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ABSTRACT

This paper presents an intelligent solar panel cleaning sys-
tem that utilizes a fuzzy logic controller. The output voltage of
the solar panel is applied to calculate whether to activate the
cleaning mechanism. The direction and position of the sys-
tem is set using a light sensor that is parallel to the direction of
the sunlight. The data from the light sensors, combined with
fuzzy logic control software developed using LabVIEW, de-
termine the control commands (stop, forward, and reverse) for
the stepper motors controlling the cleaning process. The
cleaning process, which is repeated until the power output
from the solar panels is sufficient, is performed in real-time to
maintain the power generating capacity of the solar cells. A
water spray is activated in addition to the cleaning process,
reducing the temperature of the solar cells and enabling
maximal efficiency to be achieved.

I. INTRODUCTION

The use of solar panels has extraordinary potential. In
particular, Taiwan is favorably positioned geographically to
benefit from high levels of sunlight. Solar panels have been
widely applied in Taiwan, where many power-generating
products operate in open air by using solar cells. However,
because the solar panels are exposed to the elements, blem-
ishes and deposits accumulate on the surfaces, reducing the
efficiency of the output current. The dust particles create
shadows on the solar cells, substantially reducing the energy
conversion efficiency.

In addition, some dust particles are corrosive, reducing the
life span of the solar cells and their supporting frames. The
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elevated positioning of solar panels renders manual cleaning
dangerous and inconvenient.

Using natural or renewable energy has been emphasized for
sustainable energy generation. Renewable energy sources,
including solar energy, wind power, hydropower, tidal power,
ocean thermal energy conversion, and biomass, are all key
topics for future research [1, 17]. In Taiwan, wind and solar
power are the most viable renewable energy sources. How-
ever, wind power systems are suitable only in nonurban areas
because the large amount of noise generated is impractical for
residential areas.

The economic benefits and large scale of wind energy har-
vesting are a subject of contention [20]. Therefore, solar en-
ergy is more favorable for use in urban areas. The energy
generated from the sun’s rays over a 40-minute interval is
equal to the total energy used in 1 year by the global popula-
tion. Because Taiwan is located in a subtropical region rela-
tively near the equator, sunshine is plentiful. Directly con-
verting solar energy into electrical energy by using solar cells
can afford clean energy; solar energy is pollution-free and
noiseless. Thus, solar energy is a reasonable solution for sus-
tainable development [18].

We propose using a fuzzy logic controller incorporated into
a solar panel cleaning system. We applied fuzzy logic to de-
termine the solar intensity based on the CdS circuit. Initially,
under direct sunlight, the CdS value was 0.25 V, a level that
indicated that the CdS has detected a light source. We then
determined whether the energy conversion efficiency was too
low for the solar panel. For example, if the output current of
the solar panel is 0.1 A, and the test output value from the
fuzzy program is 0.82756 (i.e., exceeding the 0.5 threshold),
then the fuzzy program concludes that the output current has
decreased to an insufficient level, and the cleaning process is
activated. Similarly, if the detected CdS value is 0.25 V, and
the output current of the solar panel is 0.95 A, then the test
output value from the fuzzy program is 0.3195. This value
(lower than 0.5) indicates that the output current is normal;
therefore, cleaning is not activated. When the CdS value
exceeds 0.140 V, the fuzzy program generates a value of zero,
which indicates that no light source is detected (e.g., on
overcast or rainy days and at dawn or dusk).
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Solar Cell

Fig. 1. Equivalent circuit of a solar cell.

II. HARDWARE COMPONENT STRUCTURE

1. Solar Panel

A solar cell, also known as a photovoltaic cell (PV), uses a
solar panel to absorb solar energy and convert it into direct
current, which is then transformed into alternating or direct
output current. Because the solar cell output voltage is typi-
cally extremely low, approximately 0.5-0.6 V, the cells are
used in sets of 36 or 72 [9, 10]. Engineers often arrange the
cells in various configurations to generate the voltage required.
Therefore, producing solar energy requires substantial space.

Two main obstacles must be overcome before solar energy
generation can be practical: space and efficiency. Once a solar
panel is installed, the operation costs are identical to those of

an electronic converter; thus, it is highly economical to operate.

Two types of solar cells are widely used: bulk and thin-film
cells [4, 5]. Bulk solar cells can be further classified into two
subtypes: unisilicon and multisilicon cells. Unisilicon cells
have an efficiency level of 15%-17% and are the most efficient
silicon solar cells. Unisilicon and multisilicon cells both com-
prise silicon semiconductors. However, unisilicon undergoes
a pulling process, which causes the silicon to be aligned in the
same direction. Therefore, although the efficiency of unisili-
con cells is greater, the cost is higher. By contrast, multisilicon
solar cells have an efficiency level of 10%-14% and are pro-
duced by pressing pure silicon into a crystal and then cutting
the crystal into multisilicon cells. Thin film solar panel fab-
rication requires fewer materials, and each mode in the solar
panel acts as a fully functioning panel, thereby reducing the
cost of mode connection and fixation.

