Zi ] I El' A International Information and

Engineering Technology Association

Improved Path Tracking Control in Mobile Robots Using a Hybrid FOPID Controller with |

Backstepping Technique: An Experimental Study

Check for
updates

Rafik Euldjit, Redha Rebhi>*, Mohammed Ayad Alkhafaji*, Omolayo M. Ikumapayi®, Esther T. Akinlabi®®,

Stephen A. Akinlabi®™, Karrar S. Mohsen’, Younes Menni®”

! Laboratory of Advanced Electronic Systems (LSEA), Department of Electrical Engineering, Faculty of Technology,

University Yahia Fares, Medea 26000, Algeria

2LLERM - Renewable Energy and Materials Laboratory, University of Medea, Medea 26000, Algeria

3 Department of Mechanical Engineering, Faculty of Technology, University of Medea, Medea 26000, Algeria

4 Collage of Engineering, National University of Science and Technology, Dhi Qar, Iraq

5 Department of Mechanical and Mechatronics Engineering Afe Babalola University, Ado Ekiti 360101, Nigeria

¢ Department of Mechanical and Construction Engineering, Faculty of Engineering and Environment, Northumbria University,

Newcastle NE7 7XA, United Kingdom

" Information and Communication Technology Research Group, Scientific Research Center, Al-Ayen University, Thi-Qar, Iraq
8 Department of Technology, University Center Salhi Ahmed Naama (Ctr. Univ. Naama), P.O. Box 66, Naama 45000, Algeria

Corresponding Author Email: menni.younes@cuniv-naama.dz

https://doi.org/10.18280/jesa.560201 ABSTRACT

Received: 3 February 2023
Accepted: 2 April 2023

Keywords:
intelligent  robust  controller, complex
environment,  Arduino  mega,  serial

communication protocol, experimental study

This study aims to address the challenge of low-cost hardware implementation of a
combined backstepping with fractional order PID (FOPID) controller for mobile robots in
real-time applications. Moreover, this work proposes a self-designed mobile robot
prototype that is easy to realize, low in cost, spares time, and reduces human effort. This
robot platform was equipped with two DC motors with quadratic encoders and two passive
wheels, controlled by an Arduino mega, where the software code was developed in the
Matlab-Simulink environment, using Simulink support package for Arduino. Four case
studies were conducted to demonstrate the effectiveness of the suggested methodology.

Experimental results demonstrate improved trajectory tracking performance with less
tracking error and smooth control efforts, and is capable of handling trajectories with
continuous and non-continuous gradients.

1. INTRODUCTION

Currently, the developments in science and technology
enable the appearance of commercial robots in the industrial
field, where the requirement for a programmable vehicle that
can move in three-dimensional workspace for tasks execution
is getting increasing every day. Wheeled mobile robots have
become increasingly important in a range of industrial
applications [1-6]. In order to achieve such challenging
demands, a high efficiency control methodology with fast time
response for tracking both speed and orientation angle during
the task’s execution is required, while mobile robot
interactions and their nonlinear structure make it challenging
to implement control algorithms.

The problem of tracking trajectory is still fascinating and
interests many investigators. Since the rapid progress of many
indoor and outdoor applications that act in complex
environment [7-23]. In addition, the majority of WMRs can be
categorized as nonholonomic mechanical systems (pure
rolling without side slipping motion). The motion of a WMR
in this scenario carries three degrees of freedom, but under the
nonholonomic restriction, it can only be controlled by two
control inputs. These control issues have freshly interested a
great attention of many researchers [7-23]. Each mechanism
has its own specific dynamics propriety that it is different from
one robot to another, which means a standard regulation
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technique is not available. For this purpose, realization of new
and more precise control techniques that respond to task
complexity is required.

In experience, reaching an acceptable path tracking
performance for a WMR is a challenging task due to rapid
changing of the process in real-time, the influence of the
nonlinear dynamic, uncertainties, payload changes and
external perturbation. In order to deal with disgust issues, a
robust control method is required. Various powerful control
approaches have been implemented practically to handle this
problem, such as sliding mode control [11, 12], adaptive
control [13-15], H-infinity control [16, 17], neural network
control [18-20], fuzzy logic type-2 in the study [21, 22], and
using the adaptive neuro-fuzzy inference (ANFIS) [23].

