Indonesian Journal of Electrical Engineering and Computer Science
Vol. 35, No. 1, July 2024, pp. 102~112
ISSN: 2502-4752, DOI: 10.11591/ijeecs.v35.i1.pp102-112 a 102

Hardware implementation of type-2 fuzzy logic control for
single axis solar tracker

Awan Uji Krismanto?, Radimas Putra Muhammad Davi Labib?, Herlambang Setiadi?,
Abraham Lomi!, Muhammad Abdillah®
!Department of Electrical and Computer Engineering, Institut Teknologi Nasional Malang, Malang, Indonesia
2Faculty of Advanced Technology and Multidiscipline, Universitas Airlangga, Surabaya, Indonesia
3Department of Electrical Engineering, Universitas Pertamina, Jakarta, Indonesia

Article Info ABSTRACT

Article history: Solar tracker widely maximizes solar energy harvesting by maintaining a
. perpendicular relative position between the sun and the solar panel. Single

Received Dec 22, 2023 and dual-axis solar tracker controllers are the most control mechanisms that

Revised Mar 5, 2024 are widely implemented. The single-axis solar tracker (SAST) is preferable

Accepted Mar 20, 2024 between those two control mechanisms due to economic and simpler control

algorithm features. Many control algorithms have been proposed to improve

the performance of SAST. The conventional proportional integral derivative
Keywords: (PID) controller has major limitations mainly corresponding to slower
response. Moreover, it cannot handle the uncertainties of the sunlight.
To overcome the problem, type 2-fuzzy logic control (T2-FLC) is proposed.
The single-axis solar tracker controller based on T2-FLC is applied in

Arduino
Clean energy technology

Single axis solar tracker Arduino and implemented in the hardware environment. It was monitored
Solar energy _ that the T2-FLC provides much better responses than the conventional
Type-2 fuzzy logic control controllers in terms of better dynamic response and more efficiency in

harvesting solar energy.

This is an open access article under the CC BY-SA license.

[eXolel

Corresponding Author:

Herlambang Setiadi

Faculty of Advanced Technology and Multidiscipline, Universitas Airlangga
Mulyorejo, Surabaya, Indonesia

Email: h.setiadi@ftmm.unair.ac.id

1. INTRODUCTION

Environmental issues and the continuous decrease of fossil fuel deposits have encouraged the
massive development of renewable energy resources (RES) [1]. Among various RES, solar energy is the
most popular RES widely implemented throughout the world [2]. It can be seen that the photovoltaic (PV)
installed capacity and market has an enormous growth in recent year [3]. In 2020, the accumulation of global
PV installation reached around 733.3 GW where Asia Pacific is the region that has the highest installed solar
PV capacity around 341.9 GW [4]. Even though solar energy has been a prominent potential energy source
for electricity needs, it is highly depended on the weather circumstances such as solar irradiance and
surrounding temperature. The fluctuating nature characteristic of solar irradiation should be handled carefully
to ensure stable power output of PV power plant. An efficient operation of PV generation under uncertain
condition of solar irradiance and ambient temperature can be achieved by employing the control mechanism
which is considered as maximum power point tracking (MPPT) methods.

Recently, a number of MPPT algorithms and designs have been proposed. MPPT methods can be
classified based on several aspects such as sensing technique, tracking mechanism, and control algorithms in
obtaining the maximum power from an actual solar irradiance condition [5]. In general, there are two
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approaches, i.e. mechanical (dynamic) and electrical (static) tracking, that can be implemented to extract the
maximum power from the PV array [6], [7]. In the mechanical approach, the direction of PV panels
dynamically changes with the movement of the sun in accordance with the change of the month and seasons, in the
electrical approach, the PV panares is static and the MPP can be located using V-1 curve.

Tracking systems are the popular methods to increase energy harvesting from actual solar irradiance
circumstances. Even though the tracking mechanism has more complex and costly features, it has been
proven can improve energy extraction in an efficient way. In general, single and dual-axis solar tracker
controllers are the most control mechanisms that are widely implemented. The tracker mechanisms are
classified according to the movements of solar panels either at the latitude or longitude axis. From energy
conversion efficiency, the single and dual-axis solar tracker might increase energy harvesting by 12%-25%
and 30%-45% respectively [8]-[10]. Among those two tracker schemes, the single-axis solar tracker is
preferable due to economic and simpler control algorithm features. Moreover, the single-axis solar tracker is
more suitable for small-scale PV generation.

