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Abstract

Supervisory control techniques for unmanned ground

vehicle

The aim of this thesis is to design new control techniques to deal with the trajectory tracking
problem of the wheeled mobile robot (WMR).in order to achieve the goal, Three new solutions are
proposed, these approached are examined in MATLAB environment and validate experimentally,
based on specific paths such as the continuous gradient trajectories (quadrifolium path, circular path
and the lemniscates), or a non-continuous gradient path like the rectangular trajectory.

The first method is to design a new hybrid technique between the standard PID controller and the
adaptive neuro-fuzzy inference (ANFIS), abbreviated as ANFIS-PID, this technique was optimized
using numerous nature inspired algorithms ,here two ANFIS-PID controllers were designed in order
to deal with speed and the orientation control for the mobile robot, but this technique was for
dealing with dynamics of mobile robot only, there for a backstepping controller has been introduced
in the external loop as kinematic controller.

The second methods was based on a novel combination using the fractional order proportional
integral derivative (FOPID) control strategy, with the nonlinear backstepping approach ,here. Two
optimized FOPID controllers are needed in the internal loop to handle the dynamic problem, using
new hybrid meta-heuristic techniques, the first FOPID is created in order to control the velocity of
WMR. were The second FOPID controller is to deal with the orientation angle control of the
electrical vehicle. The influence of the suggested approach is that a noticeable progress has been
achieved in terms of minimizing trajectory-tracking errors and reducing control actions, specifically
in continuous gradient trajectories.

Third proposed control methodology is the merge of fractional order PID controller with ANFIS
controller abbreviated as ANFIS-FOPID controller. The purpose is to minimize the trajectory
tracking error of non-continuous trajectories. The controller has been optimized based on the same
algorithms used in previous solution, here also we have two blocks of ANFIS-FOPID controllers in
the dynamic level to reduce the orientation and the speed error, and like the other methodology here

we have added the backstepping controller to take care the kinematic control action. The obtained
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results by using ANFIS-FOPID have shown a serious development in reducing errors of path
tracking and increasing the control efforts over the results by FOPID, and ANFIS-PID.

Finally, a 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

keywords: Backstepping, FOPID, ANFIS, meta-heuristics, hybrid techniques, UGV, trajectory
tracking. WMR.

Résumeé

Techniques de contréle supervisé pour véhicules

autonomes

L'objectif de cette these est de concevoir nouvelles techniques de commande pour traiter le
probleme de suivi de trajectoire du robot mobile a roues (WMR). Afin d'atteindre l'objectif, trois
nouvelles solutions sont proposeées. Elles sont élaborées dans I'environnement MATLAB puis
validées expérimentalement en utilisant des trajectoires spécifiques, telles que les trajectoires a
gradient continu comme la trajectoire quadrifolium ou trajectoire circulaire ou lemniscate, ainsi que
les trajectoires a gradient non continu comme la trajectoire rectangulaire.

La premiere méthode consiste a concevoir une nouvelle technique hybride, entre le contréleur PID
standard et I'inférence neuro-floue adaptative (ANFIS), en abrégé ANFIS-PID. Cette technique est
optimisée a l'aide de nombreux algorithmes inspirés de la nature. Ainsi, deux contréleurs ANFIS-
PID sont congus pour gérer de facon dynamique, la vitesse et l'orientation du robot mobile. Un
contréleur de backstepping est introduit dans la boucle externe, en tant que contrdleur cinématique.
La deuxiéme méthode est basée sur une nouvelle combinaison de la stratégie de contrble par la
dérivée intégrale proportionnelle d'ordre fractionnaire (FOPID) avec l'approche non linéaire du
backstepping. Afin de gérer le probléme dynamique, deux contrbleurs FOPID sont nécessaires dans
la boucle interne et sont optimisés par de nouvelles techniques méta-heuristiques hybrides. Le
premier FOPID contrble la vitesse du WMR, tandis que le deuxieme FOPID contrdle I'angle

d'orientation du véhicule mobile. Un progreés notable est réalisé avec I'approche suggérée, en termes
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de minimisation des erreurs de suivi de trajectoire et réduction des actions de contréle, en particulier
dans les trajectoires a gradient continu.

La troisieme méthodologie de controle suggérée est 1’association du contrdleur PID d'ordre
fractionnaire avec le contr6leur ANFIS, abrégé en contrbleur ANFIS-FOPID. Le but est de
minimiser l'erreur de suivi des trajectoires a gradient non continu. Ce type de contrdleur est
optimisé par les mémes algorithmes utilisés dans la solution précédente. De méme, deux blocs de
contréleurs ANFIS-FOPID sont utilisés au niveau dynamique afin de réduire l'orientation et I'erreur
de vitesse, et sont associés au contréleur backstepping qui prend soin de I'action cinématique. Les
résultats obtenus ont montré une réduction poussée des erreurs de suivi de chemin avec
augmentation des possibilités de contrdle, comparativement aux résultats obtenus par FOPID ou
ANFIS-PID.

Une plate-forme robotique mobile est construite afin de mesurer en temps réel, les performances
globales de la méthodologie proposée. L'architecture du WMR basee sur le mécanisme
d'entrainement différentiel, se compose de deux moteurs a courant continu avec encodeurs

quadratiques, de deux roues motrices, et d’un Arduino méga pour lire les données captées.

Mots-clés: Backstepping, FOPID, ANFIS, Meta-heuristiques, techniques hydride, robot mobile

autonome, suivi de trajectoire.
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oR right spinning angles of wheels RPM
oL left spinning angles of wheels RPM
L The torque of left wheel of the mobile robot. N.m
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motor about the Wheel diameter,
Ra Armature winding resistance, Q
La Armature winding inductance, H
Kt Torque constant. N-m/A
Kb Back emf constant. N-m/A
N Gear ratio. -
q Vector of generalized position coordinates -
q Vector of longitudinal and angular velocities of -

generalized coordinates.
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M(q) Symmetric positive definite inertia matrix of -
the system,

C Centripetal and Coriolis forces matrix, -
F(q) Surface friction matrix, -
G(q) Gravitational vector, -
B(q) Input transformation matrix, -

T Input transformation matrix and input vector. -
Iter Current number of iterations -

Itermax Maximum number of iterations -
Iter Current number of iterations -
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Iter Current number of iterations -
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r Radius of vehicle’s wheel m
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q Vector of generalized position coordinates -

t, rise time s
Mp% peak percentage, overshoot -
Peak Maximum overshoot value -

ty peak, time S

ts settling time S
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A The fractional order of integral
U The fractional order of derivative
Kp Proportional gain
Ki Integral gain
Kd Derivative gain
T The sampling time
F(s) The Laplace transform of f (t)
r Euler’s gamma function
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1. Background & Motivation
Autonomous systems can be introduced as a programmable and multi-purpose machine, able to
learn and to extract data from its environment using sensor technology and control units to plan and
execute its mission within its surrounding without human interventions [1]. The autonomous
vehicles are known as being used to improve the quality of life, with pollution reduction
(greenhouse gas) and accident prevention (for instance, 93% of road traffic accidents are caused by
human error) [2]. The autonomous system can to operate numerous kinds of applications including
cleanings, house helpers, deliveries, safety, educations, supermarket helpers, receiving officers
since it can be used to control the processing time, and to provide precise and reliable outputs. The
autonomous processes do not need to be paused. They can work all day without pause or rest.
The mobile robot is one subset of the autonomous system, at the beginning of the robot history most
of the researches were focused on robotic arms and manipulators, due to the rapid growth of the
automobile industry in the 1980s led to the domination of commercialized manipulators. Since then,
the manipulators have become an integral part of the automobile manufacturing industry. In
comparison with the manipulators, mobile robotics is still a relatively young area of research. The
great deal of interest in mobile robots is because of their mobility [2], basically mobile robots are
grouped into numerous categories, including wheeled and legged; aerial, ground, and underwater;
holonomic (omnidirectional) and nonholonomic robots; homogeneous multi-robot systems and
heterogeneous; and large scale, macro, and micro robots; see reference [3] for more details.
The scope of this thesis is focused on the nonholonomic wheeled mobile robots. The reason behind
this attention from many researchers is because of their controllability issue, caused by the limited
number of control inputs, while the vehicle may have three degrees of freedom, in another word this
type of robots are under-actuated, which means a pure feedback control cannot handle the control
problem in complex environment. Nowadays, wheeled mobile robots (WMRs) are become in a
wide range of civilian and military applications (such as reconnaissance, agriculture, rescue, space
exploration, surveillance, combat, materials transportation, etc.) [3,4]. This led to the appearance of
new indoor and outdoor tasks that work in complicate environment, where a plenty of problems are
waiting to be addressed in order to improve the industrial environments. Until now, the control
problem of the tracking trajectory is still challenging and attracting many researchers.
To achieve the path tracking, a WMR is obligated to follow a specific trajectory such as continuous
gradient trajectories and non-continuous gradient trajectories. In order to comply with new tasks
requirements, a new powerful control method calls for to be achieved. This requires knowledge
from many disciplines of engineering, including mechanical, electrical, and computer engineering.
1
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A WMR consists mainly of components such as sensors, intelligent controllers and actuation
systems. Those components are the key element of achieving the autonomy and make a WMR
capable of working and performing its tasks without human assistance. Hence, a UGV operates
autonomously based on its perception; all the previous challenge motivates us to make these
contributions.

2. Objectives and contributions of the Research

The fundamental objective of this thesis is to design an intelligent robust controllers, which is
capable to track pre-defined trajectories in a complex environment with less tracking error , using
smooth control efforts ,in order to deal with continuous gradient trajectories such as lemniscate,
circular, and linear trajectories and non-continuous gradient trajectories such as square trajectories.
To achieve the aims . The author objectives of research work can be divided into categories based
on the reported research topics as follows:

1) To model the UGV based on non-holonomic kinematic characteristic, dynamic and actuators
units.

2) To modify and improve the performance of traditional PID controller by hybridize it with the
adaptive neuro fuzzy inference system (ANFIS), abbreviated as ANFIS-PID controller, optimized
using various met heuristics algorithms. This is done by finding the optimal torque control action
that will minimise the tracking error (the travel time and travelling distance) of the mobile robot by
Introducing seven new meta-heuristics techniques to optimise the new controller , based on the
objective function under the name integral square error (ISE).where this techniques are: particle
swarm optimiser (PSO), grey wolf optimiser algorithms (GWO), dragonfly optimizer (DA), ant lion
optimiser (ALO), grasshopper algorithm (GOA) , moth flame optimizer (MFO), and the artificial
bee colony algorithm (ABC),

3) To introduce a novel optimal backstepping fractional order proportional integral derivative
(FOPID) controllers to tackle the problem of trajectory tracking. The parameters of the FOPID
controllers are optimally tuned, using various intelligent techniques. The obtained results have
demonstrated an observable development for minimizing the trajectory tracking error and reducing
control efforts. Thus, this in turn leads to improve the operational response of the system in
continuous and non-continuous gradient trajectories. However, the improvement has not been
satisfied with the non-continuous gradient trajectory at this stage.

4) To propose new controllers based on the FOPID controllers and an optimal hybrid adaptive
fractional neuro-fuzzy inference controller, abbreviated as ANFIS-FOPID controller, a robust

controller that merge the advantages of the FOPID controller with the ANFIS controller and
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benefiting from the powerful HWGO optimiser for adjusting the parameters of the proposed
controller, based on the cost function namely integral square error (ISE).

5) To practically implement the architecture of the UGV to validate the overall performance of the
proposed intelligent controllers.

3. Achievement

The proposed controller plans the desired trajectory of optimal smoothness for the mobile robot and
executes the trajectory tracking by generating optimal torque control actions. Simulation results
confirm the over robustness of the proposed hybrid ANFIS-FOPID controller in handling both
smooth and sharp chapped trajectory, compared to the FOPID and the ANFIS controller, several
tests has been made, based on transient parameter, such as rise time (tr), settling time (ts), overshoot
(Mp), peak, and peak time (tp). Many cases study were applied to demonstrate the superiority of the
controller, like circular path, zigzag path, five shape path, and a square path.

The experimental work show the effectiveness of the proposed control methodologie, which
achieved excellent tracking for Lemniscates and Circular as a continuous and rectangle as a non-
continuous gradients trajectories actual mobile robot and reduced the tracking error to less than
1cm. The actions of the proposed controller were small smooth values of the torques for right and
left wheels without sharp spikes.

4. Thesis organisation

This thesis is presented as follows:

Chapter one brief history to mobile robot and overviews of previous studies related to this field.
Chapter two describes the kinematics and dynamics mathematical model of the nonholonomic
wheeled mobile robot.

Chapter three describes the thirst proposed method which is the combination of ANFIS with PID
controller

Chapter four is devoted to the proposed novel approach to solve a trajectory-tracking problem based
on the optimal fractional order PID controllers, combined with the backstepping controller
,optimized using various controller.

Chapter five the suggestion of an combination between the adaptive neuro fuzzy inference system
(ANFIS) controller and the FOPID controller .

Chapter six presents the hardware and software design of the robot platform and the experimental
results of the proposed controller.

Finally, a conclusion of the entire work and suggestions for future work.
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1.1 Introduction

In this chapter, we first present a background on the systems considered in the thesis, Then, we
highlight the main issues related to the control problems considered and how they are tackled by the
proposed solutions.

1.2 Background

The classic definition of a robot is a machine with a certain level of intelligence, a compilation of
algorithms for sensing, reasoning, and moving about space. Basically, robots can be divided into
two categories, fixed and mobile robots [2]. Fixed robots are mounted on a fixed surface and
materials are brought to the workspace near the robot. A fixed robot is normally used in mass
production, as in car factories, for welding or stamping. Mobile robots have the capability to move
around in their environment and are not fixed to one physical location; therefore, the mobile robot
can be defined as a mechanical device that performs automated tasks, whether according to direct
human supervision, a pre-defined program, or a set of general guidelines, using artificial
intelligence (Al) techniques [5].

At the beginning of the robot history, most of the research where focusing on developing robotic
arms and manipulators. Robot arms comprise a 2 billion dollar industry. Bolted at its shoulder to a
specific position in the assembly line, the robot arm can move with great speed and accuracy to

perform repetitive tasks such as spot welding and painting (Fig 1.1) [5].

