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Abstract

Electric motors have been widely applied in various equipment. One
application is found in Unmanned Aerial Vehicles (UAVS). An electric
motor speed control system that can balance the aircraft's position is
one of the mandatory features that must be owned by the aircraft.
The position balancer control also supports the Vertical Take-Off
Landing (VTOL) system. This study's VTOL position control system
uses Hardware-in-the-loop (HIL) method with MATLAB Simulink and
Arduino. ANFIS (Adaptive Neuro-Fuzzy Inferences System) is used
as a position control algorithm. The controller performance is
compared with conventional PID and FLC (Fuzzy Logic Controller).
The system is tested as an initial position variation and loading test.
The experiment shows that HIL can help fast prototyping by faster
changes in the controller algorithms and is easy to program. The
result is varied in each experiment. In the ISE (Integral Square of
Error) point of view, ANFIS is better than PID by 100 % and has a
very small difference from FLC in the initial position test. ANFIS is
better by 95.44% and 4.56% compared with PID and FLC in the
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loading test, respectively.
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INTRODUCTION

Electric motors have been widely applied
in  production, medical, auto industry,
instrumentation, automotive, to aerospace [1]. A
simple example of electric motors in the
aerospace field is Unmanned Aerial Vehicles
(UAVSs). An electric motor speed control system
that can balance the aircraft's position is one of
the mandatory features that must be owned by
the aircraft.

The airplane balancer system on certain
airplane models must be active since the aircraft
will take off. Like the helicopter or UAV models
popular today, the drones, which usually are
quadrotor type, will balance the entire fuselage
when taking off. This type seeks to achieve a
stable and precise point by balancing the forces
produced by the four rotors [2]. The use of
drones is rife in the fields of agrarian [3], military
[4], industry, and film [5].

One type of drone with the rapid
development is Vertical Take-Off Landing (VTOL)
[6]. The position balancer control also supports
the VTOL system and has been developed by
several methods. The method currently used in
VTOL is the Proportional Integral Derivative (PID)
method [7]. Several studies have emerged to try
other control systems or combine several control
systems with improving control performance.
Jacob and Kumar proposed Sliding Mode Control
(SMC) to balance the VTOL System. They
conclude that SMC performs better than PID [8].

However, the SMC algorithm cannot adapt
to system changes well. The other researchers
propose a Fuzzy Logic Controller (FLC) [9] or
Adaptive Network-based Fuzzy Inference System
(ANFIS) [10][11]. The control system can be
implemented and handle changes in system
conditions even though the plant model is
unknown [12]. Research and development
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methods for VTOL will continue to develop along
with aircraft types or models.

Aydogdu and Cunkas study the realization
of fuzzy logic controlled brushless dc motor
drives using MATLAB/Simulink. The control
algorithm of fuzzy logic and PID are compared
[13]. The dynamic characteristics of the BLDC
motor) as well as the current and voltage of the
inverter components were observed and
analyzed using the developed model.

Rabah et al. have study about design of a
fuzzy-PID controller for quadcopter trajectory-
tracking. The proposed controller is compared
with the PD and FLC to differentiate which one
has better performance using MATLAB. The
simulation results show that the Fuzzy-PID
controller responds better on different paths than
the other two controllers [14]. Burhanuddin and
Malik study fuzzy control UAV based MATLAB on
Arduino flight controller. Fuzzy controllers are
designed to be tested in Hardware in Loop (HIL).
The experimental results and the validation of the
controller application function were considered
satisfactory. It was concluded that it was possible
to stabilize the quadcopter with a fuzzy logic
controller [15]. Mahfouz et al. compare PID and
ANFIS in controlling the roll, pitch, yaw, and
altitude of Quad-Rotor Helicopters. From the
simulation result, they conclude that ANFIS has
better performance than PID. On the other hand,
PID is the easier one [16].