However, the old PID strategy still has been utilized in
many industrial applications [24]. The reason behind this high
popularity belongs to the facility of design and hardware
implementation, with an acceptable performance obtained
from this controller [24]. The appearance of the FOPID
controller made a remarkable attention from many
investigators, due to its over performance compared to the
traditional PID controller [25-30]. In comparison to the
integer-order PID controller, which has just three parameters
to be tuned, five parameters, namely Kp, Ki, Kd, A, and u, can
give better designed controllers, in terms of faster in time
response and less overshoot [25, 30]. Tuning the FOPID
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parameter was challenging, in our previous study [31], a
powerful meta-heuristic algorithm was proposed to solve the
problem, where a comparative analysis was carried out using
Matlab/Simulink environment to highlight the significant
improvement of the chosen algorithm; this research intends to
experimentally validate the previously described method.

The hardware realization of any fractional order system
requires an expertise in the fractional calculus domain, which
leads to a lot of investment in time. In addition, the fractional
systems need a high-level of approximation approaches to
represent the infinite memory of the process, therefore the
discretization of any system should be determined carefully
[26, 32, 33]. This makes it hardware implementation in real
time a critical issue. Moreover, many research papers focused
their investigation on solving this problem only for a specific
application [33]. Most of these algorithms are tested in a
MATLAB-Simulink environment, where the hardware
implementation has been reached using on a rapid and
powerful DSP processors [34-39]. This solution is hard to
apply in the industry due to the big calculations demands and
very costly too [40]. So, in order to get around the issue of high
costs, some researchers used field-programmable gate arrays
(FPGAs) [33, 40], which have evolved into an alternative
option for achieving flexibility and higher accuracy but are
still challenging to implement due to the complexity of the
board [41], using the Programmable Logic Controllers (PLC)
implementation, which is more suitable for industrial
applications due to its simplicity and lower cost [41, 42].
Another approach that is more straightforward than FPGA
implementations is one that is focused on ARM processors
[43]. However, the demands for a standard, simple and also a
low-cost hardware realization that can be applied in various
projects is required. The appearance of the FOMCON toolbox
[44], and simulink support package for Arduino seems to be
promoting, since it has been utilized from many researchers in
various field [45-49]; this makes us the inspiration for this
contribution.

The objective of this study is to develop a low-cost
hardware implementation of a trajectory tracking controller for
wheeled mobile robots, capable of handling complex
environments and executing various pre-defined trajectories
with minimal tracking error. The proposed approach combines
a fractional order PID (FOPID) -controller with the
Backstepping technique, and is designed to provide fast time
response and robust control in the face of nonlinear dynamics,
uncertainties, payload changes, and external perturbations.

The experimental setup consists of a self-designed wheeled
mobile robot platform, equipped with two DC motors with
quadratic encoders and two passive wheels, controlled by an
Arduino mega. The software design involves developing
hardware code in the Matlab-Simulink environment, using the
Simulink support package for Arduino. Experimental results
will be presented to demonstrate the effectiveness of the
proposed approach in trajectory tracking mobile robot
platform has been constructed to examine the overall
performance of the proposed methodology in real-time. The
architecture of the WMR based on the deferential drive
mechanism consists of two DC motor with quadratic encoders
and two passive wheels, an Arduino mega to read the sensory
data. The Arduino acts as a slave microcontroller, connected
with a master PC, communicate with each other based on a
serial communication protocol. Four case studies are offered
to confirm the validity of the proposed controllers.

The activities are divided into three parts, consisting of

hardware design, software design, and experimental results.
The hardware part includes the mechanical and electrical
design of the robot platform, where the software part is
focusing on developing the hardware code in the Matlab-
Simulink environment, using the Simulink support package
for Arduino.

2. DEFINITION OF CONTROL ARCHITECTURE

Figure 1 depicts the self-built mobile robot platform. It
consists of a base carrying a laptop, power supply, the
electronic circuit and a white board marker, in order to act as
a 2D printer, where Figure 2 shows a simplified architecture
of the complete control strategies of the system. Focusing on
the block diagram:
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Figure 2. The proposed control architecture

At first a Simulink support package need to be installed, to
upload directly the Simulink program to the controller board
(Arduino mega) without any programming (details are in
software description). Simulink and the Arduino Mega



microcontroller are connected via USB serial communication
(57000 baud rate, 8 bits). Using the signal input from the
MATLAB environment, Arduino makes a judgment before
generating PWM signals to control the right and left wheels,
where a L298n driver amplify the control action to 12V, to
control the dc motors, supplied by a 6 battery where a boost
converter amplify the voltage to 12V, the quadrature encoders
extract the information from the environment and send back
the data to PC, the linear speed and the orientation are
estimated using the forward kinematics of the mobile robot.