A solar cell consists of a stable current source, bipolar, and
resistance. The charging efficiency depends on the insulation,
cell material, surroundings, placement, direction faced, and
latitude. Fig. 1 illustrates the internal circuit design of a solar
panel [6, 11, 12]; the current output /,, is
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Fig. 2. CdS circuit diagram receiver.
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Methods for monitoring maximal power, including the in-
terference observation method [3, 13, 16] and the increased
conduction method [8, 16], have been proposed and are dis-
cussed briefly in the following section.

2. CdS

A light sensor circuit consisting of light dependent resistors
was used in this study to detect the intensity of the sunlight
(Fig. 1). The resistance of a light dependent resistor varies
according to the amount of light it receives. A protective coat-
ing, such as a plated metal film, glass, or resin coating, can be
applied to the surface to protect the CdS when used in adverse
environments with high temperatures and humidity levels. A
weak electric current passes through the CdS even when the
CdS is not exposed to sunlight; this is called dark current.
Therefore, light dependent resistors have high resistances
when they are not subjected to light. Dark current is often
treated as noise because its level is much lower than that of
light current. A light-dependent resistor is a type of photo-
electric sensor based on the internal photoelectric effect.
Because of the small size, high sensitivity, stable performance,
and low price, light-dependent resistors have been widely ap-
plied for automatic control and in many domestic appliances.

Fig. 2 illustrates the CdS circuit diagram used in the present
study. The CdS is used to detect the intensity of the sunlight;
the value measured is inversely proportional to the intensity of
the light source.

3. TA7257P Motor Driver IC

1) A TA7257P, a single bridge driver IC (Figs. 3 and 4), is
primarily used for controlling single miniature-scaled DC
motors. The main characteristics of a TA7257P include [21]
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Table 1. TA7257P Function.

Table 2. PIN function.

IN1 IN2 OUT1 OouUT2 Mode PIN No. Symbol Functional description

1 1 L L Brake 1 IN1 Input terminal

0 1 1 H CW/CCW 2 IN1 Input terminal

1 0 H L CCW/CW 3 OUT1 Output terminal

0 0 Stop 4 GND GND terminal
5 OUT1 Output terminal
6 Vs Supply voltage terminal for motor drive (0~8V)
7 Vee Supply voltage terminal for logic (6~18V)

TOSHIBA

TAT257P
JAPAN SB09K

DO ®B6 6 @

Fig. 3. TA7257P exterior diagram.
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Fig. 4. TA7257P application circuit diagram.

forward rotation, reverse rotation, stopping, and fast break-
ing. A logic value of 0 or 1 is held at each leg of the IC.
Varying digital combinations of the logic signals are used to
achieve the desired control. Table 1 shows these combina-
tions.

2) The IC operating voltage and the motor driving voltage are
independent. Server control can be used. The operating
voltage range for the IC is 6-18 V, and the range of the
driving voltage for the motor is 0-8 V (Table 2).

3) The IC provides overcurrent protection and a thermal shut-
down circuit.

4) The IC has an average output current of 1.5 A and a maxi-
mal value of 4.5 A.

4. PCI-DAQG6024E Data Acquisition Card [14]

Various types of interfaces, including PCI, USB, PCI-E, and
PXI, can be used, depending on the specifications of the data
acquisition card. We used an A/D card (PCI 6024E) obtained
from National Instruments. The properties of this A/D card
are as follows: 12 bits, 200 KS/s, 16 analogue inputs, and

an input signal with a static range between +10 V and —10 V.
The resolution of the A/D card was 20/212 = 4.8828 mV,
because the bipolar input was used. The theoretical signal-to-
noise ratio was approximately 74 dB [15]. The preferred
single-ended mode supplied by the NI-DAQ PCI 6024E was
used as the signal input mode.

ITII. SYSTEM SOFTWARE PLANNING

1. Introduction of the Human—Machine Interface

The proposed system was designed using the graphical pro-
gramming software, LabVIEW; the instrumentation hardware
and DAQ-6024E card were connected to the computer. Lab-
VIEW features a comprehensive range of functions for com-
putation, data acquisition, and interface control, and can call
dynamic executable files directly. A function in LabVIEW is
shown as an ICON. The ICON contains connection points for
input—output arguments. LabVIEW does not require a com-
plier. When a program is written, the ICONS are selected and
then arranged according to the required operation. The pro-
gram can be executed upon connection. Therefore, coding in
LabVIEW is simple, even for users who are new to the system
[2]. LabVIEW features include powerful control, data ex-
traction, and display functions for curve visualization in
real-time. The main tasks for LabVIEW in this study included
reading data, processing the data at the interface, and dis-
playing the recorded data in real-time.