Currently, the researchers are quite helped
by software that can display the project design
results without having to spend money to do the
project in a tangible form. For example, one of
the software used to research is MATLAB with
Simulink.  Inc. Simulink is a graphical
programming language that can display data flow
for modeling, simulation, and analysis of a
dynamic system before being transferred to
hardware. The condition is one of the advantages
of Simulink for novice programmers because
programmers do not need to write the syntax of
C, C ++, or HDL code, but the syntax
components are presented in block form [17]. In
addition, Simulink is also able to deploy or
integrate systems on hardware in real-time.

Based on the references that have been
explained, this research will focus on the VTOL
position control system by comparing the PID,
FLC, and ANFIS methods using the Simulink

interface, which is able to integrate with
embedded systems without the need to
reprogram embedded systems wused. This

method is also known as Hardware in the Loop
(HIL). The use of HIL using MATLAB has been
done by [18, 19, 20]. All conclude that HIL can be
used for fast prototyping.

The contribution of this research is to
compare the performance of PID, FLC, and
ANFIS in the position control system of VTOL via
HIL. The result of this experiment can be used to
determine which controller that base suited in
VTOL position control. It also gives information
about the effectiveness of the HIL method in
prototyping.

This paper is organized as follows. Section
2 presents material and method which explain
the theoretical review of the VTOL System and
the design of PID, FLC, and ANFIS for position
control of VTOL. Then, in section 3, the
simulation and testing results are discussed.
Finally, the conclusion is in section 4.

MATERIAL AND METHOD
Material

The material in this study is the Vertical
Take-Off Landing (VTOL) System. VTOL system
refers to aircraft that can take off, float, and land
vertically. Typical VTOL-based helicopter designs
or multirotor designs combine four or more
propellers that create lift and thrust for aircraft.
Multirotor VTOLs can be equipped with various
loads, including high-resolution cameras,
multispectral  sensors, and environmental
monitoring sensors such as CO2 and radiation
detectors [21].

Figure 1 shows the design of the single-
axis VTOL system used in this research, whereas
Figure 2 shows its hardware implementation. As
can be seen in Figure 2, this model is a quarter
model of a VTOL or quadrotor that only uses one
propeller. The position control is doing by
balancing the left and right bar of Figure 2. This
system consists of a Li-Po 3S battery, Arduino
Uno, MPU sensor, ESC (Electronic Speed
Controller), and BLDC motor as power supply,
main controller, position sensor, motor driver, and
motor propeller, respectively. The BLDC motor is
used since it light and has the high speed and
efficiency [22].

BLDC MOTOR

Figure 1. VTOL Schematic
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MPU SENSOR

BLDC MOTOR

Figure 2. Hardware Implementation

Method

The control system used in this study is a
type of automatic regulating system, which is a
feedback control system that maintains the
position of the system regarding any interference.

Proportional Integral Derivative (PID)

PID is a control system commonly used in
industry because it is easy to use and simple
[23][24]. The design of a PID begins by using the
System Identification Toolbox to get the system
model or known as Black Box modelling [25]. The
reference data is in a time database, so Time-
Domain Signal is selected in the data import
option. Furthermore, the input data x is a
workspace containing the PWM control value,
and the output data y is a workspace containing
the angular value of the sensor reading. There
are 784 data taken for + 18 seconds with a
0.0238 sample time. Next, experiment to find the
transfer function estimation using second-order,
with the number of poles and zero of 2 and 0,
respectively. The transfer function uses the same
discrete time as the sample time. Figure 3 shows
the Simulink block diagram of PID control with
the plant transfer function.

The PID block on Simulink provides an
automatic tuning feature and will display the
system conditions before and after tuning along
with the tuning parameters of the PID. If the
tuning is still unsuitable, the PID value can be
changed on the Tuning Tools tab to get the
desired results. The tuning process is complete
and gets a Kp parameter value of -1.274, a Ki
value of -0.195, and a Kd value of 0.288.

After updating the PID controller block,
the system is simulated for 70 seconds and gets
the graph output in Figure 4. The system can be
controlled using the PID with a rise time of + 3
seconds, overshoot 12.3% in the range of the 5
seconds, and reaches a steady state at 30
seconds.