© KUKA Inc. O SIG Demaurex S/

Figure 1.1 Picture of auto assembly plant-spot welding robot of KUKA and a parallel robot Delta of
SIG Demaurex SA (invented at EPFL) during packaging of chocolates [5].
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In the electronics industry, manipulators place surface-mounted components with superhuman
precision, making the portable telephone and laptop computer possible. Yet, for all of their
successes, these commercial robots suffer from a fundamental disadvantage: lack of mobility.

A fixed manipulator has a limited range of motion that depends on where it is bolted down. In
contrast, a mobile robot would be able to travel throughout the manufacturing plant, flexibly
applying its talents wherever it is most effective.

Mobile robots can be categorized into wheeled, tracked or legged robots, and they are more useful
than fixed robots. Mobile robots are increasingly used in industry, in service robotics, for factories
(e.g. in delivering components between assembly stations) and in difficult to access or dangerous
areas such as space, military environments, nuclear-waste cleaning and for personal use in the forms
of domestic vacuum cleaners and lawn mowers. In comparison with the manipulators, mobile

robotics is still a relatively young area of research.
1.2.1 Autonomous mobile robot classification

Several kinds of robot mobilities exist and they can be categories according to their work
space/environment. A brief description of the most common types is given below [3-5] :
A. Underwater robots which are widely called Autonomous Underwater Vehicles (AUVS)
(Fig 1.2a).
B. Boat robots, called Unmanned Surface Vehicles (USVs) (Fig 1.2b).
C. Aerial robots which are commonly called Unmanned Aerial Vehicles (UAVS) or drones
(Fig 1.2c).
D. Ground robots which are commonly called Unmanned Ground Vehicles (UGVs).
Furthermore, the UGV can use different devices to move such as legs (Fig 1.2d), wheels
(Fig 1.2e) or specialized wheels [indoor crc press] such as tracks wheels or the one used by
the robot Curiosity (Fig 1.2f). The different works developed in this manuscript are
dedicated to UGVs with wheels. The term mobile robot will always designate, in what
follows, a UGV and if not, the mobile robot structure will be explicitly defined in the text.
More specifically, the focus will be on the control of UGVs to perform autonomous
navigation even in highly cluttered and dynamic environments. In the adopted
methodology, it is taken as principle that if the proposed control architecture can be
reliable in that kind of complex and constrained environment, it could be obviously even

more reliable in a less constrained one.
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Figure 1.2 Different kinds of mobile robot locomotion [3].

1.2.2 Early history of mobile robot

Perhaps, the first electrical mobile robot was the autonomous vehicles built by Nikola Tesla in the
1890s. Tesla developed wireless, radio-controlled vehicles [6]. Fig 1.3a shows one of his remote-

controlled aquatic vehicles. During the early to the mid-1940, the first steps in the modern



Chapter I: Background and literature review

electronic robotic systems were made. The mathematician Norbert Wiener is recognized as the
inventor of cybernetics and modern robotics. His studies were focusing on the systems regulation
and their application to control. During World War 1l, he was engaged in a project to develop an
anti-aircraft gun (see Fig 1.3b).

(c)
Figure 1.3 Analog robots. (a) Tesla’s robot (b) flying bomb. Currently hanging in the Imperial War
Museum, London (¢) Walter’s robot[6]

One of earliest fully autonomous vehicles is the Walter’s electronic turtle (see Fig 1.3¢)[6].named
after W. Grey Walter between 1950 and 1951 ,the machine i had phototube eyes, microphone ears,
contact-switch feelers, and capacitors used as memory devices to perform associations. Walter
named the robot Tortoise after the creature in Alice in Wonderland. The Tortoise performed tasks

such as heading towards well-lit regions, locating the recharging hutch, and wandering without
mishap.
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The rapid development of digital computers leads to the appearance of new more complex mobile
robots at the Stanford Research Institute Between 1966 and 1972, Nils Nilsen, Charles Rosen, and
other researchers developed the first mobile robot to be operated using artificial intelligence
techniques [6]. Under the name Shakey, The 5-foot-tall robot used two stepper motors using a
differential drive mechanism ,equipped with sensors. An optical rangefinder and vidicon television
camera with controllable focus and iris were mounted on a tilt platform for sensing. Two radio

channels, one for video and the other for providing the command. Shakey is shown in Fig |.4a.

(b)

Figure 1.4 The first autonomous ground vehicles (a) SRI’s Shakey (b) CMU “Rover”
(c) Stanford “Cart”[6]
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The Later designed robots like the Stanford Cart and the CMU Rover were considered as the
extended versions of Shakey and investigate to plugging up its shortcomings. The Stanford Cart
was built as a remotely controlled mobile robot with an onboard TV by Adams in 1960 for his
research project; later improvements were supervised by Earnest.

The Stanford Cart (see Fig 1.4c) was developed between 1973 and 1979 at the Stanford Artificial
Intelligence Laboratory and transferred to Carnegie Mellon University (CMU) in 1980. Major
modifications and new solutions to a number of classic robot problems were developed. In order to
locate objects and planned paths to avoid obstacles, a single camera is used by taken nine images
taken at different positions from environment. A comparison of the images over time was used to
determine the motion of the cart. The robot was controlled by an off-board computer program that
drove the cart through cluttered spaces. The cart moved roughly 1 m every 10 to 15 min. However,
the Stanford Cart introduced a number of limitations in order to recognize these limitations, the
CMU Rover project (Fig 1.4b) was developed (started in 1980), and a synchronous drive-like
mechanism was used. Infrared and sonar proximity sensors were added to the robot and modified
the camera mount for the video sensor so that it could pan and tilt as well as slide, which were not

possible with the Stanford Cart.
1.2.3 Current day mobile robots

Nowadays, the Walter’s and Nilsson’s robots have been confined to the museum, now robots are
designed with portable computers and easy hardware to be implemented. The robots such as the
ASIMO or even AIBO are yet to become a part of human society, partially because of the price and
also since these robots are works across various domains, as a coffee delivery robot in office
environments, actors of sorts in stage plays, soccer players, assistants to the elderly with their daily

chores and various others such arenas. We mention, for example, some modern robots [7]:
1) Khepera

In the late 1990s, the EPFL developed a robot named Khepera and commercial it with K-Team
Corporation. the robot was mostly used for education and research and often credited with being a
vital aspect for the development of evolutionary robotics. Fig 1.5a shows the original version of
Khepera [ref].

2) Roomba
In 2002 the iRobot company made a vacuum cleaning robot known as Rooba. This robot can
change directions when encountering an obstacle when it vacuuming and it can detect an edge, thus

preventing it from tumbling down stairs. To aid there is a pair of brushes, rotating in opposite

directions which helps to pick up dirt from the floor. Fig 1.5b Shows the Roomba 780.
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(a) (b)
Figure 1.5 (a): Khepera (b) Roomba [7]

3) Pioneer Robot

The Pioneer was developed by ActivMedia Robotics, Georgia. The robot is provided with a ring of
8 forward-facing sonars and 8 optional rear-facing sonars. A maximum speed of 1.6 meters per
second can be attained by robot as well the robot can carry a payload of up to 23 kg. Fig 1.6a shows
the Pioneer base is mounted with an arm manipulator [7].

4) The Turtlebot

Turtlebot was established by Melonee Wise and Tully Foote at Willow Garage in late 2010. Fig 1.6b
represents the Turtlebot 2, which has a Yujin Kobuki base, a Kinect sensor and a laptop with a dual
core processor and is available as open source hardware with a BSD license. Priced at about $1000,
the robot has found support from the ROS community and is used in numerous universities in their

robotics laboratory courses.

5) Segway
The University of Plymouth, in collaboration with BAE Systems and Sumitomo Precision Products,
developed a battery-powered, self-balancing two-wheeled scooter, namely Segway. This robot uses
gyroscopic sensors and an accelerometer for maintaining balance. The Segway is a recent ancestor
of autonomous vehicles of the immediate present and the promise of the future. At a maximum
speed of about 12 miles per hour, it is excellent for the golf course and other short tours and it has

also been designed into a companion robot (see fig 1.6¢) [7].

10
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(a) (b) (©)
Figure 1.6 Wheeled mobile robots,(a) the Pioneer Robot (b) the Turtlebot (c) Segway

6) AIBO

The AIBO robot was produced by SONY, while Toshitada Doi and Masahiro Fujita are the pioneers
whose work led to its development in 1998 . The iconic series of robots of this company were
inspired by dogs and lion cubs and their name means "Artificial Intelligence RoBOt, and also

suggests the Japanese, aibo, meaning pal, friend, partner (see Fig 1.7a).

=1 4

e

|

e e

(a) (b)
Figure 1.7 Walking robots, (a) AIBO (b) Honda ASIMO (c) NAO

7) Honda ASIMO
The ASIMO robot of Honda’s celebrated humanoid is said to be insprired by Isaac Asimov but the
acronym reads otherwise, "Advanced Step in Innovative Mobility’. the robot is designed as a
walking assistant (Fig 1.7b) [7], stands 130 cm, weighs about 50 kgs, can attain maximum speeds of

9 km per hour in running mode, can be controlled by PC, wireless controller, or voice commands.
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8) Nao

This robot was made in 2006 as an open source software by the Franch company, Aldebaran
Robotics (see Fig 1.7¢). In 2013, Nao was acquired by Japan’s SoftBank Robotics [7]. Standing at
58 cm and weighing 4.3 kg, it is powered by the Intel Atom processor and has an assortment of
sensors, HD cameras, microphones, sonar rangefinder, infrared, tactile and pressure sensors. The
robot has quite a reputation: it has acted in a ballet, been the most prolific robot in robo soccer, has
been employed as a therapeutic robot for children suffering from autism, has been programmed to
be the first robot with deontic ethics and also, to a degree it is the first robot to attain sentience,
albeit for a very short time.

9) The autonomous driving car

The autonomous driving car is another common field of robotics engineering that has fascinated and
attracts more and more investigators in the last decade [2], from academic, industry, and the

military.

Figure 1.8 autonomous driving cars,(a) The Google self-driving car (b) The VisLab autonomous
vehicle (c) Boss, the autonomous vehicle that won the 2007 DARPA Urban Challenge

12
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The DARPA Urban Challenge, initiated in 2007, is widely known as the competition of
autonomous driving cars. Boss, developed by Carnegie Mellon University (see Figure 1.8.a), was
the first winner of this competition with a speed of 22.53 km/h , Two driverless vans, developed by
VisLab (see Figure 1.8.b), at University of Parma in Italy, spent three months traveling to the World
Expo of Shanghai from Parma, Italy, an overall traveling distance of around 13,000 km ,Google
self-driving cars have traveled over 2,400,000 km as of March, 2016, Figure 1.8.(c)[2].

1.3 Holomic and nonholomic proprieties

In the last decade, researchers and scientists have designed numerous locomotion structures for
autonomous mobile robots. We have to indicate that the use of wheels as a locomotion mechanism
is the most efficient way for unmanned ground vehicles. Because the control of the electric
actuators is easy compared to legged vehicles, just changing the voltage input makes the robot
changing its velocity and direction. The scope of this thesis is focusing on the nonholonomic
wheeled mobile robots. To better understand the difference between the holomic and nonholomic

robots, a brief explanation is required[8-10].
1.3.1 Holomic wheeled mobile robot

The Holonomic mobile robots as it shown in Figl.9 are robots that are able to move in any
direction without changing their orientation. Fig 1.9b shows a holomic mobile robot with three onmi
wheels and Figl.9a shows the Uranus robot with four mecanum wheels (often called Swedish
wheels). An omniwheel is an ordinary wheel reinforced with rolls on its outer circumference. These
rollers spin liberally about axes in the XY plane of the wheel and tangential to the wheel’s outer
circumference (see fig) ,they provide sideways sliding while the wheel drives forward or backward

without slipping in that direction [8-10]

(a) (b)
Figure 1.9 holomic mobile robots (a) URANUS (b) 3WD Compact Omni-Directional[10]
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Mecanum wheels are similar, except that the spin axes of the circumferential rollers are not in the
plane of the wheel. The sideways sliding allowed by omniwheels and mecanum wheels ensures that

there are no velocity constraints on the robot’s chassis[9].

Figure 1.10 mecanum wheel with rollers mounted around the wheel rim, each roller axis is at 45

degree from the main wheel plane and at 45 degree to the line parallel with the wheel’s axis [9].

1.3.2 Nonholomic wheeled mobile robot

On the other hand, the nonholonomic mobile robots must have to change their orientation in order
to move at some directions, using only two inputs to control three degrees-of-freedom outputs. They
can be expressed as a class of mobile robots that carry differential constraints (also called
nonholonomic or velocity constraints). Nonholonomic wheeled mobile robots work using classic
wheels that do not support sideways slipping, they can only move in the direction perpendicular to
the axis of the driving wheels. There are four different types of nonholonomic wheeled mobile
robots [6,8-10] :

1) Differential Drive
The differential drive mechanism is well known in many indoor applications, because of the

simplicity structure and low-cost hardware design .this type of mobile robot consists of two
independent driving actuators with wheels mounted on a common axis, are usually balanced by a
one or two passive caster wheel and being driven either forward or backward. Whilst the velocity of
each side can be varied, the vehicle must rotate about a point that lies along their common left and
right wheels’ axis. The point that the UGV rotates about is known as the instantaneous centre of
curvature (ICC) as shown in Fig. 1.10a. By varying the velocities of two wheels, the motion can be

varied to track given trajectories.
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(a) Differential drive (b) Khepera robot
Figure 1.11 Differential drive kinematics. Most differential drive robots use castor wheels for

stability. (b) the khepera Appears with the kind permission of A. Herzog [6].

2) Synchronous Drive

For the synchronous drive structure, each wheel is able to drive separately. And all the wheels can
work in unison based on a typical configuration of wheels , this leads to a holonomic behaviour.
The orientation of a steered wheel of the rotation axis can be controlled, as shown in Fig. 1.12. In
addition, The synchronous drive has the ability to control the orientation of their pose directly .
Because it ability to control the wheels in parallel, the synchronous drive always rotates about the
centre of the UGV [6].