The proposed software system uses the LabVIEW block
diagram to complete the design (Fig. 5). The A/D conversion
is performed on the intensity of the sunlight and the output
current from the solar panel by using the data acquisition card,
PCI-DAQ6024E.

The results are transferred to a workstation through the serial
port. Two variables are used in the fuzzy program computation
for real-time detection in LabVIEW (Fig. 6). When activation
of the cleaning motors is deemed unnecessary, LabVIEW is
employed for further detection. The sunlight continues to shine
on the solar cells, increasing power generation. Fig. 7 depicts
the front panel diagram from LabVIEW.

2. Fuzzy Logic Control Theory

Fuzzy logic theory is a quantitative instrument that was
proposed in 1965 by Zadeh, an American scholar in the field
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Fig. 8. Flowchart of the fuzzy control theorem.

of control theory. Fuzzy logic theory can be applied to express
an ambiguous concept and has worked particularly effectively
with the ambiguity of human language. Sugeno, a researcher
based in Japan, advocated this theory by researching and de-
veloping related applications such as the fuzzy logic controller
(FLC), which gained considerable attention [19].

The main advantage of the FLC is that it can be applied in
environments in which the controlled body is too complex or
difficult for the use of mathematical models. The design of the
controller is expressed to ensure that it can reflect a system
with few fuzzy rules. In general, fuzzy logic control can be
divided into four sections:

1) Fuzzification

2) Decision-making logic
3) Fuzzy knowledge base
4) Defuzzification.

In the proposed FLC, the solar panel output current and the
sunlight sensor output voltage are used as input values in the
fuzzy inference engine (Fig. 5 shows a flowchart for the fuzzy
controller). To reduce the number of errors, a membership
function is employed, describing the fuzzy set and perform
quantitative operations. A continuous trigonometric function
is adopted as the membership function:

0 for x<a,
TN for a <a
a-a,
u,,(x)=9 1 for x=a ;. 2)
hox for a<x<bh,
b —a
0 for x>

The FLC is applied to the solar panel output current and the
sunlight sensor output voltage values. The fuzzy versions of
the measured voltages are then used in the fuzzy inference
engine as the input values. Fig. 8 shows a flowchart for the
fuzzy controller inference engine. Using fuzzy sets and mem-
bership functions to quantify the use of triangular membership
functions is described in the following.
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Fig. 9. Membership function of sunlight.
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Fig. 11. Membership function of fuzzy output.

The membership functions for the input-output sections of
the system are illustrated in Figs. 9-11. The input to the sys-
tem is the output current of the solar panel and the output
voltage of the photo detector. The output of the fuzzy system
is used for rotating the solar panels. The ownership function
value of each point is between 0 and 1, corresponding to each
input variable value. The horizontal axis for the input variable
value is also known as the collection element, the size of
which is its degree of ownership. The sunlight intensity, solar

panel current, and output value can be divided into three states:

high, medium, and low.
The second step in fuzzy controller design is determining
the form of the fuzzy rules. These rules refer to the relation-

Table 3. Corresponding table of fuzzy rules.
Sunlight

Current Small Medium Large
Small Small Medium Large
Medium Small Small Medium
Large Small Small Small
Sunlight = 85 Output current = 0.34 Fuzzy output = 0.68
1 = | l o
. | l | o —
oL | = | [
4 Lo | B | -
5] =) = |
6 | = | Lot
o | p= | IDZAN
8z | [= | [l
9| = = | =~
10 | ] = | = |
1 | | ] e
12 = | I J AT
13 | ~) | J =g ]
14| ] | J P —
15 [ | | I A
16| = [ I ]
10 15 0 8 [

0 3

Fig. 12. Fuzzy inference process.

ship between the solar cell output current and the illumination
from the sun. The fuzzy rule base shown in Table 3 was ob-
tained using data from the literature.

