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ABSTRACT This study proposes an Adaptive Neuro-Fuzzy Inference System (ANFIS) based on model with
Parallelization Control Technique (PCT) implemented in a triple-axis sun tracker system. The system aims
to maximize solar energy absorption by minimizing the angle of incidence of sunlight on Photovoltaic (PV)
panels. It is designed with three manipulator arms, each controlled in parallel by a distinct ANFIS model.
The primary goal is to adjust the PV panel orientation to optimal azimuth and altitude angles. The tetrahedron
sensor is employed to detect the direction of sunlight. This study tests various types of consequent rules to
find the optimal configuration for each ANFIS model, including first-order, second-order, and third-order
polynomial functions. The analysis results show that the second-order consequent rule provides the highest
accuracy across the three ANFIS models. The proposed system can cover azimuth range from 0° to 360°
and altitude angle from 60° to 90°. The experiment also demonstrated that the system consistently moves
toward a stable condition, even in the presence of minor disturbances. These findings indicate that ANFIS
with PCT can minimize the angle of sunlight incidence, enhance system flexibility, and accelerate response
time, making it a viable solution for increasing energy harvesting by PV panels.

INDEX TERMS ANFIS, parallelization control, photovoltaie, sun tracker, triple-axis.

L. INTRODUCTION

The sun tracker system is designed to automatically
follow the sun’s movement, maximizing sunlight reception
on Photovoltaic (PV) panels [1]. This technology is essential
in increasing energy production in PV systems, especially
in areas with high sunlight intensity. PV efficiency heavily
depends on the angle of sunlight incidence on the PV sur-
face. The more optimal the angle, the greater the amount
of sunlight absorbed, increasing the electrical energy pro-
duced [2]. [3]. To maximize generated energy, the orientation
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of the panels needs to be adjusted in real-time so that the PV
always maintains an optimal angle to the sunlight [4], [5].
[6]. Conventional solar power plants are generally installed
statically, so PV panels do not receive optimal sunlight expo-
sure, especially in the morning and evening [7].. A sun tracker
system can dynamically adjusted the PV orientation to remain
perpendicular to the sunlight, thereby maximizing the electri-
cal energy obtained [9], [10], [11]. Sun tracker systems have
been discussed in several studies, including in [12], where
a comparison between fixed PV systems and sun trackers
was conducted. The results showed that sun trackers can
increase electricity generation by 30% compared to fixed PV
systems. Another study in [13] examined a sun tracker system

© 2025 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.

31286

For more information, see https://creativecommons org/licenses/by/4 .0/

VOLUME 13, 2025




H. A Lastya et al.: ANFIS Parallelization Control on Triple-Axis Sun Tracker

IEEE Access

using a Stewart platform mechanism, demonstrating that the
sun tracker system can enhance energy generation by 32%
compared to fixed PV systems. Additionally, [14] compares
energy produced and consumed by sun tracker systems. The
findings indicate that the total energy obtained from a sun
tracker system is 26.9% higher than from a fixed PV system,
with the energy consumption of the sun tracker reaching
5.63% or around 21.22 Wh and total energy production of
376.85 Wh. These studies show that sun trackers are superior
to fixed PV systems. Furthermore, as discussed in [15], the
popularity of sun lrg(e[ systems continues to rise along
with the growing use 0f solar energy as an alternative energy
source. Further developments in sun tracker systems cover
various aspects, including manual control through internet
networks as studied in [16] and [17], bluetooth-based con-
trol as examined in [18], and automatic control using solar
trajectory models as explored in [19] and [20].

In its implementation, a sun tracker requires an effective
sensor to accurately detect the sun’s pﬂsilimaum'diu;llcs,
This study proposes a type of sensor called a tetrahedron
sensor. The survey of the tetrahgfyon sensor was first intro-
duced in [21], which analyzed The design and structure of
the sensor, consisting of three photoresistors. The study’s
results demonstrated that the tetrahedron sensor could detect
the sun’s position with a maximum wide Field of View (FOV)
of 289.4° and an accuracy of £1.67°. Further research on
the tetrahedron sensor is discussed in [22], which focuses
on developing a sensor based on phototransistors to replace
photoresistors. Additionally, [23] examined the effect of the
tetrahedron sensor’s dimensions on the sun tracker’s perfor-
mance in tracking the sun’s position. The results showed that
increasing the height of the tetrahedron correlates with an
increase in FOV, where a tetrahedron with a height of 4.5 cm
has an FOV of 289.4°, while a height of 10.2 cm reaches an
FOV of 310°.