Many control strategies have been developed to obtain the optimum operation of solar trackers.
The conventional proportional integral derivative PID controller and fuzzy logic controller (FLC) have been
widely implemented as solar tracking control schemes. Between those two controller algorithms, the PID
controller has some drawbacks regarding the limitation of slow responses. It is also only suitable for
controlling linear and negligible lag systems [11]. The FLC shows a better control performance in improving
the system dynamic response. Compared to PID, the FLC presents a shorter settling time, smaller overshoot,
and lower steady-state errors. Moreover, it steadied settling time according to the PID controller [12], [13].
Consequently, harvested energy from the sun increased significantly when T1-FLC was applied to the
tracker. Conventional T1-FLC with five membership function (MF) was investigated in [12]. The MFs of
input and output variables are determined using linear conversion from solar intensity to photo-sensor
parameters. Different MF of T1-FLC was investigated in [14]. It was monitored higher number of MF
provides better control performances as indicated by lower rise and settling time, lower overshoot, and hence
increased harvesting energy from the sun. Most of the previous research uses FLC with common trapezoidal
membership [11]-[14]. The typical FLC with that membership is popularly known as type-1 FLC (T1-FLC).
Even though T1-FLC has some advantages over PID controller, the TI-FLC is less flexible when it was
subjected to a complex system with a high level of uncertainty. To overcome this problem, the type-2 FLC
(T2-FLC) is proposed [15]—[17]. The T2-FLC shows much better control performance than T2-FLC in terms
of improving setting time and handling rule uncertainties [18]-[20]. The T2-FLC provides a more efficient
control scheme and more accurate approximation specifically in a system with the uncertainties which
appears due to measurement noise [20]-[22]. Moreover, the T2-FLC has more adaptiveness and shorter
computational process since the T2-FLC may be used simultaneously in computing each bound of type-
reduced interval [23]. In this paper, the T2-FLC is implemented as control algorithm for single axis solar
tracker. The proposed control scheme should be able to handle uncertainties of solar irradiance due to sun
movements and fast cloud covered circumstances. The T2-FLC would be compared to PID and T1-FLC to
observe the effectiveness of the proposed control algorithm. Hardware implementation of T2-FLC based
solar tracker is realized in Arduino platform. It is expected that the proposed control scheme would improve
energy harvesting and hence increase the efficiency of single axis solar tracker.

The remainder of the paper is organized as follows. Section 2 presents the T2-FLC control
algorithm. The development of single axis solar tracker (SAST) and hardware implementation are described
in section 3. The simulation results and discussion of dynamic performance of the proposed controller are
presented in section 4. Eventually, conclusions and contributions of the paper are highlighted in section 5.

2. METHOD

This section comprises two subsections, focusing on how the proposed method is designed. The first
sub-section focuses on the theoretical approach of T2-FLC and the advantages of the proposed methods
compared to conventional T1-FLC. The second sub-section represents a comprehensive design and
development of a SAST based on T2-FLC. A hardware system of the investigated SAST is provided.
Moreover, the design is MF of the proposed T2-FLC is explained.

2.1. Type-2 fuzzy logic control

The T2-FLC is the development of type-1 fuzzy sets that allow a higher level of uncertainties which
might be appears due to the uncertainties about; i) the meaning of the words in the rules, ii) consequent in the
rules, iii) measurement that activates the FLC, and iv) data that are used to tune the FLC parameters.
In T1-FLC, a precise MF is used to present uncertainties correlated to the meaning of the words.
Consequently, once the MF is determined, the nature of uncertainty about the words would disappears.
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The T2-FLC can be considered as an improvement of T1-FLC in handling the uncertainty not only
limited to the linguistic variables but also the MF [20], [24]. The concerns of uncertainties correlated to the
meaning of the word in the rules in FLC are better defined and accommodated in the T2-FLC by providing
more flexible boundaries of the fuzzy sets. The consequents of the rules are presented in a histogram of
possibilities. it also considers strife or conflict among the various sets of alternatives solutions, providing
more realistic rules of the real-world problems. The uncertainties measurement that activates the FLS are
presented with non-specificity when associated with the information-based data imprecision. It prevents
misleading assumptions of the probability model for either the signal of the noise. From the data point of
view, the T2-FLC can better handle the uncertainty of data that are used to tune the parameters of FLC. With
all the superiority, it can be considered that the T2-FLC can directly address all three types of uncertainties:
fuzziness, strife and non-specificity [25].