(d)

Figure 3. Design of the mechanical platform: (a) Top view of
the base, (b) the electronic circuit location in the base, (c)
Bottom view, (d) the assembled platform

3. HARDWARE DESIGN

The differential drive system is one of the more affordable
options for navigating mobile robots. One of the most
straightforward driving systems for a mobile robot, it is
primarily meant for indoor navigation. There are two parts in
this section.

3.1 The self designed robot platform

The differential drive robot has two wheels positioned on a
single axis, each of which is driven by a distinct motor. Caster
wheels are the two supporting wheels. This guarantees the
robot's stability and weight distribution. Figure 3 depicts the
differential drive system's self-designed platform, and Table 1
lists the platform's hardware components.

Table 1. Component of the platform’s hardware

The platform has a circular floor plan with a

Size platform diameter of 34 cm

Wheels Radius of wheel, R=0.04 m
Drive type Differential drive with two caster wheels
Maximum
0.3m/s
speed
DC motors 12V, 107 RPM, with gear ratio 1:90
Motor type and stall tork 20kg.cm at maximum current is
3.44
Encoder Hall * Ratio=11%¥90=990 PPR (pulse per
resolution revolution)
Controller Arduino Mega 2560 board
Power 6V, 44h battery with boost converter
Weight 4kg
Payload Skg

3.2 The electronics circuit design

The power supply is taken from a (6)) battery with a
maximum current up to 444, where a boost converter is used
to convert the voltage from 6) to 12V. In order to provide
energy to both DC motors and also the power electronic
circuits, which is a L298n driver (see Figure 4). This H-bridge
driver uses its own regulator to lower the voltage to 5V in order
to power the ARDUINO mega controller board. The ground
connection of the battery is common to the entire system
electronics of the robot. The power control circuit of the
motors (L298n) contains two full H-bridges of with maximum
supporting current up to 24. Although motors may require
more current (up to 34 for a single motor). The added heat sink
in the module allows it to work without heating for this
application. Moreover, this circuit can be purchased at a very
low cost which make it ideal for our application.
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Figure 4. Wiring diagram of the entire hardware

To power the Arduino board, the driver's 5V pin is
connected to the Arduino's Vin pin. In order to control the



direction of motor 1, the L298n driver's input 1 and input 2
pins are linked to the Arduino's pins 07 and 08, respectively.
Motor 2 is controlled by the L298n driver's input 3 and input 4
pins, which are connected to the Arduino's pins 11 and 10,
respectively. In order to use PWM signals to regulate the speed
of motors, Enable A and Enable B are connected to Arduino's
pins 9 and 12, respectively.

The encoders of the DC motors are magnetic type, with two
digital outputs (A and B) of 5V pulses that connect to inputs
of Arduino interrupt. They allow you to get a resolution of 990
counts per turn. The ARDUINO mega has six external
interruption lines, where pins 18, 19, 20, and 21 are used for
signals A and B of the encoders of the two actuators.

4. SOFTWARE DESIGN

The MATLAB/Simulink environment and the Arduino
board were combined using the Simulink Support Package for
Arduino Hardware. The decision was made based on the many
benefits that this toolbox provides, including the ability to
build and execute Simulink models in numerical fields and to
provide a block library for configuring and interacting with
Arduino sensors, actuators, and communication interfaces
using USB cables. With this method, you may create control
algorithms in Simulink and upload them without any code to
the hardware platform (Arduino board) [45]. These toolboxes
are in charge of making data communication between the
computer and the robot and vice versa possible. This tool,
which can be easily discovered in MATLAB's home tab's add-
on section, automatically generates C and C™ code for
embedded systems. Figure 5 shows a window displaying the
Arduino blocks library.

The package makes it possible to carry out operations like
[45, 46]:

- Get data from analog and digital sensors from the Arduino
board;

- Control devices that have PWM and digital outputs;

- Utilize a USB cable to communicate with an Arduino
board; and

- Use the SPI (Serial Peripheral Interface) or the IIC (Inter
Integrated Circuit) (I2C) to access peripheral devices and
Sensors.