00292822
22.0.0013892:0.9986

Discrete PID Controller

Discrete Scope
Transfer Fen

Figure 3. PID Controller System
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Figure 4. PID Tuning in MATLAB/SimuIink“
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Fuzzy Logic Controller (FLC)

FLC design starts with using the Fuzzy
Logic Designer Toolbox in MATLAB. FLC will use
two inputs, namely error and derivative error, and
one output: control value. Each block has a
membership function to classify the values to be
controlled. This input error and derivative error
block use a range of values from -30 to 30. The
value is chosen because the sensor's reading
angle is + 26°, and the desired angle is 0°.

Figure 5 is the Fuzzy Logic Designer
Toolbox in the MATLAB environment, while the
membership function of input and output is
shown in Figure 6. NB, NS, Z, PS, PB are
negative big, negative small, zero, positive small,
and positive big, respectively.

After initiating the membership function in
each block, the next step is to design the rule
base FLC, Table 1, in the rule editor. Next, the
rules are entered into the rule editor by inputting
the error value, error derivative, and output value.
The value inputted from the first line decreases,
then the second line decreases, and soon. The
order in which the rules are entered does not
affect anything. Then the Fuzzy Inference
System (FIS) will be exported to the MATLAB
workspace for later recall and use in the FLC
block in Simulink.
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Figure 5. Fuzzy Logic Designer Toolbox
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Figure 6. Membership Functions Input and
Output of FLC

Table 1. Rule Base FLC
del e NB NS z PS PB
NB PB PB PB PS z
NS PB PB PS z NS

4 PB PS z NS NB
PS PS z NS NB NB
PB A NS NB NB NB

Adaptive Network-based Fuzzy Inference
System (ANFIS)

The difference between FLC and ANFIS is
in how to generate fuzzy membership and rules.
In FLC, it is manually defined, whereas ANFIS
design it using Neural Network (NN). In the
MATLAB environment, the design of ANFIS can
be done using Neuro-Fuzzy Designer Toolbox.
The data to be trained is loaded into the
workspace, with input-1 being error data, input-2
is a derivative error, and output is the control
value. The toolbox will generate FIS and training
data to get the appropriate rules from the input
and output of the reference data. Figure 7 shows
the results of the training in the neuro-fuzzy
designer toolbox.

ot

[

Figure 7. Training Result in the ANFIS Toolbox
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Figure 8. Membership Functions for Input 1 and
Input 2, and Output of ANFIS

The results of testing errors on ANFIS
were 7.5844. ANFIS is created with each of the
five triangular membership functions at constant
input and output. ANFIS also creates rules with
names and automatic parameters from reference
data. The membership functions are shown in
Figure 8, whereas the rules in the rule editor are
presented in Table 2. Then the FIS will be
exported to the MATLAB workspace for later
recall and use in the FLC block in Simulink.
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Table 2. Rule Base ANFIS

de/ e inlmfl  in1lmf2 inlmf3 _ in1lmf4 inlmf5
in2mfl  outlmfl outlmf6 outlmfll outlmflé  outlmf2l
in2mf2  outlmf2 outlmf7 outlmfl2 outlmfl7  outlmf22
in2mf3  outlmf3 outlmf8 outlmfl3 outlmfl8  outlmf23
in2mf4  outlmf4 outlmf9 outlmfl4 outlmfl9  outlmf24
in2mf5  outlmf5 >utlmfl0 outlmfl5 outlmf20  outlmf25

RESULTS AND DISCUSSION

The Hardware in the Loop (HIL) concept is
used in this experiment because it gives an easy
way to control implementation and monitoring.
MATLAB Simulink is used as an interface and a
virtual processor in which controller algorithms
are implemented. The output of this controller is
sent to the Arduino using serial communication,
and sensor reading from the system is feedback
to Simulink via Arduino.