(a) Synchronous drive kinematics (b) ARK-1 robot
Figure 1.12 Synchronous drive mechanism. (a) the kinematic of the robot (b). The ARK-1 robot is

built around the Cybermotion Navmaster platform. Which utilizes a synchronous drive.
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3) Tricycle, bogey, and bicycle drive

Here the study is focusing on the Tricycle robot, because it has very similar kinematics to the bogey
(wagon), and bicycle drive robots. And because the tricycle problem is the most often use in mobile
robots. A typical tricycle drive is demonstrated in Fig 1.13 b, where Fig 1.13a shows the kinematic
of the robot. in this structure, three wheels with odometers on the two rear wheels, with steering and
power provided through the front wheel. The robot motion is controlled by the steering direction «

and velocity v provided through the front wheel.

ICC
front wheel

rear wheels

(a) Tricycle shematics (b) Mecos mobile robot

Figure 1.13 Tricycle mobile robot. Copyright Mecos Robotics AG. Used with permission.

4) Car Drive (Ackerman Steering)

Commonly, the Ackerman steering drive vehicle method is used for outdoor application. An
example of this autonomous vehicle is shown in Fig. 1.14 below. This mechanism is an elegant and
a simple structure in order to approximate ideal steering used in motor vehicles, the inside front
wheel is rotated slightly sharper than the outside wheel to reduce tire slippage. Ackerman steering
provides nearly an accurate dead reckoning solution whilst supporting traction and ground

clearance.

rear whaels

(a) Ackerman steering (b) Oto Melara

Figure 1.14 Ackerman mechanism (a) robot kinematics . (b) The Oto Melara. Appears with kind
permission of OTOBREDA
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1.4 wheeled mobile robot control architecture

Fig 1.15 shows the entire control architecture of a wheeled Mobile robot (WMR). It can be clearly
seen that for the trajectory tracking and navigation of the WMR, several elements are necessary,
various sensors are utilized for getting data from the environment. Many control approaches can be
applied in order to get the localization of WMR in its workspace. processing is necessary in order to
make decisions about how to act and plans the next action and it execution in the environment.

Finally the robot moves based on a regulation method, for achieving its goals [11].

Localisation — ]
Position Path planning
or Map
. Local M
building i
h 4
Perception (Motion control
Information Path
extraction Exécution
L 4
Sensing Acting

. J . /

\/

Real world

Environment

Figure 1.15 General Control scheme for UGV.

1.5. Control Problems of the Mobile Robot

Most WMRs can be classified as nonholonomic mechanical systems. The control problems here is
that the motion of a WMR in a workspace carrying three degrees of freedom, while it has to be
handled using only two control inputs under the nonholonomic constraint. These control issues have
freshly interested a great attention of many researchers in the control society .many techniques have

been improved to deal with the control problems, this can be divided into three groups [11-13]:
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The first group is the sensor-based control approach used for the navigation problems of the WMR .
Since the working environment change by the time, the vehicle must use sensory information’s to
handle the dynamic environmental changes, such as environment configuration prediction and
obstacle avoidance.

The second category for navigation problems of the mobile robot is path planning. The path is
generated based on a prior map of the environment and used certain optimization algorithms based
on a minimal time, minimal distance and minimal energy performance index. Many methods have
been developed for avoiding both static and moving obstacles [11-13].

The third category is the motion control of a WMR, where a predefined trajectory must be tracked
accurately. In order to achieve a minimum tracking error, the error of the distance and orientation
should be minimal. This thesis is focusing on solving this kind of problem. For that purpose, a
detailed literature review will be described in the next sections.

1.6. Tracking Error of the Mobile Robot

The path planning of mobile robot calls for providing an optimal trajectory from an initial position
to the goal [11-13]. This requires a minimal tracking error at the shortest run time and with the
minimum distance. Tracking errors in mobile robots causes deviations from the planned path, which
led to accidents with the obstacles. This problem increases the travelling time and distance, finally
the robot can’t accomplish its mission successfully. There are three principal reasons for increasing
tracking error for mobile robots:

The first major reason for tracking error is the instantaneous changing in the direction at the
connecting point while executing the path of the WMR. This problem is destined to a sharp, shaped
trajectory, like the diamond shaped trajectory and the zigzag trajectory, which contain many points
of inflection. At this point, it can be easy for the WMR to diverge from its determined orbit due to
the rapid change of orientation. Therefore, in order to deal with this issue, the mobile robot
trajectory must be organized so that the rotation radius is kept at a constant value, if possible.

The second reason for the tracking error becoming higher is due to the small rotation radius of some
specific trajectories, which impedes the efficiency of the robot in its task role. In another word, the
tracking error rises when the rotation radius becomes small. In curved paths, a considerable error is
created due to the centrifugal and centripetal forces, which make the robot slide from its trajectory
this issue can only be solved using a powerful tracking control methodologies.

The third of the main reason for increasing tracking error is that in some applications the robot need
to change the rotation radius in order to deal with complex environment. Because of the variable
rotation radius the mobile robot need to change its speed and direction every time, this problem is
challenging and demand for high control efforts from the actuators, in order to reduce the path

tracking error.
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1.7. Previous Works

Many modern control methods have been proposed in the last decade. These techniques can be
divided into two research criteria. These are described based on the kinematic model or on the
dynamic model[14]. The first group of researchers proposes a simple PID controller to deal with the
dynamics of the robot mobile and focusing on improving the kinematic controller, an adaptive
technique using neural network and gradient decent for self-tuning the gains of the back-stepping
controller in [15], using fuzzy logic for the auto-tuning of the kinematic controller in [16], and the
radial bases function network in[17].

The aim of the kinematic controller is to perform linear and angular speed outputs to assure that the
difference between the physical and desired coordinate of the robot converges to zero [18].

The principal reason behind favouring this type of controller is that the dynamic controller’s
composition is more complicate than the kinematic one, while the dynamics depend on robot
specifications such as the moment of inertia, mass, frictions [18].

The major problem with this approach is that the disturbances and complete knowledge of the
dynamics have been neglected. Which means the perfect velocity tracking hypothesis does not hold
in experience, Therefore defining the dynamics of robot mobile is necessary, in order to make sure
that the velocity of the mobile robot converges to the generated desired velocity, a torque controller
is indispensable in many applications, including high-speed motions and heavy transportation [18].
For that purpose, a sliding mode dynamic controller proposed in[19-23], an online physical
parameters adaptation of the robot dynamics proposed in[24], an adaptive back-stepping controller
in [25], using adaptive neural network controller for dealing with unmodeled dynamics in [26-29],
using fuzzy logic controller in[30, 31],and an adaptive fuzzy type 2 controller for the dynamic and
kinematic control in[32].

The strategy of PID control has been one of the most practical and most often used techniques in
industry because of the simplicity form and the strong robustness in large working condition of this
controller. However, the fixed parameters generally degrade the control performance[33-35]. In
order to overcome this issue, Several researches papers concentrate on designing new types of
modified PID, like fusing the neural network with a conventional PID controller (NN-PID)[36-38].
The approach takes the simplicity of a PID controllers and the powerful capability of learning,
adaptability and tackling nonlinearity of neural networks. Many researches papers use an adaptive
tuning methods by combining the fuzzy logic controller with PID[39-42],and investigating on a
Reinforcement Learning in[43].However, the demand for new control methods becomes higher and
higher according to applications complexity and progress.

A fractional-order proportional integral derivative (FOPID) controller has already taken over the

place of the traditional PID. This controller gained an important popularity from several researchers
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in many areas, including robotics engineering [44-49]. The major reason behind this attention is
that the five parameters (Kp, Ki, Kd, A, pu) of the FOPID controller can be more adapted for
designing better controllers, as being faster with less overshoot compared with the integer- order
PID controller, which has only three parameters to be adjust[50, 51]. Naturally, a controller with
more parameters to be tuned means more its design becomes difficult. This makes it optimisation a
challenging task.

According to various studies, nature inspired algorithms have already proved their capability in
scaling the FOPID controller factors. We distingue, particle swarm optimiser (PSO)[52, 53], whale
optimiser (WOA) [54], grey wolf optimiser (GWO)[55], using sine-cosine algorithm (SCA) in[56],
Henry gas solubility optimiser in [57], using salp swarm optimiser in[58], hybrid particle swarm
grey wolf optimiser (PSOGWO) in [59], chaotic atom search optimiser in[60].

The major benefit from FOPID controllers is the rapidity in terms of rise time and settling time. On
the other hand, some specific trajectory like the sharp chap one makes the robot changes
instantaneously its orientation (a case of square trajectory), which leads to a large overshoot. This
problem could harm the robot actuators, due to the robot high coupled nonlinearity, which means
the FOPID controller with fixed parameter can not handle some special trajectory, a new controller
that can deal with all types of path is required[61, 62].

The concept of combining fuzzy logic controller with a neural network has attracted a remarkable
attention in various fields especially in control engineering[63-70].The reason behind this
popularity is that the adaptive neuro-fuzzy inference system (ANFIS) mixes the efficiency of fuzzy
logic to deal with the uncertainties and the ability of neural networks to learn from plants/processes.
According to various research studies [61, 62, 71], the principal advantage of the ANFIS controlled
systems is getting practically zero overshoot. However, it takes a large settling time. In addition,
very slow response due to an important rise time value, which is the contrary of the FOPID
controllers.

To overcome this issue, several hybrid structures has been made in order to benefit from the
robustness of the ANFIS controller and the simplicity of the PID controller, we distingua the
following combinations: hybrid ANFIS-PID in[72, 73] ,(ANFIS+I) controller optimizing using
multidimensional PSO for Quadrotor Position Control in [74], (ANFIS-PD+I) controller for robot
manipulator in [75]. Some papers proposed a nonlinear FOPID controller based on neural networks
for controlling the mobile robot in [76, 77]. A combination between fuzzy logic and FOPID for
controlling two link robot manipulator in[78].All the previously mentioned combinations give a

motivating result, which gave us the inspiration for this contribution.
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1.8. Proposed solutions

The objective of this work is to design and implementation of an optimal trajectory tracking
controller, to generate continuous gradient trajectories such as lemniscate, circular, and linear
trajectories and non-continuous gradient trajectories such as square trajectories this can be
summarized in four grand line:

The first solution is the design of a new hybrid adaptive neuro-fuzzy inference controller
(ANFIS),with proportional integral derivative (PID) controller optimized using grey wolf optimizer
(GWO),abbreviated as GWO-ANFIS-PID controller, a robust controller that combine the
advantages of the PID controller with the ANFIS controller.

The second solution is to design a optimal backstepping fractional order PID controller. Two blocs
of the FOPID controller are used in the internal loop as a dynamic controller to guarantee that the
linear and angular speeds of robot mobile follow their reference values. In addition, a backstepping
controller located in the external loop for controlling the kinematics, in the context of designing a
robust controller, a powerful optimization technique is needed for the parameters tuning, as a
consequence, a comparative study of different nature-inspired algorithms has been invested in
selecting the best optimum method. In the same context, this paper proposes the HWGO algorithms
to solve this kind of problem. The simulation results in MATLAB highlight the over efficiency of
the HWGO algorithm compared to those of PSO, GWO, HPSOGWO, and WOA approaches. The
performance criteria used for the minimization of the error are obtained using the cost functions,
namely integral square error ISE.

The third solution is to design an optimal hybrid adaptive fractional neuro-fuzzy inference
controller, abbreviated as ANFIS-FOPID controller, a robust controller that merge the advantages
of the FOPID controller with the ANFIS controller and benefiting from the powerful HWGO
optimizer for adjusting the parameters of the proposed controller, based on the cost function namely
integral square error (ISE).

1.9. conclusion

This chapter introduced briefly the domain of autonomous mobile robotics while focusing on
ground robots with its main achievements/developments/levels of autonomy and challenges. It
permitted us also to emphasize/clarify the main backgrounds/ paradigms/motivations and

definitions useful for the rest of the thesis.
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Chapter
I I Mathematical Model and Classical Control Approach

I1.1.Introduction

In order to represent and analyzing the behavior of a robotic system, the knowledge of the complete
mathematical model is strongly required, to achieve a robust and powerful control strategies. To
develop a mathematical model that includes all the parameters and forces that influence the
behavior of the robot is very challenging, according to the literature review, many approach has
been done based on linearization techniques to reduce the complexity of modeling. However, this
could bring to a limited control strategy. The modeling of an unmanned ground vehicle platform
should be consists of kinematic, dynamic and electrical actuator modeling .the Kinematic deals with
the motion studies without examining the disturbing forces. while, the dynamic modeling studies
the motion that takes into consideration these forces. The Actuator modeling is required to get the
relationship between the input control voltages and the angular rotation of the wheels. Each part has
been handled and explained separately throughout this chapter. Simulation results have been done
using MATLAB, were a classical control technique is shown to prove the need for new control

methodology based on the literature review.

11.2. Modeling the Wheeled Mobile Robot

The WMR in Fig. I1.1 has two pairs of DC motors, where R represents the driving wheels radius,
oL and @R are the left and right spinning angles of wheels, respectively. Separated by a distance L,
0 is the robot angle. At the distance d from the mind-point A [15].
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Figure 11.1. Schematic design of the WMR.
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In order to describe the position of the WMR in his environment, two different coordinate systems
(frames) need to be defined [15,42,79].

1. Inertial Coordinate System: This coordinate system is a global frame which is fixed in the
environment or plane in which the WMR moves in. Moreover, this frame is considered as the
reference frame and is denoted as {Xi,Y1} .

2. Robot Coordinate System: This coordinate system is a local frame attached to the WMR, and
thus, moving with it. This frame is denoted as {X,Y}.