An appropriate control algorithm and drive mechanism are
needed to control the orientation movement of a sun tracker.
The control algorithm is necessary to quickly and stably
adjust the panel position, reducing energy losses caused by
suboptimal angles of incidence. Meanwhile, the drive mech-
anism is required to support smooth and precise movements.
Several studies have examined single-axis and dual-axis drive
mechanisms with various algorithms, as shown in Table 1.
Based on these studies, the design of the control mechanism
in a sun tracker significantly influences the system’s response
time in following the sun’s movement. On the other hand,
some studies have developed triple-axis drive mechanisms.
This mechanism is designed to improve the vertical orien-
tation adjustment of PV panels. In [24], it is stated that the
efficiency of commercial PV typically ranges from 10-20%.
Applying atriple-axis mechanism to the sun tracker increases
PV efficiency by up to 25%. In [25], it is revealed that the
power output generated by PV on a triple-axis sun tracker
is 19% greater than that of a dual-axis mechanism. This
improvement is due to the triple-axis mechanism’s ability to
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adjust the PV panel’s height, enabling it to prevent shadows
from surrounding objects from falling onto the panel surface.
Furthermore, [26] states that a triple-axis sun tracker can be
implemented on a mobile platform, allowing the panel to
adjust its orientation to maintain an optimal position even if
the platform moves. Although triple-axis sun trackers have
significant potential for improving PV efficiency, there are
still technical challenges in determining a control method to
optimize panel orientation. With the proper control method,
the system can adapt to changes in the sun’s position and
avoid shadows from objects falling on the panel surface [27].
Ongapproach capable of adapting to changing conditions is
the Adaptive Neuro-Fuzzy Inference System (ANFIS).
ANFIS is an algorithm that combines approaches from
Artificial Nggral Networks (ANN) and Fuzzy Inference Sys-
tems (FIS) o model complex relationships between inputs
and outputs [28]. FIS handles uncertain data using fuzzy rules
and membership functions to map input values into fuzzy
sets [29]. Meanwhile, ANN is responsible for the learning
process, where parameters within the fuzzy system, such
as membership functions and fuzzy rules, are automatically
optimized based on the provided training data [30]. The
main processes in ANFIS include fuzzification, which trans-
forms input values into fuzzy values; fuzzy inference, which
generates fuzzy output based on fuzzy rules; and defuzzi-
fication, which converts the fuzzy output into a numerical
value [31], [32]. Several studies have explored the application
of ANFIS in various fields. For example, in [33], ANFIS
was applied to model machine behaviour in a gas turbine
by estimating its operational parameters and improving its
performance and durability. Furthermore, [34] discusses the
application of ANFIS for controlling dynamic force and posi-
tion in a Programmable Universal Machine for Assembly
(PUMA) robot. Another study [35], applied ANFIS to model
the behaviour of an air spring tem, which was used to
control the solenoid valve of the air spring system to reduce
mass acceleration. In addition, other studies have discussed
the application of ANFIS in controlling sun trackers. For
instance, [36] compared the performance of a Proportional
Integral Derivative (PID) controller with ANFIS, with both
algorithms optimized using the Firefly Algorithm (FA) to
enhance system speed and stability. The findings showed that
the ANFIS-FA combination significantly reduced overshoot
and accelerated settling time. Furthermore, [37] explored the
ANFIS application by comparing single-axis and dual-axis
sun tracker mechanisms, concluding that ANFIS with five
membership functions was more optimal in controlling both
sun tracker mechanisms, yielding high prediction accuracy
and low error. Additionally, [38] conducted further analysis
on ANFIS as a sun tracker controller, examining the effect
of the number of membership functions on model training.
This study revealed that the number of membership func-
tions directly affects model performance, with an increase
in membership functions leading to reduced error. Moreover,
ANFIS offers the flexibility of fuzzy logic, enabling it to
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TABLE 1. Literature review of control mechanism on sun tracker.

Paper Year Algorithm Control Mechanism Rise Time (s) %Error
Yuwaldi Away et al. [44] 2023 PID-ANN Dual-Axis 218 1.75%
Andri Novandri et al. [45] 2022 PID Dual-Axis 1.85 2.6%
Fitri Rahmah et al. [46] 2022 Fuzzy-PD Single-Axis 743 0.43%
Baisrum et al. [47] 2021 ANFIS Single-Axis - 1.25%
Imam Abadi et al, 48] 2020 Fuzzy-PID Dual-Axis 8.2 -
Jalal Farazi et al. [49] 2020 PO-ANN Dual-Axis 0.94 -
Zubairu A, Yusuf et al. [50] 2019 ABC Single-Axis 237 -
Bamigboye 0. Oladayo et al. [51] 2016 IMC-PID Dual-Axis 1.78 -
Mirza Muhammad Sabir et al. [52] 2016 PID Dual-Axis 22 0.5%

learn from data and automatically adjust parameters [39].
The implementation of ANFIS is less complex compared
to other control methods, such as Linear Quadratic Regres-
sion (LQR) and Model Predictive Control (MPC). MPC has
significantly higher complexity than ANFIS, as it requires
solving optimization problems at each time step to deter-
mine the optimal control signal [40]. Additionally, LQR has
low complexity because it only requires solving a functional
quadratic equation. However, LQR is not designed to handle
nonlinear systems, such as a triple-axis sun tracker [41].
Meanwhile, the ANFIS approach, which is a hybrid algorithm
combining ANN and FIS, can quickly adjust parameters. This
makes it highly suitable for real-time systems that demand
quick responses and the ability to maintain responsiveness
to environmental changes [42], [43]. Based on these studies,
it is concluded that the ANFIS model can improve control
performance in sun tracker systems, especially with addi-
tional optimization or increased membership functions. This
makes ANFIS a practical approach for controlling PV panel
orientation.

Based on these studies, most current sun tracker systems
still rely on single-axis or dual-axis mechani
limitations in vertical adjustments and in avoiding shadows
from objects surrounding the panels. On the other hand,
research on triple-axis mechanisms is still minimal. Addi-
tionally, optimization techniques are needed to enhance the
performance of the ANFIS algorithm in managing the com-
plexity of sun tracker systems, particularly in triple-axis
mechanisms. As a solution, the sun tracker system with
a triple-axis drive mechanism is proposed. This proposed
mechanism uses three manipulator arms, each driven by a
servo motor. These three arms adjust the PV panel orien-
tation along three axes, allowing the sun tracker to control
movement at azimuth and altitude angles. A tetrahedron
sensor consisting of three phototransistors arranged on each
side of the tetrahedron, detects the sun’s position. Addi-
tional optimization of the ANFIS algorithm is proposed to
control the servo motors by applying the Parallelization Con-
trol Technique (PCT). This control method aims to divide
computational processes into parts that can be executed
in parallel, thereby enhancing computational efficiency and

which have
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processing speed, especially in complex tasks. PCT enables
multiple control processes to run simultaneously, reducing
latency and improving system responsiveness. ANFIS-PCT
offers an optimal balance between computational complexity,
robustness against nonlinearity, and real-time responsiveness,
making it the best solution for triple-axis sun tracker sys-
tems. In this proposed sun ker, the system is divided
into three processes that are responsible for controlling each
servo motor’s rotation angle. Input data is obtained from
the tetrahedron sensor readings, with input variables vary-
ing for each process, resulting in distinct ANFIS models.
ANFIS modelling is conducted by designing the network
structure, determining the membership functions, and estab-
lishing fuzzy rules. Within the fuzzy rules is a consequent
rule, part of the fuzzy rule that defines the output based on
the fulfilled input conditions. An analysis of the consequent
rules is necessary to achieve an optimal model. This study
examines three types of consequent rules to identify the
most optimal model. The three types of proposed consequent
rules are polynomial functions of first-order, second-order,
and third-order. Each of these orders has different complex-
ity and mapping capabilities in identifying the relationship
between inputs and outputs, requiring evaluation to determine
the most suitable model for the sun tracker. This research

focuses on minimizing the solar incidence angle to enhance
the electrical energy production of PV systems. When
the solar incidence angle on the panel surface approaches
zero, the amount of sunlight absorbed by the PV reaches
its maximum, directly increasing the generated electrical
output.