The Simulink system starts when the
COM23 receives serial sensor reading data from
Arduino, then the data is converted with a data
type converter block into a double data type. The
difference between the reference value and the
sensor reading is an error that will enter the
control system. In Figure 9, there are two control

blocks in the blue area, namely the PID
Controller and Fuzzy Logic Controller. For PID
Controller programming, it only has one input
which is the error value. Whereas the Fuzzy
Logic Controller has two inputs, namely error
value and derivative error. A manual switch is
used to change the control method between the
PID and FLC methods. In the Fuzzy Logic
Controller block, the previously created FIS file
will be called from the workspace. In the Fuzzy
Logic Controller block, the FLC and ANFIS
methods can be changed according to the FIS
name that has been created. The control value is
limited by the saturation block + 150. It is done to
limit the outlier value and adjust the programming
on Arduino. The control value will be converted
into single data and bytes sent back to Arduino
via COM23 serial. Display and scope can be
added anywhere to monitor data every step.
Then Figure 10 is a position control VTOL with
interface Simulink in real-time mode simulation.
There are two tests done in this research which is
different initial position and loading test.

L9
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Figure 9. Interface on Simulink
Figure 10. Position Control VTOL with Simulink Interface
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Different Initial Position

This scheme tests the performance of a
VTOL system when one of its propeller systems
is at the upper or lower of its horizontal line or x-
axis line. There are three different initial positions
tested which are -15°, 0°, and 15°, which depict
lower position, horizon, and upper positions,
respectively.

1) Initial position -15°

Figure 11 is the result of an initial position
of -15°. PID, FLC, and ANFIS are in the yellow,
blue, and red graphs, respectively. After the
system is turned on, it oscillates around its center
point, trying to stabilize the position at its horizon.
As a result, FLC and ANFIS are stable after the
5s event not in the horizon line (0°). On the other
hand, the PID response swings up and becomes
stable in the upper of the horizon line after the
20s.

The comparison of the controller's
performance with the initial position of -15° is
presented in Table 3. From the quantitative data
from Table 3, PID is superior in terms of
undershoot and ISE (Integral Square of Error)
with the smallest value. FLC is superior in terms
of rising time. In comparison, ANFIS is best for
settling time and overshoot.

2) Initial position 0°

Figure 12 is an initial position test result at
0°. After the system works from its horizon
position, it varies up and down from the initial
position, trying to be stable. ANFIS gives the
response nearest to the equilibrium or horizon
line. FLC oscillate under the horizon line and
stable after the 20s under the horizon. Whereas
the PID response is not stable until the
experiment time is over.

The comparison of the controller's
performance with the initial position of 0° is
presented in Table 4. At this test, PID has the
worst performance compared with the two others.
At the same time, FLC is still superior in rising
time. The last, ANFIS, has the best performance
in terms of settling time and ISE. Whereas both
overshoot and undershoot of it are the same as
the FLC response.

—AC -
2 — AN
po =

ji /\ :

A0

“WW&W““W%\:M\J@W

Angle ()

Time (s)

Figure 11. Initial Position Test Result at -15°

Table 3. Comparison of Controller Performance
with Initial Position -15°

Parameters PID FLC ANFIS
Rise Time (s) 3.21 0.96 1.81
Settling Time (s) 17.31 5.84 5.56
Overshoot (°) 21 11 0
Undershoot (°) 15 25 25

ISE 4.965*10°  8.367*10°  1.210*10*

Angle (*)

0 5 10 15 20 2%
Time (s)

Figure 12. Initial Position Test Result at 0°

Table 4. Comparison of Controller Performance
with Initial Position 0°

Parameters PID FLC ANFIS
Rise Time (s) 1.56 0.81 1.16
Settling Time (s) 16.01 14.11 10.35
Overshoot (°) 21 18 18
Undershoot (°) 25 25 25

ISE 2.546*10'% 5.298*10°  4.137*10°

3) Initial position 15°

Figure 13 shows the results when the initial
position is 15°. The responses are different from
the two previous results. It is seen that, after
starting from the initial position, all control method
gives responses which go below the horizon line.
All of them reach stable around -20° after 5s.