The two defined frames are shown in Fig I1.1. The origin of the robot frame is defined to be the
mid-point A on the axis between the wheels. As shown in Figure 1, the robot position and
orientation in the Inertial Frame can be defined as:

xa
q' = (y) (1.1)
(S]

The important issue that needs to be explained at this stage is the mapping between these two
frames. The position of any point on the robot can be defined in the robot frame and the inertial

frame as follows.

x" x?
Let X" = yT] and X' = yll and be the coordinates of the given point in the robot frame
e’ 91

and inertial frame, respectively.
Then, the two coordinates are related by the following transformation:

Where R(6) is the orthogonal rotation matrix

cosf —sinf 0
R(0) =|sin® cosf O (11.2)
0 0 1
This transformation will enable also the handling of motion between frames.
X' =R(O)X" (11.3)

It will be seen in the next section that equation (11.3) is very important in deriving the DDMR
kinematic and dynamic models as it describes the relationship between the velocities in the Inertial

Frame and the Robot Frame.
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11.2.1 Kinematic Model of the WMR

Kinematic modeling is the study of the motion of mechanical systems without considering the
forces that affect the motion. For the DDMR, the main purpose of kinematic modeling is to
represent the robot velocities as a function of the driving wheels velocities along with the geometric
parameters of the robot [79]

The motion of a differential-drive mobile robot is characterized by two non-holonomic constraint

equations, which are obtained by two main assumptions:

* No lateral slip motion: This constraint simply means that the robot can move only in a curved
motion (forward and backward) but not sideward. In the robot frame, this condition means that the
velocity of the center-point A is zero along the lateral axis:

yr =0 (11.4)
Using the orthogonal rotation matrix R(0), the velocity in the inertial frame gives
—Xgsin@ + y,cosf =0 (11.5)

* Pure rolling constraint:

The pure rolling constraint represents the fact that each wheel maintains a one contact point P with
the ground as shown in Fig I1.2. There is no slipping of the wheel in its longitudinal axis (xr) and no
skidding in its orthogonal axis (yr). The velocities of the contact points in the robot frame are related

to the wheel velocities by:

{va = Rpg

. 1.6
vy, = Ry, (116)

In the inertial frame, these velocities can be calculated as a function of the velocities of the robot
center-point A:

Xpr = X4 + LO cos O 7
{pr=ya+LHSin9 (1.7)
X, = Xq + LO cos @
{.”L L (11.8)
Ypr = Ya + LOsin 6
Using the rotation matrix R(0), the rolling constraint equations are formulated as follows:
X,grC0SO + y,rsSinf = R¢
DR YpR Pr (11.9)

Xpp COSO + yp, sinf = R,
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{ Robot Platform ]
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Figure 11.2. Pure Rolling Motion Constraint.

Using the contact points velocities from equation (x,y) and substituting in (x ,y), the three constraint
equations can be written in the following matrix form:

A(@)g=0 (11.10)
Where
—sinfd cos@ O 0 0
A(qg) =| cos® sin6@ L —R 0 (1.11)
cos@ sinf —L 0 -—R
and
. . . s . 1T
q=[% Ya 0 ¢r @] (11.12)
Vg = Ropg
i 11.13
{UL = Ropg ( )

The above constraints matrix A(q) will be used in the next section for the DDMR dynamic
modeling..The linear velocity of each driving wheel in the Robot Frame is therefore, the linear

velocity of the DDMR in the Robot Frame is the average of the linear velocities of the two wheels

— VRV _ R (¢R+¢L) (“14)

v =
2 2

and the angular velocity of the DDMR is

— VRtVL — R (¢R+¢L) (“15)
2L 2
The DDMRs velocities in the robot frame can now be represented in terms of the center-point A

velocities in the robot frame as follows:

— p@r*oL) (<PR+<PL)
Vo = (11.16)

k — R (prt+oL)
2L

Thus
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. R R
[XQ] 2 2 o
yrf=10 0 .R] (11.17)
ol |B _r[t¥
2L 2L

The DDMR velocities can be obtained also in the inertial frame as follows:

[2cose 5cose]
SANNE 2
g' = [ya] = |§sme gsme|[(pR] (11.18)
ol om |
Equation (11.18) represents the forward kinematic model of the DDMR [79]. Another alternative

form for the kinematic model can be obtained by representing the DDMR velocities in terms of the
linear and angular velocities of DDMR in the Robot frame.

Xq Ccos o 0
q' = |¥4| = |sine (11.19)
0

11.2.2 Dynamical model

Dynamics is the study of the motion of a mechanical system taking into consideration the different
forces that affect its motion unlike kinematics where the forces are not taken into consideration. The
dynamic model of the DDMR is essential for simulation analysis of the DDMR motion and for the
design of various motion control algorithms.

A non-holonomic DDMR with n generalized coordinates g4, q5, ..., ¢, and subject to m constraints

can be described by the following equations of motion [80]:

M(@Q§+V(gdd+F(@) +G6G(q@ +14=B(@t—AT(@A (11.20)

where

M(g) an nxn symmetric positive definite inertia matrix, V(q,q) is the centripetal and coriolis
matrix, F(q) is the surface friction matrix, G(q) is the gravitational vector, 7, is the vector of
bounded unknown disturbances including unstructured unmodeled dynamics, B(q) is the input
matrix, T is the input vector, AT (q) is the matrix associated with the kinematic constraints, and A is

the Lagrange multipliers vector [80].

Lagrange dynamic approach
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Lagrange dynamic approach is a very powerful method for formulating the equations of motion of
mechanical systems. This method, which was introduced by Lagrange, is used to systematically
derive the equations of motion by considering the kinetic and potential energies of the given system.
The Lagrange equation can be written in the following form [80]:

d (oL 0L _ - 4T \A
dt(aqi)-l-aqi_F AT(q) (11.21)

Where L=T-V is the Lagrangian function, T, is the kinetic energy of the system, V is the potential
energy of the system, q; are the generalized coordinates, F is the generalized force vector, A is the
constraints matrix, and A is the vector of Lagrange multipliers associated with the constraints.

The first step in deriving the dynamic model using the Lagrange approach is to find the kinetic and
potential energies that govern the motion of the DDMR. Furthermore, since the DDMR is moving
in the X;-Y| plane, the potential energy of the DDMR is considered to be zero.

For the DDMR, the generalized coordinates are selected as

q=[xa ya 0 ¢r @] (1.22)
The kinetic energies of the DDMR is the sum of the kinetic energy of the robot platform without

wheels plus the Kinetic energies of the wheels and actuators. The kinetic energy of the robot

platform is

T, = Smevd +21.67 (11.23)

While the kinetic energy of the right and left wheel is

1 1 . 1 .
TWR = EmwvaR + EImGZ + EIW('D’% (“24)

1 1 : 1 .
TWL = Emwv‘ﬁ,L + EImHZ + EIW(/)% (“25)

where, mc is the mass of the DDMR without the driving wheels and actuators (DC motors), mw is
the mass of each driving wheel (with actuator), I¢ is the moment of inertia of the DDMR about the
vertical axis through the center of mass, lwis the moment of inertia of each driving wheel with a
motor about the wheel axis, and I is the moment of inertia of each driving wheel with a motor
about the wheel diameter.
All velocities will be first expressed as a function of the generalized coordinates using the general
velocity equation in the inertial frame.

v: =x2 +y? (11.26)
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The Xi and Y; components of the center of mass and wheels can be obtained in terms of the
generalized coordinates as follow

X, =X, +dcosf
{yc =y, +dsinf (1.27)
{YWR =y, + Lcosf (11.28)
xWL =xa —LSIDQ
{yWL =Yq +Lcosb (11.29)

Using equations (11.23-25) along with equations (11.26-29), the total kinetic energy of the DDMR is
T =-m(i2 + y2) — mdf(J, cos 6 — g sin 0) + 1, (9% + ¢F) + 5162 (11.30)

where the following new parameters are introduced m = m, + 2m,, Iis the total mass of the robot,

I =1,+m.d?+2m,L? + 21, and is the total equivalent inertia.

Using equation (11.21) along with the Lagrangian function, L=T the equations of motion of the
DDMR are given by

mi, — md0 sin @ — md6? cos6 = C, (11.31)
my, —mdf cos® —mdh?sinb = C, (11.32)
10 — mdi, sin @ + mdj, cos0 = C, (11.33)
I, ér =g + C, (11.34)
1,6, =17, + Cq (11.35)

where (C1, Cz, C3, C4, Cs), are coefficients related to the kinematic constraints, which can be written
in terms of the Lagrange multipliers vector A and the kinematic constraints matrix A introduced in

section 3.

Gy

I[Cz]l

|G| (11.36)
Cy

Cs

AT(q) =

Now, the obtained equations of motion (I1.31-35) can be represented in the general form given by

equation (11.20) as

M(@)§ +V(q,9)q = B(q)t — AT (q)* (11.37)
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Where

[ m 0 —mdsing00 ] [0 —md 6 cos6 00 0]
| 0 m  mdcos6 00 | [0 —md sing 00 0|
M(q) = |—md sin Omd cos 6 I 00 [, Vig.q) =0 0 000]
| o 0 0 0| lo 0 000 ]
L o 0 o ol,) lo 0 000l

[O O] [~ sin Bcos Ocos 6 [/11]

[0 O] | cos@ sin@sind | |4z2]

B(g)=lo o|, and AT(r=| o L -L |x]|a]|

11 1] Il 0 —R 0 Jl |2, |

01 o o -r1 lal

Next, the system described by equation (11.37) is transformed into an alternative form which is more
convenient for the purpose of control and simulation [79,80]. The main aim is to eliminate the
constraint term AT(q)A in equation (I1.37) since the Lagrange multipliers Ai are unknown. This is

done first by defining the reduced vector

n=|. l (11.38)

Next, by expressing the generalized coordinates velocities using the forward kinematic model (19).

Then we have

P’ca] Rcos@ Rcos@
| Ya | |Rsin@ Rsin6 | .
lo|=2] &2 & [|%F (11.39)
lo.l 2| 5 Lo le |
Pr 2 0
[<pLJ [ 0 2 J
This can be written in the form
g =S(@n (11.40)

It can be verified that the transformation matrix S(q) is in the null space of the constraint matrix

A(q). Therefore we have

ST(@)A"(g) =0 (11.41)

Next, taking the time derivative of equation (11.40) gives

i = S(@n+ S(Q)n (11.42)

Substituting equations (11.40) and (11.42) in the main equation (11.37) we obtain
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M(@[S(@n+ s(@ni ] + V(g ®[S(@n] = B(@t— AT (g

Next, rearranging the equation and multiplying both sides by leads to

ST(OM@S + ST@IM@S(@ + V(g )S@In = ST@B(@)t — ST(@AT (@

where the last term is identically zero. Now defining the new matrices

M(q) = ST(q) M(q)S(q),
V =5"(@M@S(q) +S"(@V(a. S,
B =5"(9)B(q)
The dynamic equations are reduced to the form

M(q)q+V(q,¢n = B(q)t

Where
[ R R |
B Iy +-—@mL*+1)  —(mL?—1)
Ma) = | R e i
- 2 _ - 2
[ VR (mL* —=1) IW+4L2 (mL +I)J
| 0 R do
o 20 MY 10
Vaa=| p | Bl@=|, 1]
[—Z—mch 0 J

(11.43)

(11.44)

(11.45)

Equation (11.45) shows that the DDMR dynamics are expressed only as a function of the right and

left wheel angular velocities (¢, ¢,), the robot angular velocity 8 and the driving motor torques

(tg, ) .The equations of motion (11.45) can be also transformed into an alternative form which is

represented by the linear and angular velocities (v,w)of the DDMR. Using the kinematic model

equations (I1.14) and (I1.15), it can be easily shown that the model equations (I1.45) can be

rearranged in the following compact form

21, . 1
(m + F) v —modw? = ~(tr +71)

212 L
(I + FIW) w+m.dowv = E(TR —T7)

(11.46)
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11.2.3. Actuator modeling

The job of the electrical actuator is to drive the mechanical system of a robot. In this work, two
pairs of DC motor are used in order to guide the wheels there a determined motion. Where Fig 11.3.

represents the equivalent electrical schema of the DC motor.

Wheel

Figure 11.3. Equivalent electrical schema of the dc motor.
The dynamic model of the actuators can be represented as [42]:

, dig(t)
v, = Rgig(t) + L, ldt

(
|
4 eq(t) = Kpwp(t)
|
\

+e,(t)

11.47
= 2O 1 fug (8) + Keia(t) aan

t=Nt,

where, ia Is the armature current, (Ra, La) is the resistance and inductance of the armature winding,
respectively, eais the back emf, wm is the rotor angular speed, tm is the motor torque, (K:, Kp) are
the torque constant and back emf constant, respectively, N is the gear ratio, and t is the output
torque applied to the wheel Since the robot motors are mechanically coupled to wheels through the

gears. Therefore, each dc motor will have:

o 2N o (11.48)
Wmp = N(pr and T, = NTmL .
For the two motors, the dynamic model is expressed as:
—1 . . . .
®iLap Car ~ KoNwg) = i with Tg = Nk (11.49)
1 h 7 ’ . .
(R+LgP) (eq — KpyNoy,) =iy with 1, = Nk,
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The robot physical parameters are provided in Table 11.1.[42]:

Table I11.1. Physical parameter of the robot

Parameters Value and Unit
Distance between two wheels, 2 L 0.75m
Distance of point Pc from point Po, D 0.3m
Driving wheels radius, R 0.15m
Mass of the mobile robot without the driving 30 kg
wheels and DC motors, m¢
Mass of each driving wheel (with actuator), 1kg
Mw

Moment of inertia of the mobile robot about
the vertical axis through the center of mass, I¢

15.625 kg'm?
Moment of inertia of each driving wheel with 0.005 kg'm?
a motor about the Wheel axis, lw
Moment of inertia of each driving wheel with
a motor about the Wheel diameter, I
0.0025 kg-m?
Armature winding resistance, Ra 1.6 Q
Armature winding inductance, La 0.048 H
Torque constant, K¢ 0.2613 N'-m/A
Back emf constant, Ky 0.19 rad/s
Gear ratio, N 62.55

11.3. The Backstepping controller design using the nonlinear feedback method

Fig. I11.4. reveals the entire control strategy based on the WMR dynamics and kinematics. The role
of trajectory generator is to develop desired x, y and 6 coordinate, where a back-stepping kinematic
controller, placed in the external loop, measures the difference between the desired coordinate and
the actual value taken from the robot, after that the kinematic controller produce it own linear and
angular speed, this control signals are taken to the internal loop, where nonlinear feed back

controller deals with dynamics of the WMR.
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Vp X=f(x) +g(x)v
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Figure 11.4 General Control scheme of the WMR.
11.3.1. Kinematic Controller Design

In order to reach at a nearly zero distance error, a kinematic controller is required. The major
advantage of the back-stepping approach is its practical and simplicity structure, since it will
depend only on the kinematic model. Moreover, it has been classified as a stable tracking control
law, where other techniques, such as nonlinear feedbacks and sliding-mode techniques, demand the
knowledge of the dynamic model and their hardware realisation is difficult to implement. For that
reason, this controller makes it adopted in our study [40]. The controller structure is introduced in

Fig. 3, where the input error and velocity vector (vc) are:

ex cosf sinf O|[Xr— X
[ey] = l— sing cos6 0||Y— Y|=Tee, (11.50)
€6 0 0 116, — 6
o = vrcos(eq) + kyey (11.51)
¢ (wr +kyvee, + kgvpsin(eg)

Where Ky, kyand ke are tuning parameters.