The novelty of this research lies in the implementation
of PCT in ANFIS, which enables the division of compu-
tational processes into multiple parts running concurrently.
Additionally, this study analyzes various consequent rule
configurations in the ANFIS model, including first-order,
second-order, and third-order polynogjal functions, to deter-
mine the most optimal cuuﬁgumliun.ﬂle main contributions
of this paper are as follows:

« We propose a sun tracker system using a triple-axis

mechanism consisting of three manipulator arms to con-
trol the azimuth and altitude angles. This system enables
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PV panels to adjust their angles optimally to the direc-
tion of incoming sunlight.

‘We propose an ANFIS algorithm with PCT to control
the movement of the sun tracker through separate con-
trol processes, making the system more responsive and
accurate.

‘We demonstrate that the second-order consequent rule
provides the best performance in controlling the sun
tracker, effectively minimizing the angle of incoming
sunlight on the PV panel.

For convenience, the abbreviations used in this paper are
summarized in Table 2.

TABLE 2. Summary of abbreviations.

Abbreviation Meaning

ANFIS Adaptive Neuro-Fuzzy Inference System
ANN Artificial Neural Networks

CV Coefficient of Variation

FIS Fuzzy Inference Systems

LSE Least Squares Estimation

MAE Mean Absolute Error

MAPE Mean Absolute Percentage Error
PCT Parallelization Control Technique
PID Proportional Integral Derivative
PV Photovoltaic

RMSE Root Mean Squared Error

Il. MATERIAL AND METHODS

TETRAHEDRON SENSOR

e tetrahedron sensor is a type of sensor used to detect the
position of sunlight. This sensor has a pyramid shape with
three sides, each equipped with a light sensor in the form
of a phototransistor. Figure 1 shows a phototransistor in the
center of each side of the pyramid, with each position labelled
Py, P>, and P3. The sensor has a height of 10 ¢cm and a base
length of 5 cm. The type of light sensor and the dimensions of
the tetrahedron are based on previous studies [22], [23]. The
tetrahedron sensor operates on thyg principle of comparing val-
ues from each phototransistor. Based on these comparisons,
the sensor can determine the sun’s position regarding azimuth
and altitude.

B. HJA.PJTVE NEURO-FUZZY INFERENCE SYSTEM

ANFIS is a hybrid intelligent system that combines the
strengths of fuzzy logic and ANN. Fuzzy logic provides a
reasoning approach that mimics human thinking and can
handle uncertainty and ambiguity. At the same time, ANN
can learn from data and recognize complex patterns [53],
[54]. The ANFIS architecture consists of several layers, each
responsible for specific operations. The first layer performs
fuzzification, where membership functions map input values
to fuzzy sets. The second layer is the rule layer, where the
firing strength of fuzzy rules is calculated. The third layer

VOLUME 13, 2025
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FIGURE 1. Tetrahedron sensor.

normalizes theging strengths, while the fourth layer gener-
ates the output by multiplying the normalized firin@gstrength
with the consequent part of the fuzzy rules. Finally, the output
layer combines these results to produce the final output [55].

ANFIS is trained to optimize fuzzy parameters through
a learning method that combines the concepts of ANN and
fuzzy. The training starts by determining the initial struc-
ture of ANFIS, including fuzzy rules, membership functions,
and rule types [56]. Training data guides the training pro-
cess, where the system updates the membership function and
consequent parameters [57]. The training process typically
consists of two phases: forward pass and backward pass.
In the first process, the forward pass, inputis fed into ANFIS,
and the output is computed through the fuzzy inference mech-
anism, including fuzzification, firing strength calculation,
normalization, and defuzzification to produce the final out-
put [58]. The propos NFIS network structure in this study
is shown in Figure 2. The first layer is the fuzzification layer.
where each node in this layer calculates the membership
degree of each input based on the corresponding membership
function. The membership function of each input can be
calculated using the following equation [59],

Wi (xi) = f (xi) ()

where, p;(x;) is the membership degree for input x; in the
fuzzy set jand f; (x;) is the membership function of input x; in
the fuzzggget j. In this study, a Gaussian Membership Function
is used, which is expressed in the following equation,

f (x) = gaussian (x; c,0) = eié("%)z (2)

where, ¢ is the mean value that serves as the center of the
mbership function, and o is the standard deviation that
germines the width of the membership function.
Th@ggecond layer is the rule layer, where each node repre-
sents the firing strength for each fuzzy rule formed baseﬂn
the combination of membership functions for each input. The
firing strength is calculated as the product of the input signals
that represent the premises in the fuzzy rules, as expressed in

31289




IEEE Access

H. A. Lastya et al: ANFIS Parallelization Control on Triple-Axis Sun Tracker

Fuzzification Rule Nommalization  Defuzzification Output

Layer Layer Layer Layes Layer

Yy

FIGURE 2. The architecture of ANFIS network.

the following equation,

3

g’lere‘ w; represents the output firing strength for rule i.
Then, firing strength values are normalized in the third
layer, the normalization layer. This process ensures that the
relative contribution of each fuzzy rule is correctly account
for so that the total firing strength of all rules equals g
The normalization process is performed using the following
equation,

w;i

P

aﬂere, Wi represents the normalized firing strength and N
is the number of fuzzy rules. Next, in the fourth layer, the
defuzzification layer, each node multiplies the normalized
firing strength by the output of the consequent fuzzy rule
using the following equation,

e

(5)

where, z; 1'epresﬂs the defuzzified output for input x; and
f (x;) represents the output of the consequent rule for rule i.
The consequent rule is a mathematical expression that deter-
mines the fuzzy output based on the input and the existing
rules.