Figure 1 shows the structure of T2-FLC. In general, the structure of T2-FLC is similar to T1-FLC
except in output processing stage which consisting of defuzzification type-reducer procedures. In fuzzifier
stage, the input crips are mapped into a fuzzy set. The inference scheme combines rules and maps the
correlation between input T2-FLC sets and output T2-FLC sets. The T2-FLC output crips are calculated
using similar defuzzification procedure in T1-FLC with the extension on the “type-reduced set operation”.
Hence, to completely build a T2-FLC, some procedures should be addressed involves performing theoretical
set operation, identifying the membership grades of T2-FLC sets, dealing with T2-FLC relation and
compositions and performing type reduction and defuzzification process to determine values of output
crips [19], [20].

The MF of T2-FLC should be carefully selected hence it can handle uncertainties. Among various
MF, the triangles MF is the most popular MF for the T2-FLC as depicted in Figure 2. In general, the MF of
T2-FLC is a three dimensions MF considering footprint of uncertainty (FOU). The FOU provides the
information correlated to the degree of data sets uncertainties. It can be described with the boundary
functions of lower membership function (LMF) and upper membership function (UMF).
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Processing
jm—————————— | | Output Crips

| A
Input Crips |
Type-Reducer = Type

|
| |
|
|
} | I = ——— Reduced Set

Fuzzy Input [ —— Fuzzy Output
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Figure 1. T2-FLC system [20]
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Figure 2. Type-2 fuzzy set

The input crips are processed into a fuzzy set through fuzzifier process on LMF and UMF, obtaining
two fuzzy values in a primary MF. The stages of type-2 fuzzy logic are fuzzification, fuzzy inference system,
type reduction, and defuzzification. The fuzzification process is carried out on the LMF and UMF degrees,
resulting in two fuzzy set values with the same membership. In the fuzzy inference system, the operation is
used to combine information from two fuzzy sets into one fuzzy set. This operation has the aim of illustrating
the extent of the relevance ofthe two fuzzy sets. This operation can be performed using the min-max
intersection method.
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Type reduction is a process used in type-2 fuzzy logic to convert type-2 fuzzy sets into type-1 fuzzy
sets. This process is useful for reducing the complexity of the type-2 fuzzy set. This process can be done
using the centroid method. This method calculates the centre of the type-2 fuzzy set as a representation of the
type-1 fuzzy set. The centroid calculation is shown in (1).

[So, X[UMF 4(x)~LMF 4(x)]dx 1
T[S [UMF A(X)-LMF 4(x))dx @)

Ca

Where Ca is the center of the type-2 fuzzy set A on variable x. Integration is performed over the
entire relevant x domain. This center is a single value that represents the distribution center of the type-2
fuzzy set A in the form of a type-1 fuzzy set. In this way, the complexity of the type-2 fuzzy set is reduced to
a type-1 fuzzy set with a lower degree of uncertainty, which is easier to use in decision-making or analysis.

The interval approach method provides numerical intervals involving the degree of uncertainties as
the results of T2-FLC operation. It enables simpler implementation in analyzing and determine the decision.
The calculation of interval approach is given by (2).

[A(), A(x)] = [inf,UMF,(x), sup, LMF,(x)] )

Where [A(x),A(x)] is the numerical interval that involves the cirps of T2-FLC A on a certain variable x.
The inf, UMF,(x) and sup, LMF,(x) represent the infimum and supremum values from upper and under MF
respectively.

The Karnik-Mendel method is one of the more complex approaches in reduction type process.
This method considers the probabilistic distribution in T2-FLC crips which result in more accurate reduction
process. The Karnik-Mendel method uses. Centroid calculation to calculate the centre and width calculation
from T2-FLC crips. The calculation of T2-FLC is given as (3).

Wy = [ UMFy(x)dx — [* LMF,(x)dx ©)

Where f_°°oo UMF,(x)dx is the area from upper MF curve while f_°°oo LMF,(x)dx represents the area of lower

MF curve. The crips width provides important information regarding the variation or uncertainties in the
results of T2-FLC crips which can be used in analysis or decision making.