External Mode and Normal Mode are the two primary
means of communication between the board and the PC. Both
approaches offer advantages and disadvantages, but
depending on the project, one approach can turn out to be more
advantageous than the other [50].

Simulink 10's normal mode:

You can use Simulink I/O to establish a connection to
external hardware, like an Arduino, and download applications
to it. Although it is a quick way to run your code and interact
with the I/O peripherals, the main drawback of this connection
method is that data recording is more challenging than with
external mode.

External mode:

By using the external mode, you can adjust parameters and
track data in real-time, which eliminates the need to recompile
or download the model each time a change is made. When
external mode is activated, the Arduino and computer
communicate over the serial port. Therefore, the USB must be
linked between them in order for it to operate in external mode.
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The appeal of using external mode for these tests lies in its
capacity to adjust and track changes in real-time. Being able
to observe the immediate results of your modifications on the
hardware has advantages for you. This real-time changing
capability comes at a price, though, since the serial port must
be kept open and has a finite amount of bandwidth in order to
communicate back and forth. The program's speed can be
impacted by this restriction. Thus, compared to normal mode,
this mode is slower [50].

It is important to note that a different option, Deploy to
Hardware, allows us to export all of the code to the
microcontroller without requiring a PC connection. However,
in this instance, the external mode will be used because we'll
be using Simulink's Scope blocks as oscilloscopes for the most
crucial signals, such the control signal or the plant output.
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Figure 5. Arduino blocs library
4.1 The complete simulink model

Figure 6 reports the complete bloc diagram of the designed
simulink model which is responsible for controlling the robot
platform, it consists of a trajectory generator programmed
based on a Matlab function responsible for generating the
reference signal, a backstepping controller is located in
external loop programmed using a Matlab function too,
responsible for the kinematic control actions. Two discrete
FOPID controller blocs in the internal loop were created by
benefiting from FOMCON toolbox (description will be in next
sections), one for speed control and the other for orientation
control. The output signals were sent to the two wheels using
PWM technique, the quadrature encoder used to determine the
robot localization.

4.2 FOPID controller implementation

In 1999, Podlubny [9, 10, 44] introduced the fractional
proportional integral derivative (FOPID) which incorporates
two new fractional components, A and L, into the traditional
PID controller. These new components are a fractional
integrator and differentiator, respectively, and are represented
by the non-integer-order operator in Eq. (1):
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Although the term (s%) lacks an analytical solution, it
possesses a fractional order that is difficult to implement. As a
result, numerical solutions like the Oustaloup approximation
are commonly used [9, 10, 44].
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Figure 6. The complete designed simulink bloc diagram
The FOMCON toolbox was selected for the FOPID
> Kp implementation [44]. A series of graphical user interfaces
/ l intended to make the toolbox easier to use. The aim to find a
E(S) 2 U(S) comprehensive solution for effective controller design and
T g — K, ( Z analog/digital implementation is another driving force behind
the development of FOMCON. This last one provides a
collection of tools specifically for using fractional-order PID
| . i > K. controllers.
ad :

Figure 7. Block diagram of fractional order

The block diagram in Figure 7 depicts the parallel structure
of the FOPID controller, where the input is £(S) and the output
is U(S). Eq. (4) provides the time domain expression of the
transfer function for the Fractional Order PID (FOPID), while
Eq. (5) gives its Laplace domain representation:

u(t) = Kye(t) + k;Di*e(t) + K Dl e(t) 4)
cs) = 2O e K g g 5
(s) = oA ts1tKa Q)

The constants K, K;, and Kq are the proportional, integral,
and derivative gain values, respectively. The fractional orders
of the integral and derivative terms are denoted by A and p.
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4.3 Speed control

The PWM ratio can be changed to regulate the speed of a
DC motor. By changing the duty cycle of pulses while
maintaining a constant carrier signal frequency (period) and
pulse amplitude, PWM is a technique for modulating a signal.
The computer controls peripherals via digital output pins
operating in PWM mode.

However, due to the limited current and constant output
voltage, the embedded computer is unable to connect to a DC
motor directly. As a result, the L298N motor driver is used by
the embedded computer to power the motor. The two motors
are driven by the motor driver once it receives an on/off signal
from the Arduino mega.