11.3.2.Dynamic Controller
Feedback linearization is an approach to nonlinear control design which has attracted a great deal of
research interest in recent years. The central idea of this approach is to first transform a nonlinear
system into a (fully or partially) linear system and then use the well known and powerful linear
design techniques to complete the control design. The application of this method to the case of the
nonholonomic mobile robot is that by applying an appropriate nonlinear feedback we can linearize
the nonlinear dynamics and then apply the kinematic based controller to the linear system. Let u be
an auxiliary input, then by applying the nonlinear feedback [81]:
= B H(@[M(@u + (g, Dv() + F(q)] (11.52)
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We can convert the dynamic equation (11.20) to:

M(@)v(t) + U (q, Ov(t) + F(@) + G(q) + T4 = B(@)t[B(@)[M(Qu + G,(q, v () + F(@)]]
v(t)=u
(11.53)

Therefore the complete equations of system will be:

g = S(@)v(t)
v(t)=u

(11.54)
In performing the nonlinear feedback (11.52) it is assumed that all the dynamical quantities such as
M(q),V,,(q,¢)and F(q)are exactly known and 7, = 0. Although a nonlinear system can be
controllable, a stabilizable smooth state feedback may not exist. This is the case of the system
(11.54) where the equilibrium point cannot be made asymptotically stable by any smooth time-
invariant state feedback controller. A backstepping controller is used to stabilize system (11.54).
Consider a system given by:

x=f0)+g(x)¢

E=u

With £(0)=0 and f and g are smooth functions. Designing a feedback control to stabilize the system

(11.55)

at (x=0, &=0) is called a backstepping controller. Comparing equations (I11.55)and (I1.54) one can
find out that the linearized nonholonomic mobile robot equations are in the form of (11.55) and a
backstepping control algorithm will make it stable. The proposed control input to stabilize system
(11.54) is as follows:

u=1v,+K,(v, —v) (11.56)
Where:

v, coseg + K e,
wr + Kyvre, + Kgv, sin eg

e = ve = f(ep, vy, K) (11.57)
K = (Kx, Ky; KQ)
. U, COSeg — V€ Sin ey + K€, 58
ve = [d)r + Ky vréy, + Koy sin eg + Kqvy€¢ cOs eg] (11.58)
_ U, COS €eg —v,sineg 7 .
Ve = [a’)r + K, vre, + Ky, sin eg] + [ 0 K,v. Kgv,cos eg] €p (11.59)
cosf sinf O xr—x
ey, =|[—sinf cosd O ey = e2 (11.60)
0 0 1 9 — 0

K, is a positive definite, diagonal matrix given by:
K4 = K4I (“.61)
The stability of the above control algorithm (11.56) has been already proved in references [81,82] .
34



Chapter II: mathematical model and classical control approach

1.4 Simulation Results

In this part, two desired trajectories are made as inputs for the implemented model and control
system to investigate the trajectory tracking error. This examines the capacity of tracking
continuous and non-continuous gradients.

11.4.1 Square Path

The reference and actual trajectories of the square path are shown in Fig. I1.5, highlighted in blue
and red lines, respectively, Fig. 11.5 (a)-(d) display the errors of x, y, 6, and the tracking trajectory,
respectively. From Fig. 1.6 (d), the minimum tracking error is about 0.07 meter. This is an
important error that needs to be minimized, for that reason a new tracked control method is

necessary to handle the sharp shaped trajectory problem.

2
N
(> —Reference
L5} —Square path
—
N
>
0.5+
O . . L
0 0.5 1 1.5
X(m)
Fig 11.5. Square path in XY plane
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Fig. 11.6. Error corresponding to (a) x,(b) y; (c) the theta angle ,(d) the trajectory tracking.
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11.4.2

Circular Path

The reference and actual trajectories of the circular trajectory are shown in Fig.11.7, highlighted in

blue and red lines, respectively, Fig. 11.8 (a)-(d) display the errors of X, y, 0, and the tracking

trajectory, respectively. From Fig. 11.8 (d), the minimum tracking error is about 0.05 meter. Which

is high too, for that reason we can say that anew tracked control method is needed the smooth

trajectory too.
1
0571
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>
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B |
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Fig 11.7. Circular path in XY plane
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Fig. 11.8. Error corresponding to (a) x,(b) y; (c) the theta angle ,(d) the trajectory tracking
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11.5 Conclusion
This chapter deals with three essential factors for the modeling of the WMR, kinematic,

dynamic and actuators. Each factor is carefully studied and modeled. A traditional control approach
based on the combination of a backstepping controller with the nonlinear feedback dynamic
controller has been studied. The simulation results are handled based on two specific trajectories
that contain continuous and non-continuous gradient directions. Simulation results demonstrate that
the trajectory tracking error is still extremely observed in both continuous and non-continuous
gradient paths. The results demonstrate that a new control methodology is needed to improve

trajectory-tracking error. The new proposed techniques will be discussed in the next chapters.

37



Chapter IlI:

Optimal PID and ANFIS-
PID controller design



Chapter
I I I Optimal PID and ANFIS-PID controller design

I11.1.Introduction

This chapter suggests a novel control technique that merge the advantage of the adaptive
Neuro- Fuzzy inference system (ANFIS) with the proportional integral derivative (PID) controller,
abbreviated as (ANFIS-PID),for dealing with the dynamics of the of wheeled mobile robot (WMR).
Tuning parameters of the proposed hybrid controller is a challenging task, a comparative study of
various meta-heuristic optimization algorithms has been made. Results in MATLAB-Simulink
environment revealed the highest efficiency of the proposed ANFIS-PID technique compared to
seven designed PID controllers, in terms of settling and rise time, overshoot, and the integral square
error (ISE) as a cost function. Various cases, study (circular path, diamond path, zigzag path) have
highlighted the over performance of mentioned controller. Moreover, this hybrid technique is fused
with back-stepping approach for the kinematic control. A lemniscate and a square trajectory were
performed to clarify the capability of the mentioned controller

111.2.The general control Strategy Design

Fig.111.1 explains the simplified form of the general control concept based of the WMR dynamics

and kinematics. The role of path generator is to supplies the desired variable x, y and 6 controller.

L

T [ -
The Backstepping s I Mobile robot model '
o R Controller ! '
Kimematic U, | Uy Lol = 3 :
Controller i1 ANFIS- [|_/ NI | :
I ] T [
) PID 0L e I
v, : Transformation | ) g 3 ~|—p
e u B | Dynomics | | Kinematics [
W, 1k v,e, +kgvsin(eg) U B U : EI
' 1 |ve = L
W, ANFL- - [
X T ! 2 z _L L
" PID (2 T motor2 It )
q=1y  Eerprempee RSN | M I
]
q

Figure 111.1 General Control scheme of the WMR.
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A back-stepping act as a kinematic controller, located in the external loop, this controller measures
the difference between the recommended signals (taken from the bloc trajectory generator) and real
value from the robot, at next realizes it own linear speed and angle which they are passed to the
internal loop, where two ANFIS-PID controller deal with the dynamics. Here, the two dynamic
controllers give their own angular and linear speeds based on the data taken from the kinematic
111.2.1. Kinematic Controller Design

In order to reach at a nearly zero distance error, a kinematic controller is required. The major
advantage of the back-stepping approach is its practical and simplicity structure, since it will
depend only on the kinematic model. Moreover, it has been classified as a stable tracking control
law, where other techniques, such as nonlinear feedbacks and sliding-mode techniques, demand the
knowledge of the dynamic model and their hardware realisation is difficult to implement. For that
reason, this controller makes it adopted in our study [40]. The controller structure is introduced in

Fig.111.2, where the input error and velocity vector (vc) are:

€x cosf sin@ O|[Xr— X i
eyl =|—=sin@ cos® O||Yy— Y|=T,e, (111.1)
eg 0 o 1lle,— 6
o = vrcos(eg) + ke, (11.2)
€ \wy + kyvee, + kgvsin(ep) '

Where Ky, ky and ko are tuning parameters.

F

Y,

Figure 111.2 Trajectory tracking errors
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Lyapunov stability analysis
The Lyapunov stability analysis of the control rule in equation is described as follows [15,81,82]:

Lemma 1:

From Equation (I11.1):

€x we, —V + V. CoSs ey
éy| =¢,=f(te,) = [ wex + vr sin eg ] (111.3)
éq
This result can be proved by using Equation (111.1) and Equation (111.2):
€x cos@® sing O][*r—X (xy —x)cos® + (yr —y)sin6
eyl =|—sinf cos® O||¥r—YV|=|—-(x, —x)sinb + (y, —y)cos (111.4)
eq 0 0 0, — 06 6, —6
é, = (%, —x)cos@ + (y, —y)sin@ — (x, — x)0sin6 + (y, —y)0 cos @ = ey —v+
%, cos(6, — 6) + y, sin(6, —0) = e, — v+ v, cos ey (111.5)
=—(x, —%)sin@ + (, —y)cos @ — (x, —x)0cosO + (y, —y)0sinh = —e,w —
X, sin(6, — 6) + y, cos(6, — 0) = —e,w + v, siney (111.6)
ég=0,—0=w—w (111.7)
Substituting v and w by v(ep, qr) and a)(ep, qr) Lemma 1 was obtained.
Lemma 2:
é, |[ (a)r - vr(Kyey + Ky sin eg)) ey + Kyey ]|
e:y =& = f(t' ep) = | —(wr —vr ((Kyey + Kg sin eg)) ex + vy sineg | (111.8)
%6 l - (Kye, + Ky sineg)

Proposition 1:

By using the in Equation (111.2), it can be said that when the reference velocity v, >0, e, =0, is

a stable equilibrium.

When a scalar function V is proposed as a Lyapunov function candidate for the system:

—cosegp)

1 ¢!
V=5(e;+e§)+ X (111.9)
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Clearly,V =2 0,e, =0 =V =0and if e, # 0=V > 0, thus the Equation (38) above is a

positive definite function. By Lemma 2:

V=¢ée,+ éyey + %I;(ee) = [(a)r — vr(Kyey + Ky sin eg)) ey + Kxex] e, +

[-vr(Kyey+Kgsineg)]sineg

Ky

[_(wr —Ur ((Kyey + Ky sin 89)) ey + v, sin 69] ey +

Kgsin?
—Ke2 -T2 % < (111.10)
Ky
Consequently the Lyapunov function V’s derivative is a negative definite function. That means
uniformly asymptotically stability around e, = 0 under the conditions that v,, w,, Ky, K,,, Ky are

bounded and v,, w, are continuous.

111.2.2.The PID Dynamic Controller

The proportional integral derivative (PID) is a feedback controller that is commonly utilized
in various applications, especially for robotics and automation industry due to its simplicity
structure and reliability that usually leads to satisfying results [83]. Fig. 111.3 presents the parallel
structure of the PID controller block diagram. Where, E(S) distinguishes for the input and
errors(E(S) and U(S)).

E(S)

Figure 111.3 Block diagram of the PID controller.

The representation of the transfer function for the PID in the time domain (Eq. (I11.11)) and the
transfer function in the Laplace domain (Eqg. (111.12)).

‘ d
u(t) = Kye(t) + k; f e(t) + Kq Z(tt) (111.12)

0
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_U®_ K
R TC I AN (111.12)

Where, K,, Kiand Kg are proportional, integral and derivative gains constants, respectively,

The proportional constant kp role is to regulate the rise time value. where the purpose of the integral
action ki is to eliminate steady-state error, the derivative gain kd for reducing the value of overflow

and improving a transient response.

The success in designing PID controller rests to the optimal selection of parameters. The Ziegler—
Nichols (Z-N) was supported in adjusting the tuning details for the PID. Today, the tuning
methodology reaches a new era for soft computing approaches like the meta-heuristics algorithms.
For that reason, the next section will focus on describing the tuning strategies

111.2.3. Tuning methodology for PID

The block diagram for WMR tuning strategy is highlighted in Fig.l111.4. while The first PID
controller obtains the contrast between the desired and real speed from the right DC motor wheel as
an input, where the reference velocity is fixed at: Ur =1 m/s. The second PID controller in the left
wheel examines the difference between the physical and desired directions angle as input. Here, the
reference angle is a constant value: 6r=0.785 rad.

The following equations (26) represent the relation between the input voltage of the right and left
DC actuators, respectively Ug,UL with the outputs of the first and second controller Uv,Ug

respectively.

Uy+ Uy
R =
2
U, U, (11.13)
U, =~

The cost function used in the study is the integral square error (ISE) which is demonstrated by
equation (111.14):

ISE = <f [e, (£)]%dt +f [eg(t)]zdt> (111.14)
0 0
where:
e, = U, — Uy,
{ee _6 -6, (111.15)
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Ur is the desired velocity,Um the actual velocity, evthe velocity error,0r the desired orientation,0m the
measured orientation, and eg is the orientation error,

Ui 3. € Uy , Ug it

C

Mobile
robot

PSO, DA, ALOS
— ISE GOAMFO,ABC
—\ and GWO

6’1*‘ €g — l —
. PID 02

Figure 111.4. Bloc diagram for tuning methodology.

The optimization algorithms used to tune the parameters (K, Ki, Kq) are described in the next

section.