2.2. SAST system

In this paper, a small scale SAST is developed as shown in Figure 3. The SAST mechanism is an
approach method to increase the harvesting of solar energy. It allows solar panel to follow the sun
movements in along one axis either latitude or longitude depending on the position of solar power plant.
The SAST is widely implemented specifically for small scale PV generation due to more economic and
simple structure compared to dual axis solar tracker (DAST) system. It has one degree of freedom since it
can track the sun in one axis only.
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Figure 3. Single axis solar tracker (SAST) system

The investigated SAST is equipped with 100 Wp polycrystalline solar panel and two light
depended resistor (LDR) GY 49 sensors. The LDR sensors are installed at the top of the solar panel and
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each sensor are separated with a small acrylic separator. The DC motor of 12V, 12 mm/s 100 kg
linear/tubular is considered as a movement mechanism. Moreover, the current (ACS712) and voltage
sensors were also applied in order to monitor the performance of single axis solar tracker. The control
system of DAST was implemented along with Arduino development board. The Arduino system has an
Atmel AVR processor and uses its software and language. Arduino Nano is a microcontroller development
board based on the ATmega328 (for Arduino Nano version 3.x) or ATmega 168 (for Arduino version 2.x)
microcontrollers. The SAST system is equipped with two LDR sensors to read the sunlight intensity values.
MPP is obtained when relative position of sun and solar tracker is perpendicular. Under the change of sun’s
position and solar irradiation calues, the linear actuator would move either in clockwise or counterclockwise
roation to obtain optimum position between solar panel and sun. The roation of lienar actuator would stop
when the difference values between those two LDR sensors is equal to the tolerance value. It means that the
MPP is achieved. The tolerance value is determined according to the sensitivity of the sensors [12].

Block diagram of the SAST hardware system is depicted in Figure 4. The values of LDRs are used
as input of the proposed T2-FLC that will be processed by the Arduino Nano microcontroller module as a
fuzzy logic controller. Linear actuator is used to adjust the facing position of the solar panel. The motor
driver is needed as a current amplifier so that the microcontroller module can adjust the rotation of the linear
actuator.

[LDR . Motor Driver

Arduino Nano Based
Fuzzy Logice Controller '

LDR
Linear Actuptor

Figure 4. Hardware system

The software is built using the C++ programming language that would be embedded in the Arduino
Nano microcontroller module. The crisp inputs consist of two values; the difference between the LDRs
sensor readings at t and t-1. The fuzzification process is carried out to convert the value of the crisp inputs
into a fuzzy value. Fuzzification is conducted using the input MF in the T2-FLC method. The results of the
fuzzification process are then used as a reference value for the inference process to decide on the applicable
rules. The diagram of MF of T2-FLC is depicted in Figure 5. It can be further described as input and output
MF of the T2-FLC as presented in Figure 5(a) and (b) respectively.

INPUT MEMBERSHIP OF FUNCTION OUTPUT MEMBERSHIF OF FUNCTION

L A L 4 L L ]

@ (b)

Figure 5. Membership function of (a) input and (b) output of the system
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The defuzzification process is implemented according to the fuzzy rules that have been applied in
the previous process and the membership of function output to produce a crisp output value. The obtained
output values determine the duty cycle of a pulse width modulation (PWM) to adjust the speed of the linear
actuator hence it can change the facing position of the solar panel. The attributes of the fuzzy rules consist of
negative big (NB) at a duty cycle of -90%, negative small (NS) at a duty cycle of -60%, almost zero (AZ) at a
duty cycle of 0%, positive small (PS) at a duty cycle of 60%, and positive big (PB) at a duty cycle of 90%.
The negative number represents the orientation setting of the linear actuator which follow the
counterclockwise rotation, and the positive number represents the orientation setting of the linear actuator
which follow the clockwise rotation. The set of proposed fuzzy rules used in this research is represented
in Table 1.