A DC motor driver can turn a DC motor on or off, but does
not have the ability to control speed. Pulse Width Modulation
(PWM) is used by the embedded computer to quickly turn on



and off these switches while also controlling the direction and
speed of the motor.

Figure 8 shows the designed simulink model that generates
the PWM signals. The frequency of the waveform is constant
at approximately 490 Hz. The Output of the first FOPID
controllers (see Figure 6) is responsible for controlling the
right wheel velocity by sending the control signal to Arduino
digital pin 09 which is the PWM pulse width modulation pin.
The duty cycle is controlled from 0 to 255. If logic 0 then duty
cycle is zero means the speed of machine is 0 RPM. While
logic 255 then speed of motor is 107 RPM that means
maximum mobile robot speed, here a Matlab function has been
created (see Figure 8) to deal with the PWM output signal and
controlling the direction of the right wheel at the same time,
using PIN 09, PIN 07 and PIN 08, the Matlab function here is
to make sure that the L298n driver will not short circuit. The
same technique has been applied for controlling the left wheel
using the second FOPID controller, using pin 12 for PWM
signal were, pin 10 and pin 11 for the direction of left wheel.

4.4 Motor speed calculation from encoder

The quadrature encoder, a sensor that produces data in the
form of a square wave, enables control of the movement of the
vehicle's wheels. The motor speed and the number of pulses
are connected. Figures 9(a) and (b) illustrates the Simulink
model of the pulse count and its conversion to RPM utilizing
pins 18, 19, 20, and 21 for both DC motors and a "Rollover
block adjustment".
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Figure 8. The designed simulink model for the PWM signals
and orientation

This bloc was produced because to the fact that the buffer
used to keep track of the number of counts can only handle
values between -32768 and 32767, it needs 16 bits, 15 of
which are used for the number and 1 for the sign.

In order to establish whether a rollover has occurred, this
subsystem compares the current number of counts to the
number of counts from the previous sample (at 32767 or at -
32768). If a rollover has occurred, the rollover is then removed
from the accumulated number of counts.

The sampling time is: 0.005 seconds. In this study, the
encoder of geared DC motor has a reduction ratio of 1:90
(metal gearbox) providing a resolution of 11 pulse per
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revolution. So, the counts per revolution (PPR) of the motor
speed and gear ratio can then be calculated: PPR=11%90=990.
The Gain block used for converting pulse to RPM is shown in
Figure 9(a). Since the output signal has quite a lot of noise. A
transfer function filter block was then applied here to reduce
some noise to a certain extent.
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Figure 9. The designed simulink model for encoder reading:
(a) the structure of the RPM reading, and (b) the S function
bloc and the rollover bloc
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Figure 10. The designed simulink model for pose estimation

The 'Dead Reckoning' or 'Odometric Localization’
procedure uses information from the quadrature encoders in
the right and left wheels to estimate a robot's coordinates. The
robot's location, linear velocity, and angle of orientation are
then predicted using the forward kinematics model. The robot
pose is then estimated by integrating the data across time



beginning at a specified initial point (x(0) and y(0)). The
Simulink model that corresponds to the estimation
methodology is shown in Figure 10.

The above simulink bloc was realised using the following
kinematic model from our previous contribution [9, 10].

rcos 6 0
t1 [sino 0 Rost Reoss
y, 0 1 sin sin )
g'a | 1 -L [”]:1 R _R [‘pR] (6)
. 5 |tel 2 L L P
g{)R R R 2 0
PL L 0 2
L R

Although this method is the most fundamental one used in
mobile robotics, it is frequently employed in industrial
robotics applications that don’t need highly accurate location
estimation or as a redundant backup system for verification
and error control. The wheels’ alignment must be adjusted, and
the diameters of the wheels must match [51]. Additionally, a
workspace's floor contact should be flat and smooth to prevent
slippage brought on by variations in the wheels’ points of
contact. More detail can be found in the study [9, 10].

5. EXPERIMENTS RESULTS

The constructed mobile robot platform mentioned in the
preceding section was used in trials to track four different
intended trajectories in order to demonstrate the resilience of
the proposed control strategy.