Next, in the fifth layer is the output layer. In this layer,
each node combines all the signals received from the previous
layers to produce the final output of the ANFIS, as expressed
by the following equation,

(®)

ﬂm consequent parameters are updated using the Least
Squares Estimation (LSE) method by calculating the error
between the system output v and the target output v, based
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on the total dataset m.ﬂ'le error is defined as follows,
m
2
P ™

After that, in the second process, the backward pass is
performed using the backpropagation method to minimize the
error by updating the parameters ¢ and o of the membership
function based on the calculated error. To update the param-
eter ¢, the following equation is used,

JE
Cnew = Cold — 15— (8)
dc
where, % is the partial derivative of the error concerning ¢

and 7 is the learning rate. Then, to update the parameter o,
the following equation is used,

aE
Onew = Told — 15— 9)
do
where, % is the partial derivative of the error concerning o.

This process is repeated until the error reaches a minimum
value or until a certain number of iterations is reached.

C. SUN TRACKER SYSTEM

Figure 3 shows the physical device of the sun tracker system.
The proposed design implements a triple-axis mechanism
with three manipulator arms. This mechanism allows the
system to follow the sun’s position more quickly as the motors
move in parallel. The system uses servo motors as its actua-
tors.

Teirahedron
Sensor

PV Panel

Elbow

Electronic.

Controller Motor

FIGURE 3. Proposed triple-axis sun tracker.

Tracker 27

Azimuth

FIGURE 4. The movement of sun’s position.

In the testing process, the sun tracker system is compared
with the sun’s movement path to evaluate the performance of
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the proposed system. Figure 4 illustrates the position of the
sun relativggo the tracker. Two main parameters are used to
delerminche sun’s position: azimuth and altitude. Azimuth
is the horizontal angle measured clockwise from the north.
An angle of 90° means the sun is in the east, 180° in the south,
and 270° in the west. Azimuth indicates the sun’s direction
along the horizon [60]. Meanwhile, altitude measures the
sun’s htabove the horizon, calculated from the horizontal
line to the sun’s position. This angle changes throughout the
day, starting at 0° when the sun rises, reaching its peak at
noon, and then returning to 0° when the sun sets [61]. The
sun’s movement path can be calculated using astronomical
formulas based on location and time. The equation to calcu-
late the solar azimuth angle (¢s) is expressed as follows,
sings = cosd . sinyy (10)
cos @y
where, § is the solar declination angle, which can be calcu-
lated using the following equation,

(1

284
§=2345° . sin (36{). +a )

365

where, n is the day number in the year. Meanwhile, 4 is the
solar hour angle, expressed as follows,

i =15° (T, — 12) (12)

where, T, is the true time, ranging from 0 to 24 hours. Then,
@y is the solar altitude angle, expressed as follows,

singg = sine . sind 4+ cosw . cosd . cosyy (13)

where, w represents the latitude coordinate based on the
location on earth.

lil. PROPOSED METHOD

The proposed method includes ANFIS modelling and deter-
mining the most optimal consequent rule to be applied. It also
explains the proposed n'nhamical structure in the sun tracker
system, which aims to optimize the movement of the solar
panels to enhance solar energy absorption efficiency. The
modeling process of ANFIS and the simulation of the sun
tracker system were conducted on a computer with an AMD
Ryzen 5 4600H CPU, 16 GB DDR4 RAM, and an NVIDIA
GeForce GTX 1650 Ti GPU with 4 GB memory. Addition-
ally, the software used includes Python 3.10 with TensorFlow
version 2.12.0. The flowchart illustrating the entire proposed
system, including the ANFIS modeling method and sun
tracker control, is shown in Figure 5.

A. ANFIS MODEL

In this study, ANFIS is used to control the movement of servo
motors based on the light intensity readings from the tetrahe-
dron sensor. The rotation of the motors affects the movement
of the manipulator arms, which direct the PV towards the sun.
This study proposes ANFIS-PCT, consisting of three ANFIS
models, each responsible for controlling a different motor,
as shown in Figure 6, with the structure of each network
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shownin Table 3. The proposed membership function utilizes
a Gaussian function cgien for its flexibility in modeling
nonlinear relationships between inputs and outputs [62]. The
number of membership functions for each input was deter-
mined based on performance evaluation through simulation,
where three membership functions per input demonstrated a
balance between computational complexity and model accu-
racy. Using more than three membership functions increases
accuracy but significantly adds to computation time, making
it unsuitable for real-time sun tracker systems. The learning
rate parameter was set to 0.01 after testing, which showed that
this value provides stable convergence without compromising
training speed. Additionally, the number of training iterations
was set to S000 epochs based on observations indicating that
the model achieves minimum error performance within this
range.

TABLE 5. Proposed ANFIS structure.

Parameter Value Description
Number of input 3 Number of nodes in the input
layer
N N ' 3
Number of output | ia;»':;ber of nodes in the output

Number of membership
functions at input node 1
Number of membership
functions at input node 2
Number of membership
functions at input node 3

Number of fuzzy MF 1 3

Number of fuzzy MF2 3

Number of fuzzy MF3 3

o " Gaussian — e
Membership function fumction Membership function at input
Number of rules 27 Number of rules fuzzy
Number of datasets 1945 Number of data for training

process
Learning rate 0.01 ANFIS learning rate parameter

Based on Figure 6, ANFIS 1 model controls the angle (#)
of servo motor 1 based on inputs from P} sensor, P, sensor,
and the initial angle (8p) of servo motor 1. ANFIS 2 model
controls the angle of servo motor 2 based on inputs from
P3 sensor, P3 sensor, and the initial angle of servo motor 2.
Meanwhile, ANFIS 3 model controls the angle of servo motor
3 based on inputs from Py sensor, P; sensor , and the initial
angle of servo motor 3. Next, the output angle of each motor is
calculated and used to move the three arms of the sun tracker.

There is a consequent rule in defuzzification, obtaining
results based on fuzzy rules by describing the mathematical
relationship between input and output [63]. The parameters in
the consequent rule are optimized during the training process
to ensure that the model can accurately predict the output
based on the given data. This paper proposes three types of
consequent rules: polynomial functions of first-order, second-
order, and third-order. These consequent rules are applied to
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ANFIS Modeling

Sun Tracker Control

1. Initialization datasets

and servo as output

2. Use tetrahedron sensor as input

3. Determine membership degree

?