Table 1. T2-FLC rule base

Input 1 Input 2 Output
Negative big Negative big Negative big
Negative big Negative small Negative big
Negative big Almost zero Negative big
Negative big Positive small Negative big
Negative big Positive big Negative big
Negative small Negative big Negative big
Negative small Negative small Negative small
Negative small Almost zero Negative small
Negative small Positive small Negative small
Negative small Positive big Negative small
Almost zero Negative big Negative small
Almost zero Negative small Almost zero
Almost zero Almost zero Almost zero
Almost zero Positive small Almost zero
Almost zero Positive big Positive small
Positive small Negative big Positive small
Positive small Negative small Positive small
Positive small Almost zero Positive small
Positive small Positive small Positive small

3. RESULTS AND DISCUSSION

The critical concern in developing SAST is how to deal with the complexity of mechanical systems
and the uncertainty of solar irradiance. Many control algorithms have been proposed to improve the dynamic
performance of SAST to efficiently track the sun’s movement. Some drawbacks of the proposed control
methods have been reported. The conventional PID controller offers a simpler control algorithm. However,
it has some limitations in terms of slower response and is only suitable for a linear system with less degree of
uncertainty. For an uncertain circumstance such as fluctuating conditions of solar irradiance and a non-linear
complex system such as SAST, the fuzzy logic controller can be implemented to address the limitation of
PID controller. Even though the T1-FLC has a better dynamic performance over PID controller, it has less
flexible MF when implemented to a complex system. To overcome the problem, this research proposes
T2-FLC based control method for improving the performance of SAST. It is suggested that the T2-FLC
provides a better response and dynamic performance over PID and T1-FLC such as faster setting time, lower
overshoot and smaller steady state error.

The investigated SAST is equipped with 100 Wp polycrystalline solar panel and two LDR GY 49
sensors. The DC motor of 12V, 12 mm/s 100 kg linear/ tubular is considered as movement mechanism.
A good selection of MF in T2-FLC is critical to obtain a good performance of SAST in tracking the sun
position and handling uncertainties of solar irradiance. Variation of several MF configuration is necessary to
obtain an optimal MF for SAST. In this paper, three sets of input MF are considered to find the best MF of
T2-FLC. Selection of T2-FLC MF is conducted by comparing the dynamic response of SAST when it is
subjected to the change of sun position. In this paper, it is considered that the best MF of T2-FLC is selected
based on the best response of the SAST when the initial position of the solar panel is set at 40° and the
position of the light which mimicking the sun is at an angle of 90°. The investigated MF for T2-FLC is
depicted in Figure 6. Figure 6(a) presented the MF of model 1. While Figures 6 (b) dan (c) show the MF
model 2 and 3.

The comparison of SAST dynamic response and settling time of three MF are shown in Figure 7 and
Table 2 respectively. When the SAST is required to follow the sun position, it is monitored that the model 2
MF provides a better response compared to model 1 MF and model 3 MF. The least oscillatory and fastest
settling time is observed in model 2 MF. Therefore, the model 2 MF is selected as input crips for proposed
T2-FLC based SAST.
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The dynamic performance of the SAST with selected MF of T2-FLC is then compared to the
conventional SAST-based T1-FLC. The comparison of system dynamic responses and settling time of
T1-FLC and T2-FLC are depicted in Figure 8 and stated in Table 3 respectively. Higher settling time is
observed when the T1-FLC is applied, resulting in a slower response of the SAST under the change of sun’s
position. Consequently, the SAST cannot follow the sun’s movement effectively, especially during cloudy
and windy circumstances. Improvement of the dynamic performance of the SAST is observed when T2-FLC
is implemented as indicated by shorter settling time, less oscillatory condition, and lower overshot.
Therefore, it might result in higher measured solar irradiance on the solar panel surface. Eventually,
higher energy harvesting and more efficient SAST are obtained.

noN

INPUT NENSERSHP FUNCTION INPUT MEMBERSHIP FUN

Figure 6. Three models of input membership functions: (a) model 1, (b) model 2, and (c) model 3
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Figure 7. Comparison of three T2-FLC MF Figure 8. T1-FLC and T2-FLC dynamic performances
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Table 2. Settling time comparison of T2-FLC set model
T2_FLC set model  Settling time (s)

1 3.9
2 1.9
3 2.2

Table 3. Settling time comparison for T1-FLC and T2-FLC-based SAST
Fuzzy model  Settling time (s)
Type-1 4.7
Type-2 1.9