111.3. Meta-heuristics

A comparative study has been made to demonstrate the capability of the grey wolf optimizer
(GWO) ,compared to particle swarm optimizer (PSO), dragonfly optimizer (DA), Ant Lion
optimizer (ALO), grasshopper algorithm (GOA) , moth flame optimizer (MFO), and the artificial

bee colony algorithm (ABC). Therefore, a brief description of all algorithms is given:
111.3.1. Particle Swarm Optimizer (PSO)
Each particles in the swarm update their positions according to the following equations [84,85]:
Vit = w vk + ¢ Ry (pff + xF) + C,R,(gbest; + x[) (111.16)
X[t = xk 4+ vt (111.17)

Here, i refer to the particle in the swarm. k the iteration step carried out, w the inertia weight

parameter and R; and R, are random numbers in the range [0, 1]. The coefficients C; and C; are the

optimization parameters, X: position vector, and p¥: best position information achieved by the i*"

particle, gbest;: best position information available in the swarm .
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111.3.2 .Dragonfly algorithm (DA)

This approached was first introduced by Mirjalili [86], and was inspirited by the dynamic and static
behaviour of dragonflies in nature explained in [86-89]. The life cycle of dragonflies is divided into
two phases: the nymph phase and the adult phase [87]. The natural behaviour of each agents in the
swarm obligates the attraction to nurturing sources and distract outward enemies.
As demonstrated by Reynolds [89], the behaviour of swarm follows the following principles
[86,88,89] :
e Separation

This step aims to avoid individuals’ collision with their neighbours that is near to its position,

the static swarm defined by the following equation:
S =Y X—X; (111.18)

Here X and X;are the positions of the current individual and the j" neighbouring individual,

respectively. n is the number of neighbouring individuals.

e Alignment

The velocity matching between dragonflies of the same group is given by:

n

n

A; —X (111.19)

Where vjis the velocity of neighbouring individual j.

e Cohesion
The tendency of members towards the centre of the swarm’s group is known as the cohesion and it

is defined as :

n

n

C; —X (111.20)

e  Attraction to food
In order to survive, all individuals must move toward the food. As presented by this mathematical

formula:
FF=XT-X (111.21)
Where X* shows the position of the food source.

e Distraction from enemy
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This equation represent the movement of dragonflies far away from the enemy’s sources to survive:
Ei=X"—-X (11.22)
Where X~ shows the position of the enemy.

The position update of each dragonfly for testing another weight solution and receiving another
fitness value is gotten by calculating AX and X using Eq. (111.22) and Eq. (111.23) [86,88]:

AXi = (sSi+aAl- +CCi+fFi +8Ei) +w (11.23)
Xt+1 = Xt + AXt+1 (|“24)
e=0.1—1x (#) (111.25)

2
w=09—i(222 (111.26)

Where s, g, ¢, f, e, and w are the weights of their correspondent element. w is calculated using Eq.
(111.26) here i is the current iteration and 1 is the number of iterations, and e is calculated in Eq.
(I11.25). s, a, and c are three different random numbers between 0 and 2e, f is a random number

between 0 and 2. More details can be found elsewhere [86].
111.3.3. Ant Lion Optimizer (ALO)

This method proposed by Mirjalili [90] is inspired by the hunting mechanism of antlions in nature.
The antlions have about three years average lifespan that it is spent as larvae except for 3-5 weeks
of that period is spent in adulthood [91]. The mechanism is explained elsewhere [91,92].

The mathematical illustration is given as follows [90-92]:
e Random walks of Ants
X(t) = [0, cumsum(2r(t; — 1), cumsum(2r(t,) — 1,---, cumsum(2r(t,) — 1)] (1n.27)

Where n is the maximum number of iterations, cumsum calculates the cumulative sum, and tis the

step of the random walk. thus,

1 if rand > 0.5

r(t) = {O if rand < 0.5 (111.28)
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Here r(t) is a stochastic function and rand is a random number generated with uniform distribution

at interval of [0, 1].The positions of ants is saved and utilised during optimisation in the matrix:

-Al,l A1,2 Al,d_
Ay1 Azz v Agg

My, =| : S B (111.29)
—An,l An,Z And—

)

Where M an; is the matrix for saving the position of each ant, A;; shows the value of the j™ variable

of it ant, nis the number of ants, and d is the number of variables.Based on the random walk, each

ant updates their position with each step of optimisation. The min-max normalisation equation is

used to normalise the random walks:

Xit—ai X di—Clt
Xt = ( (dz_gi) )+ C; (111.30)

Here a; is the minimum of random walk of i" variable, d; is the maximum of random walk of it"
variable, ¢! is the minimum of i"" variable at " iteration, and df is the maximum of i variable at

t™ iteration.

e Trapping in Antlion’s pit

The random walks of ants are influenced by the antlion’s trap. It is defined as:

¢; = Antlion} + c*

111.31
di = Antlion} + d* ( )

Where ct represents the minimum of all variables at t™ iteration, dt indicates the vector including
the maximum of all variables at ¢™ iteration, ¢/ is the minimum of all variables for i'" ant, dit is the
maximum of all variables for i ant, and AntlionjF shows the position of the selected j™ antlion at

t™ iteration.
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e Building trap

During optimisation the algorithm used a roulette wheel operator to choose antlions according to
their fitness. This method increased the chance if catching ants.

e Sliding Ants toward Antlion

The following equations compute the decrease adaptively to the radius of the random walks hyper
sphere of ants:

t c
c =T
& (111.32)

Where I is a ratio, ct is the minimum of all variables at t" iteration, and d* indicates the vector,

including the maximum of all variables at t" iteration.

e Catching Pray and Rebuilding the Pit

In the final hunting stage, antlions update their position to improve the possibility of catching new

prey according to the position of the latest hunted ant:
Antlion} = Ant} if f(Ant{) > f(Antlion}) (111.33)

Here t represents the current iteration, Antlion} is the position of the selected j™ antlion at t™

iteration, and Antf represents the position of i ant at ™ iteration.

e Elitism
Through the whole iteration, the best-obtained antlion is called an elite. This elite influences the
movement of the rest of the ants during iteration. So, it is considered that every prey walks
randomly around a chosen individual by the roulette wheel and the elite altogether represented by
the following equation:

_ Ra*RE

Antf = . (111.34)

Where R} is the random walk around the antlion selected by the roulette wheel at " iteration, R is

the random walk, and Ant! represents the position of i ant at t™ iteration.
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111.3.4 .Artificial Bee Colony (ABC)

The artificial bee colony algorithm was first introduced by karaboga [93] in 2005, while its
behaviour [94] was analysed in 2007. The behaviours of honeybees in finding food sources,
splitting the knowledge with the nest, are its main inspiration. The approached classified bees to
three types (employed, onlooker, and scout) where each agent plays different roles in the process.
More details can be found at [88] while the process of the ABC algorithm is the following [88]:

e Initialization
At first, a ratio of the population is randomly sprayed into the solution area. Then, the fitness value,

the nectar amounts, is fixed.

e Move the Onlookers

This equation calculates the probability of selecting a food source:

F(6;)

=S ey (111.35)

Where 6; denotes the position of the 7zh employed bee, .5 represents the number of employed bees,
and P; is the probability of selecting the /zh employed bee. Later, onlooker bees move by the

roulette wheel selection. The amount of nectar is then determined:
xj(t+1) =6 +¢ (9ij(t) - 9kj(t)) (111.36)

Here .17 denotes the position of the Zz; onlooker bee, # denotes the iteration number, & is the

randomly chosen employed bee, j represents the dimension of the solution and () produces a

series of a random variable in the range [—1, 1].

e Move the Scouts

the given equation shows the move of scouts:
0i; = Oijmin + 7 (Bijmax — Oijmin) (111.37)
Where 7 is a random number and €0, 1].

Next, the best food source obtained so far and the fitness value are updated according to the
response, with the respect of termination condition the algorithm outputs the results or repeats the

program from step 2.
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111.3.5. Grey Wolf Optimizer (GWO)

The grey wolf algorithm inspired from the social leadership and hunting behavior of grey wolves in
nature [84,85,95]. This approached consist of social hierarchy, enriching prey, search for prey,
attacking prey, and hunting. Social hierarchy: The alpha («) wolf is the leader of wolves, while Beta
(B) and delta (&) wolves are the second and third levels in the group, respectively. Those three
wolves are considers as the best solution to lead the rest wolves known as omega () wolves toward

promising areas in order to find the global solution.

d = |c-x,(n) — x(n)| (111.38)

x(n+1)=x,(n)—a-d (111.39)

Where, Xp: position vector of the prey, n: current iteration, and x: position vector of a grey wolf.

The coefficient vectors a and ¢ are defined as follows:
gy =207 =1 (111.40)

Ch=2'7 (111.41)
Here, r1 and r, are random numbers in [0, 1].
The following equations illustrate the mechanism of hunting:

(d, =12, - %, — &I

A

dg = |&, - %5 — %| (111.42)

(%) = % — d; - (dy)
1%, = %5 — d, (dp) (111.43)
\J_C) :.i') _a3'(dé‘)
xni1) =t (111.44)

111.3.6 Grasshoppers Optimization Algorithm (GOA)

The Grasshoppers Optimization Algorithm simulated by [96] is inspired from the natural
flocking behaviour of grasshoppers. Those insects are regarded as pests because they damage
agricultural corps. The swarming behaviour can be mathematically explained by the following
equations [96-98]:
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X, =S, +G; + A4 (111.45)

Where, Xi is the position of the i grasshopper, Si is the classical interaction, Gi is the gravity force
onthe i grasshopper, and A is the wind advection. The classical interaction is given by:

S = Xh_qs(dij)dy; (111.46)
dij = |x; — xj] (11.47)
dij = xfd;ux‘ (111.48)

Here, djjis the distance between the i and j grasshoppers, and s is a function for the definition of

the strength of social forces defined as follows:

T

s(ry=fe1—e™" (111.49)
Where, f is the intensity of attraction, and | is the attractive length scale. The distance between
grasshoppers ranges between 0 and 15. Repulsion is observed in the interval [0 2.079]. The
grasshoppers enter the comfort zone if they are far from 2.079 units from other grasshoppers.
G component is defined as follows:

G =—gé, (111.50)
Here, g is the gravitational constant and &, is a unity vector towards the center of the earth.

Parameter A is given by:

A; = ué, (111.51)

Where, u is a constant drift and é,, is a unit vector in the direction of the wind. The position is
updated to a new position based on the common position of the grasshopper, the food source

position, and the position of all other grasshoppers:

X; =Y s(|x — xl|)% — gé, +ué, (111.52)
Jj#EL

Here, N is the number of grasshoppers .Although, this equation (65) cannot be straight-forward
applied for optimization because grasshoppers do not converge to a specified point. Hence, the

following is a corrected equation to update the grasshopper’s position:
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ba—1b x| | A
Xid =c Z?[ﬂc%s(lxjd - xidbx]d.jx +Tq (111.53)
j#1 l
C = (Cpgy — 1) mex=Cmin (111.54)

Max Itr

Where, ub, is the upper bound; b, is the lower bound;T, is the value of the D dimension in the
target space (optimal solution found so far); and c is a decreasing coefficient to shrink the comfort

zone, repulsion zone, and attraction zone.

111.3.7. Moth flame optimization (MFO) algorithm

The Moth-flame optimization algorithm was first introduced by Mirjalili [99]. Those fancy insets
are quite similar to the butterfly family. The natural behaviour of them in navigation known as
transverse orientation is the main motivation for the algorithm. Moths fly using a fixed angle with
respect to the moon, which is a very efficient mechanism for long travelling distances in a straight

line. The MFO algorithm follows the following steps:

MFO = (R,V,T) (111.55)

moths randomly and also the fitness values of them, V is a main function that makes the moths

move around the search space and T is a termination criterion flag.
In V function, the position of each moth with regard to a flame is updated as per Equation (111.56):

where S is the spiral function, M; is the i moth, and G;is the j™ flame, whereas S(M;, G;)is

calculated using the following equations:

S(M;, G;) = D;e® cos(2ml) + G; (111.57)

Here, Di represents distance of i moth from j™ flame, b is constant for announcing the shape of
logarithmic spiral, and | is a random number between [— 1, 1]. D is calculated using the following

equation.
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D; = |G; — My (111.58)

Where G; indicates the j" flame and M;is the i moth.

The position of moths is updated with respect to n different locations in the search space, which can
degrade the best promising solutions exploitation. Consequently, the number of flames adaptively

decreases over the course of iterations using the following formula:

flame,,, = round(FN — 1 * %} (111.59)

where | is the current number of iterations, | N is the maximum number of iterations and FN is the

maximum number of flames. More details can be found elsewhere [99-101].

111.4.The ANFIS Controller description

Adaptive Network-Based Fuzzy Inference System (ANFIS) is a hybrid soft computing algorithm
that combined the neuro-fuzzy technique, namely fuzzy inference system (FIS) with artificial neural
network (ANN).ANFIS was firstly introduced by Jang [102] and it is based on the first-order
Sugeno fuzzy model [103].The ANFIS approaches integrate the best feature of fuzzy systems and
neural networks by exercising learning ability and capability of FIS and ANN, respectively
[104].The ANFIS architecture consists of if-then rules and couples of input-output data of fuzzy.
For training, ANFIS uses neural network learning algorithms [104,105].As the algorithm used it to
fine-tune the membership function (MF) and the associated parameter that methods the desired data

sets.

For clarifying, a Sugeno fuzzy model with two inputs, x and y, and one output is considered.

Normally, the fuzzy rules are reported as follows [102-105]:
Rule I: if x=A; and By, then

fi=pix+qy+n (111.60)
Rule 11: if x=Az and y=B, then

f2=px+qy+1; (111.61)

Where, fis an output parameter (response), p, g, & r are linear parameters, and A&B are nonlinear
parameters.Fig 111.5. Illustrates the five layers used to create ANFIS structure while the function of

each layer is represented as follows:
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Figure 111.5. The ANFIS architecture with two input parameters x and y.

Layer 1.
input nodes: The nodes of this layer generate membership grades to which they belong to each of

the relevant fuzzy sets using MFs.
0f = upi(y)

Here, i= 1, 2 )X, y are the crisp inputs to node i, and A;j &Bi. The linguistic label (small, large, etc.)

associated with the node function. pai i respectively.