In the third step of the fuzzy controller design, the type of
fuzzy inference engine is selected. We applied the maximum
to the Max—Min synthetic fuzzy inference method [15]. The
following Max—Min synthetic equation maintains that

if x” is X|, and x, is X,, thanu is U,
if x,” is X}, and x, is X,, than u is U,
uisU°

, 3

where X1, X1, Uy, X2, Xp,, U, are fuzzy sets; x; and x, are
known input variables; u is the output variable; “than” is “and”;
and “and” means taking the intersection (min). Therefore, this
system uses combined Max—Min as the fuzzy inference
method [7]. According to Fig. 12, the fuzzy output was solved
by the defuzzifier. The fitness of the input sections of the
fuzzy controller is

ai’ " a

VK:Min{max[min(V V')J,max[min(lbi,lg)]}, @)
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Fig. 13. Photo of hardware used to drive the cleaning motors.

where V is the sunlight intensity and [ is the current from the
solar panels.
The fitness of the output sections is

B, =min(Win;(y)), (5)

where i is the rule number, ¥, and I, are inputs, and z is the

output.
All rules are set as

B- ]\{[iclzx B. (6)

where r is the number of triggered rules.

Eqgs. (4)-(6) express the fuzzy controller process. In this
study, we used the LabVIEW Fuzzy Logic Toolbox to deter-
mine the fuzzy controller output value. We then determined
the output value according to this chart. We set the threshold
level of the fuzzy output value at 0.5. A value of 0.5 or greater
activated the cleaning system.

IV.NUMERICAL SIMULATION
AND ANALYSIS

Fig. 13 shows the hardware driving system, which consists
of hardware connected to an NI-DAQ PCI 6024E data acqui-
sition card that is linked to a workstation. The CdS and the
output current from the solar panel data values are collected.
A/D conversion is performed using a DAQ data acquisition
card. The LabVIEW graphical programming language re-
ceives the input values, including the intensity of the light
source and the current from the solar panel, and involves ap-
plying fuzzy logic to determine the output, which is used to
determine whether cleaning is required. When the output
value exceeds or is equal to 0.5, A/D conversion is performed

Table 4. Comparison chart of the fuzzy theory.

Intensity of the
sunlight (V)

0.25 0.45 0.65 0.85 1.05 1.45

current from

solar panel (A)
0.1 0.8276 0.6665 0.5001 0.4625 0.1724 0
0.2 0.8131 0.6611 0.5002 0.4666 0.1874 0
0.3 0.7739 0.6423 0.4968 0.4554 0.2056 0
0.4 0.5457 0.5003 0.3826 0.3826 0.2148 0
0.5 0.5002 0.4629 0.1873 0.1972 0.1873 0
0.6 0.5002 0.4668 0.1694 0.1964 0.1694 0
0.7 0.5001 0.4689 0.1705 0.1972 0.1705 0
0.8 0.4931 0.4629 0.1898 0.1964 0.1898 0
0.9 0.3524 0.3653 0.1941 0.1972 0.1941 0
1.0 0.1699 0.1963 0.1692 0.1972 0.1692 0

by the DAQ data acquisition card, and the signal is sent to the
TA7257P motor driver IC to drive the motor and perform the
cleaning operation.

We verified the accuracy of the software planning after we
evaluated the process of the hardware structure driving system.
The CdS value measured under sunlight was 0.25 V. The
output current from the solar panel was 0.1 A, and the test
output value from the fuzzy program was 0.82756; thus, the
motor was activated for cleaning. When we performed the
experiment again, but placed the device in the shade, the CdS
value was 0.7 V. The output current from the solar panel was
0.2 A, and the test output value from the fuzzy program was
0.5002, again exceeding the threshold of 0.5. Therefore, the
motor was activated to perform cleaning. Finally, when the
device was entirely covered, the CdS value was 0.125 V. The
output current from the solar panel was 0.5 A, and the test
output value from the fuzzy program was 0.1873 (i.e., below
the threshold). In this case, the motor was not activated for
cleaning. The results from the fuzzy program are accurate
(Table 4).

V. CONCLUSION

The proposed solar panel cleaning system is based on fuzzy
logic control. According to our research, no solar panels cur-
rently on the market are equipped with cleaning devices. Over
time and with varying weather conditions, deposits can ac-
cumulate on installed solar panels, producing shadows on the
solar cells and causing the conversion efficiency to drop. In
addition, some dust particles are corrosive, reducing the life
span of the solar cells and their supporting frames. We de-
veloped a device for panel cleaning, which improves the
output current of the solar panels.
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The solar panel cleaning system based on fuzzy logic con-
trol uses the output current from single-axis tracker solar cells
to calculate the fuzzy output. In the future, we anticipate using
solar cells with dual-axis trackers with this system. The tem-
perature of solar cells in direct sunlight can be extremely high.
Thus, future studies can investigate the effect of temperature
on the conversion efficiency. In addition to the cleaning
process, a water spraying system can be applied to lower the
temperature; this will afford a comprehensive system that
ensures maximal conversion efficiency of the solar cells.
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