MOVEMENT OF
Valve 1 Valve 2 Valve 3 Valve 4 VALVE OPENING CYLINDER SOLAR TRACKER
PERCENTAGE (AIRFLOW)
(%)
1 ON OFF OFF ON 0.1s/d 25 A->B East to West
2 OFF ON ON OFF 0.1s/d 25 B>A West to East
3 OFF OFF OFF OFF 0 Stop Stop
Table 3. Pneumatic Specifications
\[o] Component \ Specification/Type
1 Compressor Voltage Source 220 Vac, silent, 3/4 hp
2 Air Service Unit Lubricant, Regulator, Oil, max 10 bar, Hose 8 mm
3 Proportional Valve One Way, 1/8, 0,7 Mpa, Voltage Analog 24 Vdc / 4 Watt,
Hose 6 mm
4 Digital Valve 2/2, Spring, Coil 24 Vdc, Hose 6 mm
5 Double Acting Cylinder Stroke 250 mm, tube @ 25 mm, Hose 6 mm
6 Silencer 1/4”, BSL-02
3.2. Software Rule 9:ifxis A, and v is B,

Figure 3 shows the ANFIS architecture with 2 inputs
and 9 rules. The input variable x contains the UV index
value of the UVx sensor. The input variable y contains
the UV index value of the UVy sensor.

Sensors Layerl Layer2 Layer3 Layer4 Layer5

x

Figure 3 ANFIS Architecture

ANFIS rules are formed based on the if-then model
of Takagi and Sugeno, which can be stated as follows:

Rule 1:ifxis A, and v iz B,
Rule 2:ifxis A, and v iz B,
Rule 3:ifxis A, and v is B,
Rule 4:ifxis A, and v iz B,
Rule 53:ifxis A, and v is B,
Rule 6:if xis A, and y is B,
Rule 7:ifxis A; and yis B,
Rule 8:if xis A; and v is B,

The description of ANFIS layers is given below:

Layer 1: consists of 2 variables, A and B. Each
variable consists of 3 nodes ( A:i.A;.A; ) and
(B..B;.B;). Each node represents a linguistic label
( A; =low, A: =moderate, #z; =high, E; =low,
B.=moderate, Ez=high). The linguistic function uses a
bell membership function (MF) with a range of UV
index values of low (0-3), moderate (2-6.5), and high
(5-7). Each node of this layer is adaptive, and the output
is given by:

6y ; = pd;(x), fori=123 1)
6 ;-3 = uB;_3(y), fori=456 2)

Where x (or y) is the input to node i and 4; (or Bj_;z)
is the linguistic label (such as "low," "moderate,” or
"high") associated with this node. In other words,
& : is the degree of membership of the fuzzy set A
(= As A A; BBy orB;) and represents the degree
to which input x (or y) satisfies quantifier A. The
following membership function for A from bell
linguistics:

1

— ®3)

X—ij

pA:(x) =

ay

Layer 2: The nodes are fixed nodes denoted as II.
The outputs of this layer can be symbolized as.

H".i =Ww;= #AI‘:X}MBT:{.}?}J fﬂ‘?’" i= 11213 (4)
= wiag = A, (x)uBi(y), fori = 1,23 (5)

6,03
8126 = Wizg = Az (x)uB;(y), fori = 1,23 (6)
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Layer 3: The nodes are too fixed. They are labeled
N, indicating that they play a normalization role to the
firing strengths from the preceding layer. The output
from the i™ node is the normalized firing strength given
by:

Wi

Bg; =W, = —, fori=12,..9 @)
e

wytwot.

Layer 4: The nodes are adaptive. The output of each
node in this layer is simply the product of the
normalized firing strength and a first-order polynomial.
Thus, the outputs of this layer are given by:

B =W fi=W, (pix + gy + 1) (8)

fori=12..9

(p:iqsm)is the parameter set of this node, referred to
as consequent parameters.