The method put into practice illustrates how the system
behaves in terms of vehicle orientation, velocity control, and
tracking errors when the FOPID and the backstepping
controller are combined. Furthermore, research looks into the
capacity to follow any trajectories with both continuous and
non-continuous gradients. In order to highlight the distinctions
and similarities between employing various trajectories, these
comparisons are carried out under identical circumstances.

5.1 Case study (1): Tracking circular trajectory

First, a desired circular trajectory was used to confirm the
applicability of the provided control mechanism to follow the
continuous gradient with a constant rotation radius. Figure
11(a) shows a circular trajectory drawn on a white board using
a platform that has been specifically developed, and Figure
11(b) shows estimated values in the XY coordinate.

The motion of this trajectory is a continuous gradient
trajectory. As a result, the first fractional order PID controller
receives the difference in error between the desired and actual
linear velocity. Figure 11(a) depicts the results of the speed
control action, which track and converge to the intended
reference velocity. The reference and actual orientation
outputs of the second FOPID controller are shown in Figure
12(b). The orientation errors are kept close to zero, as can be
shown.

179

\ <
\)

Reference
—Actual path

02+
£ o
>

-0.2+

-0.4

-0.6 0.4
X(m)
(b)

Figure 11. Circular path: (a) the actual circle trajectory, (b)
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Figure 12. Circular path control efforts: (a) the tracked
speed, (b) the tracked orientation

Figures 13(a), (b, (c) and (d) show the errors according to
the X, Y, theta and the error of distance. As represented in Y,
from the previous response estimated from the encoders we
can say that the control methodologies have been successfully
realized for the circular trajectory.
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Figure 13. The tracking errors of the circular path: (a) error
of X axis, (b) error of Y axis, (¢) error of the orientation, (d)
error of the distance

5.2 Case study (2): Tracking lemniscates trajectory

Other continuous gradient routes include the lemniscate
trajectory. Despite having a nearly identical orientation to a
circular trajectory, a lemniscate trajectory is a planar curve
with the distinctive shape of two loops that come together in
the middle (central point). Because it is traveling while
changing coordinate directions, it exhibits a roundabout
motion. The equations from our earlier contributions [9, 10, 31]

are used to generated the lemniscate trajectory. Figure 14(a)
shows a 2D print of the infinity trajectory of the actual robot
platform, and Figure 14(b) shows estimated data from
quadrature encoders of the desired and actual lemniscate
trajectories. Based on the employment of the FOPID
controllers and the back-stepping controller in combination, it
exhibits extremely good response and reasonable trajectory
tracking performance.
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Figure 14. (a) The 2D print of the infinity trajectory, (b)
estimated XY plane for infinity path
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Figure 15. Lemniscate control efforts: (a) the tracked speed,
(b) the tracked orientation

Figure 15(a) displays the estimated control actions from the
encoders that demonstrate the efforts required from the robot
vehicle to track the velocity. The data action is changed from



a linear velocity (m/sec) to a rotation speed in this case
(revolution per minute: RPM). Figure 15(b) displays the output
efforts for the orientation angle control. The figures
demonstrate a system actuator's realistic response to such a
trajectory.

The errors according to the X, Y, theta orientation, and
distance error are shown in Figures 16(a), (b), (c) and (d),
respectively. From the previous response estimated from the
encoders and the real 2D print of the trajectory, we can say that
the control methodologies have been successfully realized.
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Figure 16. Tracking errors of lemniscates: (a) error of X-axis
(b) error of Y-axis, (c) error of the orientation, and (d) error
of the distance

5.3 Case study (3): Tracking quadrifolium trajectory
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The trajectory of the quadrifolium is categorized as a
continuous gradient path. Although a quadrifolium trajectory
has a nearly identical orientation to a lemniscate’s trajectory,
it is a planar curve with a distinctive form that consists of four
loops that come together in the middle.

This path has been executed using the following equations
[10]:

xg(n) = 0.5 * sin? (2*”*%)*605(2*71*%) ™

t t
_ 2 i
yr(n) = 0.5 * cos (2*n*30>*sm(2*n*30) 8

It is far more difficult to realize than lemniscates. Figure
17(a) shows the 2D print of the quadrifolium trajectory made
using the actual robot platform, and Figure 17(b) shows
approximated data obtained from quadrature encoders of the
planned and actual quadrifolium trajectories.