Table 5 resumes the performance
parameters value of this test. It is clearly seen
from the data that FLC is superior in terms of
rising time and ISE. At the same time, PID has
the lowest settling time and undershoots
compared with others. In contrast, ANFIS has the
smallest overshoot.

Angle ()

0 5 10 15 20 2%
Time (s)

Figure 13. Initial Position Test Result at 15°

Table 5. Comparison of Controller Performance
with Initial Position 15 °

Parameters PID FLC ANFIS
Rise Time (s) 0.96 0.51 0.56
Settling Time (s) 6.96 11.31 7.26
Overshoot (°) 19 15 0
Undershoot (°) 24 30 28

ISE 1.008*10*” 1.100*10*  1.944*10*
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Loading Test

This kind of test is to know the response of
the system when a load is added. First, the test is
done by setting the propeller at equilibrium or
horizon, then several tests by varying the load of
five marbles (27.5 grams), six marbles (33
grams), and seven marbles (38.5 grams) are
done. In this test, the load is added before the
system start, and the initial position of the system
is at the horizon line (0°).

1) Load 27.5 grams

Figure 14 shows 27.5 grams of load test
results. All the response graphs are in a negative
value, or the propeller is below the horizon line.
This condition means that the propeller can raise
the load. However, it cannot stabilize the load
yet. The graph shows that after 5s, all the
controller is stable bellow the horizon. PID is the
fastest to reach stable conditions with the lowest
rise time and settling time. It is also superior in
undershoot and ISE with minimum value. At the
same time, FLC and ANFIS have the same
performance in overshoot and undershoot, while
ANFIS has a lower ISE than FLC. The
performance parameters value of this test is
resumed in Table 6.

2) Load 33 grams

Figure 15 shows 33 grams load test
results. It shows that the response in this test is
varied between each controller. PID is oscillated
around the horizon line and could not reach a
stable condition until the test was ended. FLC is
faster to reach a stable condition. However, its
condition is below the horizon line. On the other
side, ANFIS also oscillates around the horizon
line.

Table 7 resumes the performance value of
this test. PID has the fastest rise time with the
highest ISE. FLC is superior in terms of settling
time and overshoot. The last method, ANFIS, is
the best in undershoot and ISE but has the worst
settling time.

30
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Figure 14. 27.5 grams Load Test Result

Angle ()

Table 6.Comparison of Controller Performance
with 27.5 grams Load

Parameters PID FLC ANFIS
Rise Time (s) 0.36 0.56 1.16
Settling Time (s) 3.26 10.91 10.86
Overshoot (°) 7 0 0
Undershoot (°) 30 31 31

ISE 1.226*10*  1.452*10*  1.229*10*

Angle ()

Time (s)

Figure 15. 33 grams Load Test Result

Table 7. Comparison of Controller Performance
with 33 grams Load

Parameters PID FLC ANFIS
Rise Time (s) 0.41 1.26 0.71
Settling Time (s) 7.46 3.01 8.56
Overshoot (°) 20 0 22
Undershoot (°) 25 25 15

ISE 7.090*10%®  1.230*10*  4.539*10°

3) Load 38.5 grams

Figure 16 shows the result of the 38.5
grams load test. The graph shows that all of the
control methods give the same graph pattern
over the horizon at this load. This means that the
load is heavy, and the propeller is going up on
the horizon. It also can be seen that all the
responses are stable after 2s. FLC has higher
oscillating in the middle of the test, whereas two
others remain stable until the test ends. Table 8
shows the quantitative value of the performance
index. It is seen that PID is superior in terms of
overshoot. In comparison, ANFIS is better in
settling time and ISE, while FLC has the highest
settling time.