1. Read the data from tetrahedron
sensor
2. Read the initial position of the

¥

each motor

Update membership

function parameters. membership function

Fuzzification process using gaussian

Calculate firing strength

Normalization data

Caleulate with ANFIS model
The angular output on each
motor is obtained

Update the parameters consequent rules:

” —» 1.First-order
of each consequent rule 2. Second-order
Y 3. Third-order

Defuzzification process using various

1o obtain each end-sffector point

Calculate forward kinematic l

Calculate normal vector

Combine all signals

| Calculate azimuth and altitude |

i

Calculate error with
Least Squared Estimation (LSE)

Update azimuth and altitude

on sun tracker

yes
ANFIS model obtained

Sensor detects
light movement?

FIGURE 5. Flowchart of ANFIS modeling and solar tracking control system.

Eq. (5). The first-order function is expressed as follows,

3
flay=" pri+r (14)

i=1

where, f (x;) represents Eﬂ output of the consequent rule, p; is
the first-order parameter for input x;, and r is the bias constant
of the rule. Meanwhile, for the second-order function, the
equation is as follows,

Z e pxixy +r o (15)

1<i<k<3

3 3
Fld =" pr+ 2 a0 +
-1 =1

where, g; 1s the second-order parameter for input x; and ¢;
1s the parameter for the cross terms between inputs x; and x;.

31292

Then, for the third-order function, the equation is as follows,

3 3
Fay=2pu+2 g+ > o«

i=1 1<i<k€3

XiX)

3
+3 g b (16)

where, #; 1s the second-order parameter for input x;.

B. MECHANICAL STRUCTURE OF SUN TRACKER

This sun tracker system configuration uses three manipulator
arms, as shown in Figure 7. The model of the manipulator
arms is arranged in a parallel configuration, with servo motors
as the actuators. These three arms are connected to a triangu-
lar plane that serves as the base for the PV. Points J), J», and
J5 connect the plane to the manipulator arms. The height of
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Process 1

| ANFIS Modeling

ANFIS 1

Moving Arm 1

Process 2

ANFIS Modeling

P2sensor
P3sensor

ANFIS 2

Moving Am 2

Process 3

frahedron Sensor
ANFIS Modeling I

P3sensor
Py sensor
0 servo 3

ANFIS 3

FIGURE 6. Block diagram of proposed tracker system with ANFIS-PCT.

these points will affect the orientation of the PV in following
the sun’s movement.

FIGURE 7. Tripl ipul g

on sun tracker system.

The configuration of the manipulator arm is shown in
Figure 8(a). The arm consists of the upper arm (b;) and
the lower arm (g;), with lengths of 3.7 ¢cm and 1.6 cm,
respectively. Additionally, there are two connection points:
the elbow point (£;) and the end-effector point (J;), as well
as a drive point M; as the motor (for i = 1.2, 3). The E;
point is the connection between the lower and upper arm,
while f; is the connection between the upper arm and the
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(a) (b)

FIGURE 8. The g of arm
design, (b) system mechanism.

ip : (a) arm structure

base plane where the PV is mounted. Figure 8(b) shows the
drive mechanism of the manipulator arm. The angle §; is
the orientation angle of the manipulator arm relative to the
x-axis. The movement of motor M; will create an angle 6.
This angle will affect the value of angle o; at point Ej
causing the coordinates at point .J; to change. These coordi-
nate changes can be calculated using the following forward
kinematic equation [64], [65],

Jix = (a;.cost + by, cos (6 + a;))cos B; + Mx (17)
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Jiv = (a;. cos O + bj.cos (6; + «;)) sin B; + My (18)
Jiz = a;.sinfy + by.sin (0 + ;) + Mz (19)
By applying trigonometric theorems, we obtain,

Jix = (aj.cos¥; + b; (cos 6;. cos a; — sinG;. sina;))

cos B + Mx (20
Jiv = (a;.cos 0; + b; (cos 6;. cos o; — sin ;. sina;))

sin B + My (21)
Jiz = (a;.sin®; + b; (sin¥;. cos a; + cos ;. sina;))

+ Mz (22)

In this condition, the arm b; remains perpendicular at 90°
to the base, even when motor M; moves. This is because
point J; is connected to the triangular plane above it, keeping
arm b; perpendicular. The simulation of this movement is
shown in Figure 9. Based on this condition, the angle o; =
90 + 6;, so by applying the rules cos (90 + 0,) = —sind;
and sin (90 + #;) = cos6;, we obtain sin o; = cos 6; and
cos a; = —sin U;. Then, by substituting in Eq. (20), Eq. (21),
and Eq. (22), the following equations is derived.

FIGURE 9. Principle work of ipul arm (a) de d
t, (b) upward

For the point x,
Jix = (aj.cos0; + E(, cos f;. sin #; — sin 6;. cos &;)

cos B + Mix (23)
Jix = (ag;.cos % + b (—2sin ;. cos ;) cos f; + Mx  (24)
Jix = (a;. cos0; + by sin 26;) . cos B; + Mx (25)

For the point y,

Jiy = (ai.costh + b; (— cos 6. sin@; — sin 6. cos ;)

sin i + My (26)
Jiv = (aj.cost + b; (—2sinf;. cos 6;)sin §; + My (27)
Jiy = (aj.cos 0; + bi. sin20;) . sin B; + My (28)
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For the point z,

Jiz = (g;. sin&; + b; (— sin 6;. sin 0; + cos #;. cos &)

M (29)
iz = (az. sinf; + by (1 - 2511129;) + Mz (30)
iz = a;.sinf; + b;. cos 20; + Mz (31

In the proposed system, the angle f§; varies for each motor.
In Figure 10(a), the top view shows the orientation of motors
M), M>, and M3, each connected to arms aj, az, and az
at points Ey, Ez, and E3. The angle between each motor
is depicted, with 315° for M), 45° for M>, and 180° for
M3. Meanwhile, Figure 10(b) shows the physical layout or
placement positions of the motors and the manipulator arms
connected at the same points. These motors are strategically
positioned to move each arm accurately.