Typically, pai ( or pgi) is selected as:

g (x) = ———— (111.63)
1+[(x—ci/al.) ]

or

) = exp |- (%)} (11.64)

Where, {ai, b, ci} are the premise parameter set.
Layer 2.
rule nodes: The firing strength of each rule is calculated with mathematical multiplication .For
instance,
0f =w; = Ha, () - g, () (111.65)
Each node output represents the firing strength of a rule.

Layer 3.

Average nodes: The i node calculates the ratio of the i"" rule firing strength to the summation of the

firing strengths of all rules consequently, defined as:
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0} =w; = — (111.66)

wi; is taken as the normalized firing strength.
Layer 4.

Consequent nodes: The node function of the fourth layer calculates the contribution of each i rules

toward the overall output, as given :
0f = wif; = wi(pix + qiy +17) (111.67)
where, w;isthe output of the layer 3, and{pi, qi, ri}the parameter set.

Layer 5.
Output nodes:The single-node computes the overall output by adding all the incoming signals from

the 4™ layer :

07 = overall output = Y,; w;f; = % (111.68)

The final output of ANFIS can be given as:

foue = Wi fi + Wofy = —2—fi + —2—f, = (Wyx)p, + (Wy)qy + W)y + (Wox)p, + (Woy)q, +

wit+w; witw;

(W), (111.69)

I11.5 .Designing the ANFIS-PID Dynamic Controller

The complete control approach that controls the dynamics of the robot mobile based on the ANFIS-
PID is divided into three steps:

o First step:

Fig.111.6, represent the first step, which indicates the training stage of the ANFIS controller. The
ANFIS use their adaptive and learning skills to learn and to predict the best recommended control
efforts based on the already data. Which they are obtained from the designed GWO-PID controllers

in the previous section.

The realized data were saved in a MATLAB/SIMULINK file. From the command anfisedit, these

data were taken for training. The complete process was illustrated in Fig. I111.7.
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Figure 111.7 (a) data configuration for first ANFIS-PID controller,(b) structure of the ANFIS-PID
controller (c) data configuration for second ANFIS-PID controller ,(d) error minimization
corresponding to the second controller.
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Fig. I11.7 presents the internal composition of the ANFIS controller. The method used for ANFIS
training is the hybrid training algorithm, with the input nodes (2, 2, 2), gaussmf membership
function for the inputs and linear membership function for the output, each having 8 rules (see Fig.
I11.7.b), the epoch length was used is 50 iterations for each sample, with, 0.01s as the Simulink

sampling time.

At the end of the training the result was saved as a fis file with respect to Sugeno-style. The root
mean square error (RMSE) was found to be 0.1053 and be 0.094977 06 for ANFIS-PID1 and
ANFIS-PID2, respectively.

e Second step: scaling the new parameters using the GWO optimizer.

_l ISE I_, Grey Wolf Optimiser (GWO)

LS

o o o mm ==

S
Desired ;
. i : Actual
input €y Decoupling .
+ [e,ql Mobile |output
[KV Kg] b .
K, —K, robot
e

Figure 111.8. Adjusting the parameters for the designed ANFIS-PID controller using GWO.

After the training step is complete and the optimal data are received, the designed ANFIS-PID
controller must be developed by improving the parameters, i.e.,Kp, Kl, Kd, Kv, K6 as demonstrated
in Fig.111.8. To find the optimal values of the scaling gains, grey wolf method is proposed to
guarantee a minimum ISE value.
e Third step:

The gained control scheme of the dynamic controller is showed in Fig.ll11.9. It reveals the
hybridize between the ANFIS and PID controller, abridged as ANFIS-PID. Two trained ANFIS-
PID controllers are selected for running the right and left DC motor voltage of the WMR, where a

decoupling process is applied to separate the two control actions.
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Figure 111.9. Bloc diagram of the final ANFIS-PID dynamic controller.

The first controller takes the difference between the actual and reference speed from the right wheel
as an input. The angle controller located in the left wheel studies the difference between the actual
and desired orientations as an input.

Equations (111.70) describe the relationship between the input voltages of the right and left DC
actuators Ur and UL, respectively, with the outputs of the first and second controller Uv and Us,

respectively, where the factors of the decoupling system are respectively Kv and Ko.

{UR:KV.UV-I_ KQ'UQ

UL:KV.UV_ KQ'UQ (I“?O)
Where
{ev = U, — Uy,
ep =0, — 0, (11.72)

Ur is the desired velocity, Um the actual velocity, ey the velocity error, 6 the desired angle, 6m the

measured orientation, and ey is the orientation error.

I11.6. Results and discussion

This study selected the use of various criteria and evaluations, a comparative study of the
convergence curve performance between all controllers, the transition parameters of linear speed
and of the angle for all techniques, also several cases study for the path tracking has been created, in
order to confirm the over performance and high robustness of the suggested GWO-ANFIS-PID
controller, In comparison to GWO-PID ,PSO-PID ,ALO-PID, GOA-PID, DA-PID, ABC-PID and
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MFO-PID. In order to examine the convergence behavior of the nature inspired algorithms, all
simulation experiments were executed more than 30 times for each method on a PC separately, the

maximum number iterations was 100, and population size is set to 20.

111.6.1. Convergence Curve of all Algorithms

Fig.111.10 highlights the convergence curves of the seven selected optimizations algorithms for
designing the PID controller in comparison to our proposed hybrid controller (GWO-ANFIS-PID).
The result proves the over-performance of the GWO-ANFIS-PID controller. The minimum ISE
value attained for all approaches used in the study is shown in Table I11.1.

P ERre e e P 0PI
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G ABC-PID
=03 ¢ ---GWO-PID
3 - -MFO-PID
g GOA-PID
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Figure 111.10. Convergence curve of the seven algorithms compared to GWO-ANFIS-PID.

Table I11.1. ISE values of the seven algorithms.

algorithms ISE
PSO-PID 0.138826
DA-PID 0.139292
ALO-PID 0.154018
ABC-PID 0.143813
GOA-PID 0.176242
MFO-PID 0.138489
GWO-PID 0.138510
GWO-ANFIS-PID 0.089690

From Fig.111.10 and Table.lll.1, it’s straightforward that the GWO optimizer gives the lowest ISE
value with the faster convergence behavior compared to the other six techniques. Which were made
it the best candidate for designing the ANFIS-PID controller.

We know that the mobile robot is high nonlinear MIMO system ,where the conventional PID
controller with fixed parameters has deteriorate the control performance. This is because the PID

controller has a simple linear structure which is not designed to deal with complex nonlinear
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system. Our proposed strategy (ANFIS-PID) is nonlinear control scheme which seems to be more
useful, this because the ANFIS take the optimal value from the GWO PID controller during the
online training process from various scenarios and try to solve the nonlinearity of the system, this is

the reason why we can see the big difference in the ISE value (see table 111.1).

111.6.2. Step Response Performance of Speed Controller

Fig.111.11 reveals the comparative analyses of the step responses performance for the linear speed
that was designed with the help of the seven different techniques in comparison to the proposed
GWO-ANFIS-PID controller.

Table 111.2 shows the parameter details of all meta-heuristic approaches, for the linear speed
controller, and table 111.3 presents the performance achieved in the time domain.

1.5

—Reference
---PSO-PID
DA-PID
-~ALO-PID ¢
---ABC-PID
GOA-PID
- -MFO-PID
=-GWO-PID ||
__GWO-ANFIS
-PID

Linear speed (m/s)

8 10

Time (s)
Figure I11. 11. Step response Comparison for all velocity controllers.

Table 111.2 The tuned gain details of linear velocity for all Controllers .

Methods Speed controller parameter tuning
K, K; K, Ky Ky
PSO-PID 149.98 97.40 1.013 0.50 0.50
DA-PID 150 1 1 0.50 0.50
ALO-PID 108.46 52.24 0.72 0.50 0.50
ABC-PID 148.78 142.40 1 0.50 0.50
GOA-PID 81.60 89.97 1 0.50 0.50
MFO-PID 149.88 149.97 1 0.50 0.50
GWO-PID 150 148.94 1.001 0.50 0.50
GWO-ANFIS-PID 452.007 13.59 1.25 1.5 0.9
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Table 111.3. Performance characteristic for velocity Controller

Methods Transition parameters for speed control
tr Mp% Undershoot | Peak ty ts
PSO-PID 0.0190 | 21.3279 | 3.3018e-05 | 1.2133 | 0.2148 1.5344
DA-PID 0.0191 | 22.2135 | 3.3017e-05 | 1.2221 | 0.2148 0.5248
ALO-PID 0.0221 | 23.2889 | 3.5750e-05 | 1.2329 | 0.2148 1.9670
ABC-PID 0.0190 | 17.1998 | 3.3097e-05 | 1.1720 | 0.1933 1.3128
GOA-PID 0.0332 | 35.0362 | 7.8275e-05 | 1.3504 | 0.2148 2.0684
MFO-PID 0.0189 | 21.1015 | 3.3025e-05 | 1.2110 0.2148 1.4805
GWO-PID 0.0189 | 21.1147 | 3.3017e-05 | 1.2111 0.2148 1.4849
GWO-ANFIS- | 0.0125 | 8.8853 0 1.0889 | 0.1700 0.2547
PID

The best overshoot percentage (Mp %) was found by the ABC-PID, and best settling time (ts) is
reached by DA-PID.where the GWO-PID controller advantage is the fast rise time and accepted
settling time (ts) value obtained, but a high overshoot, this result were shared with the PSO-PID and
MFO-PID.

While the GWO-ANFIS-PID controller enclose all advantages of the previous seven techniques by

giving the best settling time and an excellent overshoot value and fastest rise time (tr) .

111.6.3 Step Response Performance of Angle Controller

Fig.111.12 describes the comparative analyses of the angle step responses performance that was
designed with the aid of the seven previous mentioned approaches in comparison to the
recommended GWO-ANFIS-PID controller, the comparative results of transient response are
highlighted in Table 111.4.

From Fig.111.12, Table 111.4 and Table I11.5, we can say that the GWO-ANFIS-PID gives a zero-
overshoot value, with the best rise time (t; for 10% — 90%) and settling time value (ts for £2%
tolerance), were the GWO-PID comes at the second place . for that reason Our next examinations
are concentrating only on analyzing the two best candidates (GWO-PID and GWO-ANFIS-PID).
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Figure 111.12. Comparison of step Response for the orientation.

Table 111.4. The tuned main parameters of all controllers for angle control.

Methods angle controller parameter tuning
K, K; K, Ky, Ky
PSO-PID 149.93 1 31.019 | 0.50 0.50
DA-PID 150 1 30.53 0.50 0.50
ALO-PID 131.90 | 22.60 | 33.21 0.50 0.50
ABC-PID 14524 | 1146 | 37.86 0.50 0.50
GOA-PID 149.95 | 11296 | 41.14 0.50 0.50
MFO-PID 150 1 30.85 0.50 0.50
GWO-PID 150 1.388 | 30.83 | 0.50 0.50
GWO-ANFIS-PID 500 1.01 75.31 1.5 0.9

Table 111.5. Performance characteristic of all controllers for angle control.

Methods Transition parameters for angle controller
t, Mp% | Undershoot | Peak ty ts
PSO-PID 0.3539 | 7.2995 0 0.8423 | 0.7449 1.1016
DA-PID 0.3499 | 7.7670 0 0.8460 | 0.7449 1.1006
ALO-PID 0.4034 | 8.1941 0 0.8493 | 0.9259 6.0690
ABC-PID 0.4247 | 3.8441 0 0.8152 | 0.9539 3.1976
GOA-PID 0.3606 | 20.0551 0 0.9424 | 0.9826 3.3034
MFO-PID 0.3522 | 7.5138 0 0.8440 | 0.7449 1.1013
GWO-PID 0.3518 | 7.5961 0 0.8446 | 0.7449 1.1057
GWO-ANFIS- | 0.2834 | 0.1047 0 0.7858 | 0.7700 0.4302
PID
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111.6.4. Circuler path (case study 01)

This case, represent a conventional type of smooth trajectory that have been made to confirm the
capacity of the GWO-ANFIS-PID controller in dealing with this kind of paths, in comparison to the
GWO-PID.
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Figure 111.12. (a) Circle trajectory in XY plane, (b) error of the distance, (c) linear velocity

response for all controllers (d). Angle response of all controllers.

Here, a progressive variation in both linear and angular speed is applied for that purpose, results
proves that the GWO-ANFIS-PID controller better handling with smooth trajectory than the GWO-
PID controller, due to a minimum tracking error from the suggested controller than the GWO-PID
one. and since the PID controller gives a very high overshoot in the linear velocity response at

starting time. Which makes it unsupported for handling the tracking issue.
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111.6.5. Diamond chape trajetory

The Diamond shaped trajectory is a clear example of a non-continuous gradient path. The main
problem of this type of paths is the sharp and a non-continuous motion, which calls for a serious
control technique. Fig 111.13 (a)- (d) expresses, respectively, the trajectory in the XY plane for both
selected controllers compared to the reference path, the corresponding results of the angular

velocity, comparative results of the linear speed, and at last the tracking error according to the
distance.
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Figure 111.13. (a) diamod shape trajectory in XY plane,(b) linear velocity corresponding to the to
controllers, (c) angle response corresponding to the path for the two controllers,(d) error of the

distance.

The spontaneous changing in velocity and due to the slow rise time and settling time, makes the
GWO-PID controller gives slow actions, that causes high distance error and a very high overshoot
value too from this controller, that might generate an unstable and a troubled motion, which could
by the time damage the DC actuators (see Fig.I11.13 (b)), for that reason it’s unsuitable for this kind
of paths. The GWO-ANFIS-PID controller has a tolerable overshoot contrasted to the GWO-PID
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and rapidly time response, and a very small distance error too, which makes it supported for this

type of trajectory.