—Reference path
—Actual path

Figure 17. (a) The 2D print of the quadrifolium trajectory,
(b) estimated XY plane for quadrifolium path

Figure 18(a) displays the predicted control actions from the
encoders that illustrate the efforts required from the robot
vehicle to track speed. Here, the data actions are translated
from linear velocity (m/sec) to a rotation velocity (revolution
per minute: RPM). Figure 18(b) shows the output attempts for
the orientation angle control. The figures demonstrate a system
actuator's realistic response to such a trajectory.
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Figure 18. Quadrifolium path control efforts: (a) the tracked
speed, (b) the tracked orientation, (c) error of X-axis, (d)
error of Y-axis, (e) orientation error, and (f) distance error

The errors according to the X, Y, orientation angle, and
distance errors are displayed in Figures 18(c), (d), (e) and (f),
respectively. From the previous response estimated from the
encoders and the real 2D print of the trajectory, we can say that
the control methodologies have been successfully realized
with a low tracking error.

5.4 Case Study (4): Tracking rectangular trajectory

This study generates a non-continuous gradient trajectory,
which results in an instantaneous change in the orientation at
the connecting point while the WMR's path is being executed.
A sharp, shaped trajectory is one that has several points of
inflection, and the rectangular trajectory falls into this category.
This example has been used to demonstrate the performance
and capacity of the backstepping and FOPID controller when
used together to handle situations like these.

(a)
0.8 |
0.6+ —Reference
_ —Actual path
Eo4
>~
0.2
0
-0.2 0 0.2 04 06 0.8 1 1.2 1.4
X (m)
(b)

Figure 19. (a) The 2D print of the rectangular path, (b)
estimated XY plane for rectangular path



Figure 19(a) shows the 2D print of the square trajectory, and
Figure 19(b) shows the estimated XY plane coordinates
obtained from DC encoders of the desired and actual
trajectories. The control actions estimated from the encoders
which shows the efforts needed from the robot vehicle to track
the speed is given in Figure 20(a). Here, the data action is
converted from linear velocity (m/sec) to a rotation velocity
(revolution per minute: RPM), the output efforts for the
orientation angle control are given in Figure 20(b). The figures
show a good response of system actuators for such a trajectory.
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Figure 20. Control efforts of the rectangular trajectory: (a)
the tracked speed, (b) the tracked orientation, (¢) error of X-
axis, (d) error of Y-axis, (d) angle error, and (¢) distance
error

Figures 20(c), (d), (e) and (f) shows the errors according to
the X, Y coordinate, the theta orientation and the distance error
respectively. Due to the quick changes in orientation at the
corners of the rectangle, the control techniques have been
successfully implemented with an acceptable tracking error,
according to the prior response calculated from the encoders
and the actual 2D print of the trajectory.

6. CONCLUSIONS

For a self-designed robot vehicle, a real-time
implementation of a mixed fractional order PID controller and
backstepping method has been developed. The device uses an
encoder sensor to simultaneously locate itself and detect its
surroundings. Based on the quadratic encoders, the WMR's
travel distances and orientation have been estimated. To deal
with the disturbance caused by DC motors, a noise filter has
been introduced utilizing forward kinematics. In order to
verify and validate the control technique, the platform based
on the embedded system is explored utilizing four significant
case studies. The first case study used a circular trajectory with
a constant rotation radius and an intentionally continuous
gradient. The third case study also used a smooth,
quadrifolium-based trajectory, however it was more difficult
to realize. The last trajectory is a rectangular one with a clearly
non-continuous gradient. Experimental results show that the
system works well and have confirmed the simulation results
of our previous proposed technique. Moreover, the prototype



is easy to realize, low in cost, spares time, and reduces human
effort. Applying the proposed methodology in another mobile
robot types seems to be motivating, such the unmanned Aerial
vehicle. Consequently, it has been seen that some results can
be ameliorated in the future especially for non-continuous
trajectory. As perspectives we suggest to implement the
adaptive Neuro- Fuzzy inference system (ANFIS), in real time
application. The trajectory tracking and navigation problem
can be going up to a new level and more robust using new
embedded processors like the raspberry pi 4, and the FPGA,
using vision sensors like the Kinect camera, an ultrasonic
sensor like the HC-SR04 for the obstacle avoidance, and the
Mems technology have a part too in developing the robot
platform. A multi-agent architecture needs to be done in order
to fix the problems that a single mobile robot can’t handle in
complicate scenarios.
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