E & o =
M

Py "

M ’ \

a) ‘ % ﬁ/ﬁ_

a E /!
M ’
(a) (b)

FIGURE 10. The arrangement of servo motors from a top view:
(a) orientation of each motor, (b) position of each motor.

Jz

FIGURE 11. The normal vector on the triangular plane.

Next, the tracker system’s azimuth and altitude direc-
tion are calculated based on each motor’s movement angle.
To determine these values, it is necessary to calculate
the normal vector of the triangular plane, as shown in
Figure 11, where 176 is the initial normal vector when its
direction is perpendicular upward, and v is the normal vector
when its direction changes. Based on the coordinate points
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Jy(x1,v1.21), J2 (x2, 2. 22). and J3 (x3.y3. z3), the normal
vector is calculated using the following equation,

L —
V=0Js. I (32)

ra - - - 7.
where, J|.J3 is the vector from point J to point J> and J.J3 is
the vector from point J; to point J3. The vectors in Eq. (32)
can be calculated using the following equations,

—_—
Nh=(2—x,y2—y.,22—21) (33)
—
JiJy =3 —xi, v —ynzz—a1) (34)

Thus, from Eq. (33) and Eq. (34), the normal vector is
expressed as follows,
i j k
V=lxn-—x w-y 2-1 (35)
X3—X]  ¥i—)¥ 23—l
So that, we obtain,

vw=02—yD(@m—z)—03—y){z—2) (36)
v=(x2—x1)(z3—z21) —(x3—x) (22 —21) (37)
ve=m—x) s —y)——x)02—y)  (38)
Based on Eq. (36), Eq. (37), and Eq. (38), the tilt angle of the

plane concerning the x-axis (¢4, ) and the y-axis (¢,) can be
determined using the following equations,

1 Vyx

vi+vi4vi

v

0, =cos~ (39)

Vy

v v+ 1"_3 +v2

Meanwhile, to calculate the tracker azimuth (¢ ) and tracker
altitude (g7 ), the following equations are used,

¢ = tan™! (:7‘) (41)

[ cos!

(40)

V.

wr = tan~" = (42)
r + vy

y
Meanwhile, point G is the centroid of the triangle and can be
calculated using the following equation,

Gy (1 +x2+2x3) /3
Gy | =] O +r2+x)/3 (43)
G- (@1 +2+23)/3

IV. PERFORMANCE ANALYSIS

The analysis provides performance results of each model in
predicting PV output power based on its operational temper-
ature. The analytical methods used include calculating Mean
Absolute Error (MAE), Root Mean Squared Error (RMSE),
Mean Absolute Percentage Error (MAPE), Coefficient of
Determination (R?), and Coefficient of Variation (CV).
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MAE is one of the commonly used methods to analyze
model performance. It measures the average absolute differ-
ence between the predicted values generated by the model
and the actual values in the test data. This result shows how
closely the model predictions match the actual values overall.
The equation for MAE is as follows,

o _
MAE = ;Zh‘,—f),} (44)

i=n

where, n is the number of test data points, y; is the actual
value, and ¥; is the value predicted by the model for the i
data point. A lower MAE value indicates better model per-
formance, signifying that the model’s predictions are closer
to the actual values [66]. Next, RMSE analysis is conducted
by calculating the square root of the average of the squared
differences between the model’s predicted values and the
actual values. The equation for RMSE is defined as follows,

(45)

RMSE analysis indicates the average deviation between
the model’s predicted and actual values. By taking the square
root, RMSE offers a more intuitive interpretation in the same
units as the target variable. A lower RMSE value indicates
better model performance, meaning the model’s predictions
are closer to the actual values [67]. Neg MAPE analysis is
a method to measure the error rate of a model by calculating
the average of the absolute percentage error between @3 pre-

dicted and actual values. The equation for calculating MAPE
1s defined as follows,
1< (¥
MAPE = — - 100% 46
L lzﬂ:!' - ‘ ’ ( j)

The MAPE value indicates the prediction error in percent-
age terms. The lower the MAPE value, the better the model’s
performance in predicting the data. One advantage of MAPE
1s its ease of imeﬂemtiou. as the resultis a percentage. Next,
the R? analysis, known as the Coefficient of Determination,
is used to measure how well the developed model can explain
the variability in the data. The equation for the Coefficient of
Determination is defined as follows,

a2
oy T 00 3) )

P

i=1 (.‘v'i ‘v)
where, ¥ is the mean of all y; val@s. The R® value ranges
from 0 to 1, where a value closer to T indicates that the model

better explains the variability in the data. R? analysis can
determine how much output data variability can be explained
by the input data. Lastly, the CV analysis, or Coefficient of
Variation, 1s a statistical measure to assess a dataset’s relative
degree of variation. CV is defined as the ratio of the standard
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deviation to the mean, expressed as follows,
TN
= T
n Lui=
CV is typically used to measure data stability, A low CV value
indicates more stable data, while a high CV value suggests
more significant variability in the data.

cv

(48)
1Yi

E RESULTS AND DISCUSSION

In this section, an evaluation is conducted to assess the per-
formance of ANFIS in each model based on the type of
consequent rule. Then, the movement of the three motors is
simulated to obtain the azimuth and #@§itude angles. Testing
uses the sun tracker device to assess the system’s ability to
track the sun’s position. Finally, comparing previous systems
is necessary to validate the proposed sun tracker system’s
effectiveness.

A. MODEL PERFORMANCE ANALYSIS

Table 4 presents the statistical res rom the model’s train-
ing and testing phases based on three types of consequent
rules: first-order, second-order, and third-order. The dataset
consists of 80% for training and 20% for testing. The ANFIS
g and testing results show that the choice of consequent
rule significantly impacts each model’s performance.