Angle (%)

3 L 1 AT |
0 5 10 15
= Time (s)

Figure 16. 38.5 grams Load Test Result

Table 7.Comparison of Controller Performance
with 38.5 grams Load

Parameters PID FLC ANFIS
Rise Time (s) 1.11 0.71 0.71
Settling Time (s) 2.95 4.71 2.7
Overshoot (°) 20 21 23
Undershoot (°) 0 5 0

ISE 1.351*10%°  1.404*10'° 6.168*10%
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Comparison of Controller Performance

The result of all the tests is compared by
calculating the average value for each
characteristic. Table 9 is the average value of the
controller performance comparison table with the
initial position -15°, 0°, 15° (Table 3, Table 4, and
Table 5). Table 11 is the average value of the
controller performance comparison table with a
load of 27.5 grams, 33 grams, and 38.5 grams
(Table 6, Table 7, and Table 8).

In this analysis, PID is used as the base for
comparison. Therefore, the PID parameters value
is considered as 100%. FLC and ANFIS
performances are compared to PID to determine
the best one in some parameters value. Table 10
and Table 12 are percentage comparisons when
PID is the base of comparison for Table 9 and
Table 11, respectively.

Table 10 inform that in the initial position
testt PID has the smallest value of
undershooting. FLC is superior in terms of rising
time and ISE. At the same time, ANFIS is
dominant in settling time, and overshoot. Table
12 resumes the result of the loading test. It

informs that at the loading test, PID has the
shortest rise time and settling time. In contrast,
FLC is better in overshoot. The last method,
ANFIS, is superior in terms of undershoot and
ISE.

The result is varied in each experiment.
However, the overall result shows that ANFIS
has better ISE compared to PID and FLC.
Furthermore, it proves that ANFIS is better in
position control of the VTOL system than PID and
FLC. Since this experiment uses the HIL method,
the tuning of PID can be done using MATLAB
autotuning, whereas the ANFIS training data is
received from PID. On the other side, FLC is
manually tuned to choose the best membership
and fuzzy rules. The HIL method offers the
advantage which is easy to program when the
controller algorithm is changed. This method can
be used for rapid prototyping because the
response of the controller algorithm can be
evaluated faster.

Table 8. Comparison of Initial Position Testing Controller Performance

Parameters PID FLC ANFIS
Rise Time (s) 1.91 0.76 1.17
Settling Time (s) 13.42 10.42 7.72
Overshoot (°) 20.33 14.67 6
Undershoot (°) 21.3 26.67 26

ISE 3.360*10% 8.221*10°  1.189*10*

Table 9. Percentage of Comparison of Initial Position Testing Controller Performance

Parameters PID FLC ANFIS
(%) (%) (%)
Rise Time (s) 100 39.79 61.60
Settling Time (s) 100 77.61 57.52
Overshoot (°) 100 72.13 29.51
Undershoot (°) 100 125 121.88
ISE 100 2.45*10*%  3.54*104

Table 10. Comparison of Load Testing Controller Performance

Parameters PID FLC ANFIS
Rise Time (s) 0.62 0.84 0.86
Settling Time (s) 4.56 6.21 7.37
Overshoot (°) 15.67 7 15
Undershoot (°) 18.33 20.33 15.33
ISE 4.51*10%° 4.68*10'®  2.06*10%®

Table 11. Percentage of Comparison of Load Testing Controller Performance

Parameters PID FLC ANFIS
(%) (%) (%)
Rise Time (s) 100 134.57 137.23
Settling Time (s) 100 136.28 161.81
Overshoot (°) 100 44.68 95.74
Undershoot (°) 100 110.91 83.64
ISE 100 10.39 4.56
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CONCLUSION

Position control of the VTOL system using
ANFIS with the HIL method has been carried out.
The controller performance is compared with
conventional PID and FLC. The system is tested
as an initial position variation and loading test.
MATLAB Simulink is used with Arduino to make a
HIL. The experiment shows that HIL can help fast
prototyping with faster changes in the controller
algorithms and is easy to program. The result is
varied in each experiment. From the ISE point of
view, ANFIS is better than PID by 100% in the
initial position test and has a very small
difference with FLC. ANFIS is better by 95.44%
and 4.56% than PID and FLC, respectively, in the
loading test.
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