The performance of proposed T2-FLC controller is further tested under real-time scenarios of
fluctuating solar irradiance circumstances. Two identical SASTs with T1-FLC and T2-FLC algorithms are
considered. The tracking performances of those two SASTSs are real-time monitored from 06:00 am to 02:30
pm with 1 minute data sampling. Measured irradiation values, terminal voltage and output power from the
SASTs are observed to investigate the effectiveness of the proposed control algorithm. The real-time
monitoring of solar irradiance is depicted in Figure 9. A windy with scattered clouds is experienced during
the experiment. Consequently, the irradiation values on solar panel are fluctuated significantly. Under
fluctuating condition of received solar irradiance on the solar panel surface, the proposed T2-FLC
significantly improves the tracking performance of the SAST compared to the T1-FLC algorithm.
Faster dynamic response of the T2-FLC based SAST results in more efficient and precise solar panel
movement in maintaining the perpendicular relative position between sun and solar panel. The improvement
of tracking ability of the SAST with T2-FLC is reflected in a higher measured solar irradiation on the panel
surface. Moreover, it is also suggested that the proposed control algorithm can handle uncertain condition of
solar irradiance under unpredictable weather circumstances.

1200
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800 A/,L;N' W w.M'wLw‘ﬂ«w\ PR
1
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Solar Irradiance (W/m2)

— — — -T1-FLC

200 T2-FLC

08:00:00 10:00:00 12:00:00 14:00:00
Time (H)

Figure 9. Comparison of measured solar irradiance on solar panel

Voltage and power information measured from the SAST with two types of FLC are further
observed. From Figure 9, it is monitored that potential energy harvesting from solar irradiance is higher when
the T2-FLC is applied. It is expected that the more potential energy harvested, the more electrical energy can
be generated. One important concern in implementing RES involving PV generation is the difficulties to
ensure voltage stability under solar irradiance variations. Under a sunny weather, the relative movements of
SAST are minimum. Hence, the stability of voltage output can be maintained. However, during uncertain
weather conditions such as scattered and fast cloud circumstances, it is difficult to maintain a stable voltage
due to frequent and inaccurate movements of SAST. To maintain a stable voltage output of solar panel under
fluctuating condition of weather and solar irradiance, it is necessary to have a precices control system with a
sufficient sensitivity degree. Real time experiment is conducted to investigate the performance of proposed
control algorithm. It is clearly monitored that the proposed T2-FLC provides more stable output voltage
compared to T1-FLC based SAST. Less fluctuated terminal voltage of solar panel is observed when the
T2-FLC is implemented on SAST. Moreover, due to more precise positioning of solar panel with T2-FLC in
maintain optimum position relative to the sun, higher terminal voltage is also observed, resulting more
reliable and stable output voltage. The comparison of terminal voltage of SAST with T1-FLC and T2-FLC is
depicted in Figure 10.
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Figure 10. Comparison of measured terminal voltage

Figure 11 represents the comparison of output power of SAST with the two investigated control
algorithms. The generated output power of PV generation increases proportionally with the increase of
obtained solar irradiation. As T2-FLC based SAST provides a superior performance in harvesting potential
energy from solar irradiation, the output power generated from the SAST based T2-FLC increased
significantly compared to SAST based T1-FLC, resulting improvement of system efficiency.
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Rl Ay
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Figure 11. Comparison of output power

The presented results suggested that the T2-FLC based control algorithm of SAST is more resilient
than T1-FLC control methods, especially in handling uncertainty of solar irradiance under fluctuated and
unpredicted weather conditions. Future research in optimizing the MF of T2-FLC can be conducted to further
improve the dynamic performance of SAST. Moreover, it also can be considered to combine a metaheuristic
control method with T2-FLC to handle uncertainties in SAST due to fluctuating condition of solar irradiance
and weather.

4. CONCLUSION

This paper presents the development of a T2-FLC based SAST. The proposed control algorithm is
applied in Arduino and implemented in the hardware environment. The performance of the controller is
compared to conventional T1-FLC. It was monitored that the T2-FLC provides much better responses and
dynamic performance than the conventional controllers in terms of faster settling time, less oscillatory
conditions, and lower steady-state errors. Furthermore, it denotes that the proposed controller is more
efficient and precise in obtaining and maintaining the optimum position of the solar panel, resulting in higher
potential energy harvesting from solar irradiance. Consequently, the generated output power in SAST-based
T2-FLC is higher than in SAST-based T1-FLC. Moreover, the proposed control scheme improves the voltage
stability performance of SAST as indicated by more stable terminal voltage under fluctuating condition of
solar irradiation.
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