In ANFIS model 1, the second-order performed best
compared to the first-order and third-order, both in the train-
ing and testing phases. During training, the second-order
achieved the lowest MAE, RMSE, and MAPE values, at 3.6,
4.5, and 8.08%, respectively, along with a high k> value of
0.98. This result indicates that the model can predict motor
movement accurately based on the input data. In testing, the
second-order also excelled with the lowest MAE, RMSE,
and MAPE values, at 2.82, 3.34, and 7.02%, respectively,
indicating accurate model performance with minimal error.
In ANFIS model 2, a similar pattern emerged, with the
second-order demonstrating optimal performance. During
training, the second-order model yielded low MAE, RMSE,
and MAPE values of 3.82, 4.74, and 8.3%, along with a high
R? value of 0.97. In testing, the second-order produced MAE,
RMSE. and MAPE values of 3, 3.58, and 6.44%, respec-
tively, outperforming the first-order and third-order models.
In ANFIS model 3, the second-order also provided the best
results, achieving the lowest error values in training with
MAE, RMSE, and MAPE of 3.8, 4.68, and 7.69%, respec-
tively, and the highest R? value of 0.98. However, in testing,
the second-order’s performance was less optimal than the
third-order, as indicated by higher MAE, RMSE, and MAPE
values than the third-order. The training and testing analysis
results show that the second-order consequent rule is optimal
for all three ANFIS models.

Figure 12{a) displays the motor movement results with
different consequent rules. The graph shows that all three
consequent rules follow the angle change patterns quite well,
although first-order shows more significant discrepancies.
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FIGURE 12. The analysis of q rule variations to

controlling motor movements (a) ANFIS 1 model, (b) ANFIS 2 model,
(c) ANFIS 3 model.

Meanwhile, in Figure 12(b), the first-order consequent rule
exhibits noticeable differences, especially in the sixth and
eighth experiments. On the other hand, second-order and
third-order are more consistent in approaching the actual
angle, although slight differences still exist at some points.
In Figure 12(c), the average difference between the actual
angle and the angle produced by each consequent rule is
more minor than the previous graph. Overall, although both
second-order and third-order consequent rules accurately fol-
low the angle change patterns of all three motors, there are
some points where the second-order performs better than
the third-order. Figure 13 shows a three-dimensional graph
illustrating the relationship between the ratio of two photo-
transistor values and the output as the motor angle increments
for each consequent rule. The comparison values from the two
phototransistor readings directly affect the magnitude of the
resulting angle increment. In the first-order consequent, the
angle increment pattern appears linear. In the second-order
consequent, a significant angle increment occurs with more
considerable phototransistor ratio differences; the greater the
difference, the higher the angle increment. Conversely, there
is no considerable angle increase for ratios closer in value.
In the third-order, the angle increment pattern is similar to the
second-order but displays fluctuations or a nonlinear pattern
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FIGURE 13. The relationship bety the ph istor ratio values
wit e motor angle increases based on various consequent rules:

(a) fitst-order, (b) second-order, and (c) third-order.

in the middle of the graph. This indicates that there are points
where small changes in the phototransistor ratio can lead to a
lower or even decreasing angle increment.

After obtaining the model, a motor movement simulation
was conducted on the sun tracker to observe the relationship
between the movements of the three motors and changes in
azimuth and altitude angles. Figure 14 displays the simulation
results, showing how each motor’s activity influences the
panel’s orientation changes. In this simulation, it demon-
strates the condition where the three motors move at angles
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FIGURE 14. The simulation of azimuth and altitude changes based on
motor movement (M; =26°, M; =40°, My = -30°).

M, = 26°, M; = 40°, and M, = —30°, resulting in a
normal vector direction of (0, 8, 26) with tilt angles of 6, =
90° and #, = 72°. Meanwhile, the resulting azimuth and
altitude angles are 89° and 72°, respectively. Further testing
results are shown in Figure 15, combining an angle range of
—30° to 90°, representing the minimum to maximum motor
angles. Figure 15(a) shows that the azimuth angle ranges
from 0° to 360°, while Figure 15(b) indicates that the altitude
angle ranges from 60° to 90°. This angle range demonstrates
that the triple-axis mechanism can achieve good orientation
flexibility, allowing the system to adjust the PV panel position
effectively to minimize the solar incidence angle.

Subsequent testing was conducted to analyze the response
of the sun tracker system in mitigating uncertain disturbances,
such as the continuous movement of light due to cloud
movement or shadows from external objects. The testing sce-
nario involved observing the movement of the sun tracker at
azimuth and altitude angles of 89° and 72°, respectively. The
results of the sun tracker system’s response based on ANFIS
consequent rules are shown in Figure 16. Based on these tests,
the proposed control rules were able to mitigate the effects of
disturbances, such as changes in light intensity due to clouds,
while maintaining the optimal orientation of the solar panel.
Under partial shading conditions, where some sensors or PV
panels receive reduced light intensity due to shadows from
clouds or surrounding objects. the tracking system may face
challenges in maintaining the optimal orientation of the solar
panel toward the sun.

Further analysis was conducted to determine the sys-
tem’s response to each ANFIS consequent rule in response
to changes in light position. The study was performed by
comparing the system’s response based on Figure 16. This
analysis considered characteristics such as rise time, peak
time, overshoot, settling time, and steady-state error for both
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TABLE 4. The results of ANFIS training and testing with various consequent rules.

Training Testing
Model Parameter
First-Order Second-Order Third-Order First-Order Second-Order  Third-Order
MAE 9.3 3.6 5.26 9.57 2.82 4.08
RMSE 11.61 4.5 6.21 11.33 3.34 4.95
ANFIS 1 MAPE 21.79% 8.08% 17.08% 21.78% 7.02% 10.5%
R’ 0.81 0.98% 0.96 0.83 0.99 0.97
cv 0.39 0.49 0.47 042 0.47 0.44
MAE 11.09 3.82 5.08 9.79 3 351
RMSE 13.78 4.74 6.05 11.81 3.58 4.33
ANFIS 2 MAPE 19.44% 8.3% 12.86% 21.57% 6.44% B.79%
|18 0.69 0.97 0.95 0.82 0.99 0.98
[8Y 0.3 0.42 0.4 0.4 0.46 0.46
MAE 11.76 38 4.41 8.94 2.86 277
RMSE 14.1 4.68 533 10.86 3.48 34
ANFIS 3 MAPE 22.83% 7.69% 8.83% 18.52% 6.35% 6.11%
R* 0.7 0.98 0.97 0.85 0.99 0.99
Ccv 0.35 0.48 043 0.41 0.47 047
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FIGURE 15. The results of the sun tracker movement experiment based (b)

on all combinations of angles M, .M, and My: (a) azimuth angle
movement and (b) altitude angle movement.