Layer 5: This node performs the summation of all
entering signals. There is only a single fixed node
labeled X. The general output of the model is given by:

Tiwifi

bs; =XLWifi=—_—

T JOTi=12,..9 )

3.3. System Realization

Figure 4 shows the electro-pneumatic realization for
the solar tracker system. The solar tracker is built by
integrating pneumatic mechanics and electronic control
devices.
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VALVE
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VALVE DRIVER

DC 24V POWER
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CYLINDER
DOUBLE
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Figure 4 System Realization

3.4. Testing

Testing of the solar tracker system was carried out
using a UV lamp. The angle of light that enters the UV
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sensor is varied from 0° to 45° in 5° increments, as
shown in Figure 5. The test stage consists of 3 (UV
sensor, direction angle, and response). Meanwhile, the
goals of the research test results are in the form of an
average directional error and the dynamic response of
the system.

SUN TRACKING RANGE

(UV LAMP)
20°25°30p,
5o10°13 335,
45°
EAST WEST

Figure 5 Sun Tracking Range (UV Lamp)

3.4.1. UV Sensor

UV sensor testing is carried out to see the
functionality of each sensor reading, accuracy
comparison, and system dynamic setpoint values. The
test was carried out with a mechanical load of 50Wp
(4000 gr) solar panel. The distance between the sensor
and the UV lamp was set at 25cm. Figure 6 and Figure 7
show the results of sensor readings. The graph of the
readings of the two sensors shows an average UV index
value of 2.4. The comparison of reading accuracy is
close, so the two components are feasible to be used
simultaneously.
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TVINDEX
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Figure 6 UVx Sensor Test Results

TUVINDEX .
UVy

X LESECOND

Figure 7 UVy Sensor Test Results

Figure 8 shows the results of testing the two UV
sensors simultaneously. In the initial conditions of the
test, the position of the solar tracker is at an angle of 0°

and the UV lamp at an angle of 22.5°. The UV lamp
distance is set at 25cm. The solar tracker moves
automatically and stops when the difference in sensor
readings (Uvx and UVYy) is close to zero (error £ 0.1).
One of the final values of the sensor readings is used as
a dynamic setpoint value.

T | UV INDEX

SP
Uvx
UV

X I/ SECOND

o

3 17 21 25 25 33 37 41 45 4% 53 57 &1 &5 €2 T3 77 E1

Figure 8 Dynamic SetPoint

3.4.2. Angle Direction

Table 4 shows an overview of the angle of UV light
to the position of the solar tracker. The UV light beam
starts from east to west with a variation of the angle
increment every 5°. The test was carried out with 2
conditions, no-load and 50Wp (4000g) solar panel load.
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Table 4. Angle At The East to West Direction

Advances in Engineering Research, volume 207

UV Light Beam The Angle Of The Solar Tracker (°) Error (°)
Angle (9) Without Load Solar Panel Load Without Load Solar Panel Load
(4000gr) (4000gr)
0 0 0 0 0
5 5 5 0 0
10 10 10 0 0
15 16 15 1 0
20 20 21 0 1
25 24 27 1 2
30 31 31 1 1
35 35 36 0 1
40 39 41 1 1
45 45 45 0 0
Error Average (°) 1.6 25

3.4.3.Dynamic Response

Figure 8 shows a graph of the dynamic response of
the solar tracker system test. The test was carried out on
a laboratory scale with artificial UV lighting. The
dynamic setpoint (SP) obtained is 2.40 INDEX. The SP
value is obtained automatically from the comparison
between the UVx and UVy sensors so that the
difference is close to zero.
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Figure 9 Solar Tracker System Dynamic Response

The test results obtained the value of steady-state
error and overshoot. The data is recorded directly from

the microcontroller to an excel export file. The
following is the process of analyzing the calculation.

a. Steady-state error is obtained:
(243-2.40)

) g nnoe
0 x100% =

Steady State Error =
1.25%

b. Maximum Overshoot is the highest value from the
graph is 2.45 then:

Overshoot = % x100% = 2.08%

The test data showed a better dynamic response than
previous studies [5].

4. CONCLUSION

The use of the ANFIS method to automate electro-
pneumatic solar trackers has been successfully designed
and implemented. The results of laboratory-scale
experiments show that the system can track the direction
of sunlight with an error of 1.6° for no-load conditions
and 2.5 ° for loaded conditions in the east-west
direction. And it produces a dynamic response of 2.08%
overshoot and 1.25% steady-state error.
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