azimuth and altitude movements, which are presented in
Table 5 and Table 6. For azimuth movement, second-order
showed the most optimal performance, achieving the fastest
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FIGURE 16. The comparison result of responses to light changes for each
ANFISconsequent rules (a) azimuth (b) altitude

2
rise time and settling time with low steady-state error. The

second-order response also did not exhibit any overshoot.
Meanwhile, the peak time obtained was longer than that of the
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first-order. In the first-order, the settling time was unavailable
because the system response did not reach a steady-state con-
dition during the observation period. For altitude movement,
the analysis also indicated that the second-order performed
better than the others. No overshoot occurred in the second-
order, as with the azimuth movement. In the first-order, the
settling time was also unavailable, as the system response did
not reach a steady-state condition. This analysis reveals that
second-order is the best choice for controlling both azimuth
and altitude movements, making this consequent rule most
suitable for implementation in ANFIS-PCT for a triple-axis
sun tracker system.

TABLE 5. The comparison of performance ANFIS consequent rules on
azimuth movement.

Parameter First-order  Second-order  Third-order
Rise Time (s) 0.681 0.601 0.661
Peak Time (s) 1.403 1.723 1.483

Owvershoot (%) 0.899 0 0.562
Settling Time (s) - 1.462 2212
Steady State Error 0.679 0.03 0.111

TABLE 6. The comparison of performance ANFIS consequent rules on
altitude movement.

Parameter First-order  Second-order  Third-order
Rise Time (s) 0.511 0.491 0.521
Peak Time (s) 2.685 1.493 1.283
Overshoot (%) 0.556 0 0.139

Settling Time (s) - 1.34 1.538
Steady State Error 0.399 0.027 0.213

B. SUN TRACKER SYSTEM PERFORMANCE ANALYSIS
Figure 17(a) compares the sun tracker movement and the
azimuth angle of the actual sun position. The graph shows
the sun tracker accurately follows the sun’s azimuth angle
from sunrise to sunset. Meanwhile, Figure 17(b) compares
the altitude angle. Based on this graph, a discrepancy occurs
at the start of tracking, around 7:00 AM to 8:00 AM. Then,
the sun tracker successfully tracks the sun’s altitude more
accurately, reaching a peak at 12:30 PM at its maximum
altitude. Af'terwan, the altitude of the sun tracker gradually
decr in sync with the sun’s position until sunset. Overall,
the sun tracker sy#em works effectively to adjust its move-
ment in ll'ileil]gE sun’s @gsition in azimuth and altitude
angles, thereby minimiziug?

PV surface throughout the

e solar incidence angle on the

C. SYSTEM PERFORMANCE COMPARISON

Table 7 compares the proposed ANFIS model’s performance
with several previous models related to sun tracker sys-
tems. The comparison aims to validate the performance of
the proposed ANFIS model in tracking the sun’s position.
The models compared include PID-ANN [44], Fast Integral
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FIGURE 17. The result comparison between the tracked and the sun's
actual position: (a) azimuth movement and (b) altitude movement.

Terminal Sliding Mode Control (FIT-SMC) [68], Neural Net-
work Algorithm with Model Predictive Control (NNA-MPC)

9], PID with Internal Model Controller (PID-IMC) [51],

D with Fuzzy Logic Controller (PID-FLC) [48], PD with
Fuzzy Logic Controller (PD-FLC) [46], and Artifgial Bee
Colony {ABC) [50]. The parameters compared are rise time,
settling time, and steady-state error. Based on the compari-
son, the proposed ANFIS-PCT model demonstrates optimal
performance. For the rise time parameter, ANFIS-PCT has a
relatively fast time, only behind the FIT-SMC model, which
recorded the most rapid rise time of 0.15 seconds. However,
compared to other models, ANFIS-PCT 1is far superior. For
the settling time parameter, ANFIS-PCT also shows optimal
performance, although it is still behind FIT-SMC, which
recorded the fastest time. Meanwhile, for the steady-state
gror, ANFIS-PCT demonstrates a more stable and accurate
system.

TABLE 7. The comparison of the proposed ANFIS model with other
published models.

Model Risel;l)"ime Seﬂlil;sg) Time Sle::dr_\l'-ns:aw
ANFIS-PCT
(Proposed) 0.55 1.4 0.03
PID-ANN 2,18 2.46 0.07
FIT-SMC 0.15 0.33 -
NNA-MPC - 0.108
PID-IMC 1.8 5.58
PID-FLC 3.6 4.8 0.4
PD-FLC 6.38 6.38 0.83
ABC 237 5.23 1.05

VL. CONCLUSION
Based on the analysis results, all three proposed ANFIS
models using the second-order consequent rule deliver the
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best performance compared to the first-order and third-order,
both in the training and testing phases. The simulation results
show that the movement of the sun tracker with a triple-axis
mechanism can reach an azimuth angle ranging from 0° to
360°. In contrast, the altitude angle ranges from 60° to 90°.
These values indicate that the sun tracker has good flexibility.
The proposed system has nonlinear dynamics, so several
parameters must be continuously optimized through the train-
ing process to gradually reduce the error value in the system
until it approaches zero. This indicates that the system will
always move towards stability, even with small variations in
input parameters or disturbances.

Although the proposed sun tracker system offers improved
accuracy and responsiveness in tracking the sun’s position,
it has some drawbacks, including system complexity, leading
to higher energy consumption. This is due to the number of
motors that need to move simultaneously to reach the optimal
position. The additional energy the motors consume in the
triple-axis mechanism can reduce overall energy efficiency,
especially in conditions with limited energy sources.

Future research will focus on developing triple-axis sun
tracker technology techniques to enhance efficiency by
reducing energy consumption and optimizing PCT in ANFIS
to make it more adaptive in tracking the sun’s position. Fur-
ther research can be developed by exploring the Lyapunov
method to explicitly determine the stability of the sun tracker
system, allowing the mathematical proof to support the exper-
imental results that have been conducted. Additionally, future
research will focus on exploring energy-saving strategies,
including optimizing by reducing unnecessary servo motor
movements, as well as evaluating the comparison between the
energy produced and the total energy consumed.
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