111.6.6. Zig zag trajectory

Here a trapezoidal signal was applied, for that purpose progressively changing can be seen for both
linear speed and angle (see Fig.l11.14 (c), and (d)), the GWO- ANFIS-PID controller gives less
overshoot and better time response, contrary to the GWO-PID which gives an important overshoot

and a high distance error value.
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Figure 111.14. (a) zigzag path in XY plane ,(b)the tracking error of the controllers (c) the theta

angle response corresponding to the controllers ,(d) linear velocity corresponding to the controllers.
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111.6.7. Adding the backsteping controller in the external loop

The designed ANFIS-PID controller role is to guarantee a minimum linear and angular velocity
error, which calls for a kinematic controller. Accordingly, a back-stepping controller was suggested
to maintain a minimal distance error that has been already demonstrated in Fig.111.16 (d). The error
is less than 0.002 m. To highlight the robustness of the Back-stepping combined with ANFIS-PID

controller, a square and a lemniscates trajectory were preferred.

111.6.7. 1 Case of lemniscates

In order to generate this path, the following equation were applied [106]:

xgr(n) = 2.5 x cos (2 * T * Z_tO) (11.72)

yr(n) = —2.5 % sin (2*7r*3—t0) (11.73)
If(YR(n) —yr(n— 1)>]|

Pl = atanzy () —xamn—1))| (111.74)
[ t+e J

Where the back-stepping parameters are selected as: kx=10, ky=80 and k¢=15.

The desired and physical paths of the lemniscates are presented in Fig.I11.15, displayed in blue and
red lines, respectively, Fig.l111.16 (a)- (d) illustrate the errors of x, y, 0, and the tracking trajectory,
respectively. The effect of the included kinematic controller in the external loop is indicated in
Fig.111.16(d), the distance error is less than 0.002 meter. For that reason, the two trajectories have

exactly the same form in Fig.I11.15.
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Figure I11. 15. lemniscate path.
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Figure 111.16. Error corresponding to (a) x,(b) y; (c) the theta angle ,(d) the trajectory tracking.

111.6.7. 2 .Case of square trajectory

The recommended and actual trajectories of the square path are shown in Fig.I11.17, highlighted in
blue and red lines, respectively, Fig.111.18 (a)-(c) display the errors of X, y, 6, and the tracking

distance error, respectively.
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Figure 111.17.Square trajectory.
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Figure 111.18. Error corresponding to (a) x,(b) y; (c) the theta angle ,(d) the trajectory tracking.

The square trajectory is classified as a sharp-shaped path too, therefore it was chosen for this study
in order to justify the capability of the proposed hybrid controller, a minimum distance error
reached (about 0.015 meter), and an error angle fewer than 0.01 rad, therefore we can see the nearly

superposition of the actual on reference path in Fig.Ill. 17.

I11.7. Conclusion

This chapter suggested a new combination technique between the PID controller and an adaptive
neuro-fuzzy inference system (ANFIS), shortened to ANFIS-PID controller, to deal with the motion
regulation of the wheeled mobile robot (WMR). Tuning parameter of the proposed hybrid controller
are challenging tasks, a comparative study of various nature inspired methods are introduced in the
study, based on the integral square error (ISE). the selected algorithms namely, particle swarm
optimizer (PSO),grey wolf optimizer algorithms (GWO), dragonfly optimizer(DA),ant lion
optimizer (ALO),grasshopper algorithm (GOA) ,moth flame optimizer (MFO),and the artificial bee
colony algorithm (ABC), simulation in MATLAB environment gives a demonstration and judgment

between the ANFIS-PID controller and these seven techniques ,in terms of lowest overshoot value,
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minimum ISE value, convergence curve, less peak, peak time, and faster rise time and settling time
received. Various study cases have been made, demonstrates the ability and stability of the
proposed ANFIS-PID controller tuned by GWO algorithm, which has the capacity to generate
smooth and suitable control signals for both linear and angular speeds, great performance over the
PID controllers. Moreover, to guarantee a low tracking error, a back-stepping technique was applied
at the Kkinematic control level, where a lemniscates and a square trajectory have already
demonstrated the robustness of the mentioned controller in both smooth and sharp, shaped

trajectory.

69



Chapter 1V:

Optimal backstepping

Fractional order PID Controller
design



Chapter Optimal Back stepping-fractional order PID
|V controller design

IV.1.Introduction

The PID control technique (traditional proportional integral derivative) is the oldest control
strategy. It’s still employed in various industrial processes. This is mainly because of the simple
structure and eases of design and implementation. When significant robustness and transient
efficiency are required, the control effect is limited. To handle this kind of problems, the fractional
order proportional integral derivative (FOPID) controller is adopted for this purpose. It is obtained
by the combination of fractional calculus and the traditional PID controller, which introduces two
new parameters A and p (the integral and derivative fractional-order, respectively) to the classic PID
control. Those two added parameters have increased the performance and the robustness of the
controller; several papers demonstrate the high efficiency and performance of FOPID controller
compared to classic PID controller [45-48].

In the last decade, the popularity of FOPID control has widely increased and attracted more
attention in many engineering areas, including robotics engineering [45-58]. Tuning the five
parameters (Kp, Kd, KI, A and p) of the FOPID controller is a challenging task compared to
conventional PID control. Also, because WMR is a high coupled nonlinear system, taking into

account some particular constraints such as the gain margin and sensitivity conditions.

In this chapter, a combination between the back stepping controller with the fractional order
proportional integral derivative (FOPID) controller has been proposed for handling the trajectory
tracking problem of wheeled mobile robots (WMR).as mentioned before Tuning the parameters of
the FOPID is challenging, to overcome this issue a hybrid meta-heuristic optimization algorithm
has been utilized. This evolutionary technique is known as the hybrid whale grey wolf optimizer
(HWGO), which benefits from the performances of the two traditional algorithms, the whale
optimizer algorithm (WOA) and the grey wolf optimizer (GWO), to obtain the most suitable
solution. The efficiency of the HWGO algorithm is compared against those of the original
algorithms WOA, GWO, the particle swarm optimizer (PSO), and the hybrid particle swarm grey
wolf optimizer (HPSOGWO). The simulation results in MATLAB-Simulink environment revealed
the highest efficiency of the suggested HWGO technique compared to the other methods in terms of
settling and rise time, overshoot, as well as steady-state error. Finally, a star trajectory is made to

illustrate the capability of the mentioned controller.
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1V.2. Review on Fractional Calculus

The fractional calculus is a name for the theory of integrals and derivatives of arbitrary order, which
unify and generalize the notions of integer-order differentiation and n-fold integration [107]. The
first appearance of fractional calculus was before three centuries ago. In 1695, the derivative of the
order a=1/2 was described by Leibniz [108], it has been developed up to nowadays.

The Fractional order system is a dynamical system that can be modeled by a fractional differential
equation which derivatives of non-integer order. Fractional order systems are useful in studying the
anomalous behavior of dynamical systems in electrochemistry, biology, viscoelasticity, and chaotic
systems. The fractional calculus is used in different fields with many applications in physics,
engineering, mathematical biology, finance, life sciences, and optimal control. Fractional calculus is
a successful tool for describing complex quantum field dynamical systems, dissipation, and long-
range phenomena that cannot be well illustrated using ordinary differential and integral operators
[108]. The generalized differintegrator operator may be as [109]:

af(r) = 4T
DIfO) = o (IV.1)

Where, a is starting limitation, x is the final limitation, and o is a calculus order. The differential

and integral operators can be generalized into one fundamental operator ,DF where:

a® , 0
v if a >

Di =41 ifa=0 (1V.2)
f:(dr)‘“ ifa <0

Where, a is starting limitation, x is the final limitation, and a is a calculus order.

There are several mathematical definitions used for fractional differintegral. These definitions do
not always lead to exact results, but approximate result. The most important of these mathematical

definitions are as follows [109]:

IV.2.1.Riemann-Liouville Definition (RL).
The general operator D for a real order of differentiation is integral if the order of differentiation D

is less than 0.

The Riemann-Liouville integral definition depends on Cauchy’s formula that is based on the multi

integral.

Indefinite integrals of Cauchy’s formula are given by [110]:
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DEf() = ——[*(x — )* 1f(t)dt ,aeN (IV.3)

r(a)
Where, a is starting limitation, x is the final limitation, and o is a calculus order.
Proof: Indefinite integrals of Cauchy’s formula, see Appendix (A).
Where, I'(+) is the well-known Euler’s gamma function.

The Euler’s Gamma function I': (0, o) —R, defined by [110].
I'(x)= [, t*le7tdt, (IV.4)

For n € N, we have (n—1)! =I' (n). For more information about Euler’s Gamma function, see

Appendix (A).

The Riemann-Liouville derivative definition is depending on the law of exponents of an operator D"

of integer calculus.
D"Def(¢) = D"[D*f ()] = D™*f(¢) (IV.5)
DMt f(e) = f(1) (1V.6)

The derivative definition when o>0 will be defined using the definition for a<0 as follows [110]:

WDEfG) = aDE[aD; "V f ()| = s [ e VD)

T I(n-a)dx™ dx™ (x—t)a—n+1
Fora € R*

Then, the general Riemann-Liouville definition is:

I{[‘(ia) f(:(x - t)_a_lf(t)dt lfCZ <0
ReDZf (x) = { F(nl_a);—nn[fjw_g%dt],n =minfk e N:k>a}, ifa>0 (1V.8)
kf(t) ifa=0

IV.2.2.Caputo Definition (C) [110]

The second fractional calculus definition is the Caputo definition.

e The integral definition of Caputo method is same as the Riemann-Liouville integral

definition.

D% =—["(x—t)*f()dt a€N (IV.9)

T ()
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e The Caputo definition derivative is same as the Riemann-Liouville, depending on the law of

exponents of operator D".

[rLimdr (IV.10)

a (x ‘L')D‘ n+1

aDif(x) = aDF ™ [aD}f (x)] =

F(n a)

The general Caputo definition is

{p(la)f (X - t) “ 1f(t)dt lfa <0
DTt = 4| I"(n a) f; (xf-rg‘t?drfﬂ’n =minfk € N:k>a}, ifa>0 (IV.11)
F® if a=0

IV.2.3. Grunwald-Letnikov Definition (GL).

In the Grunwald-Letnikov, the derivative and integral have the same definition which is depending

on the multi derivative integer calculus, so the general definition of Grunwald-Letnikov is:

xa]

SEDEF(B) = limyo 75 2,0 (=17 (%) F (£ = jh) (IV.12)
Where, [%] means the integer part, the first method is derived from the Grunwald-Letnikov
definition which is coming from the basic definition of derivative:

Df(t) = limy, e LOLED (IV.13)

Let reckon explicit expressions for higher order derivatives. The first two cases are;

fO-ft-h_ fe-h-ft-2h)

. Df(t)-Df(t—h
sz(t) — llmh_)o f() hf( ) — llmh_)() h - h et
f@®)—-2f(t=h)+f(t-2h)
limy,_o ”; (1V.14)
D% (=D F (e f@©=2f(t=m)+f(t=2h) _f(t=h)=2f(t-2l)+f(t=3h)
D3 (€) = limypg O = limy g —— — =
limy, . f(t)—3f(t—h)+3’f3(t—2h)—f(t—3h) (IV.15)

f©) =3f(t = 1) +3f(¢ = 2h) = f(¢ = 3h) = (-1 (}) ft —jh)  (IV.16)

The numerical calculation formula of fractional derivative can be achieved as [110]:
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R

e-rDEf () ~ K™ XT_ by (¢ — jh) (IV.17)

Where, R is the length of memory. T is the sampling time that always replaces the time increment h
during approximation. The weighting coefficients bj can be calculated recursively by [109,110]:

1+a

bo=1,b; = (1- T) b, (= 1) (IV.18)

The second method (‘]") is the binomial coefficient .

(8) = 1,(%) = HeemDterh (IV.20)

It can be replaced by Euler’s Gamma function [109,110]

a) _ T'(a+1)
(j) = ji(a—j+1) (IvV.21)
Then, the equation (IV.13) becomes:
] 1 i T(at+1) .
GDEF () = limpg 2 B R (= 1)) s £ (¢ — jh) (IV.22)

Fractional derivatives are often difficult to find analytically. Numerical approximations are
consequently needed. The simplest is the using of the Grunwald- Letnikov definition.

All these methods are same as the Runge-Kutta method which is used to plot the output of the
transfer function isn the time domain, but in frequency domain and in MATLAB block, Simulink of
these methods cannot be used [109].

Transfer functions of fractional order are not easy to implement for computational purposes.
Simulations are usually carried out by integer powers of s only. This makes the task of finding
integer order approximations of fractional order transfer functions the most important one.
Fractional transfer functions are usually replaced by integer transfer functions, with a behavior close
enough to the one desired, but much easier to handle. A band-limit implementation of fractional
order controller is important in practice, and the finite dimensional approximation of the fractional

order controller should be done in a proper range of frequencies of practical interest. This is true
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since the fractional order controller in theory has an infinite memory and some sort of

approximation using finite memory must be done There are many different methods of finding such

approximations one, of these methods is the Analog Rational Approximation.

IV.2.4.A Modified Approximate Realization Method
There are many ways to carry out the approximation of fractional transfer functions, such as Crone

approximation, the Carlson approximation and Analog Rational approximation, etc. In chapter five

in this thesis, the method of Analog Rational approximation was adopted. This method can be

carried out in the following two steps [111]:

e Calculating the frequency range (wb, mn), Where it is used to approximate the fractional order

transfer function.

e An approximate realization method for fractional derivative in the frequency range of

interest (wb, wh). This method here gives a better approximation than Oustaloup’s method

in both low frequency and high frequency parts. Performing an analog integer-order

approximation of the fractional order transfer function. If there is one pole or zero fractional

order ,it can represent in transfer function consist of multi zeros and multi poles. [109-111]

Let;

Where, s = jw,0 < a < 1,b > 0,d > 0.Then

Where, wy, * wp, = 1

d b a
a (gwb"'s)awh
ST =\ d
(G@n*S)p@p
d b a
$@ G@Wb+S)7®h ( bs )“
(gwhs+sz) dwp

§% (dwbwh+bwh5)a ( bs )a
bwhs+d52 dwp

s ~ (bwhs+ds2 dwpwp—ds? )a ( bs )“
bwps+ds? bwps+ds? dwp

5@~ (14 dopen-ds )“ ()"

bwhs+dsz dwp

bs \& d—ds? \%
() (10 )
dwp ds“+bswp

By using Taylor series expansion within (wy, wp).

(IV.23)

(IV.24)

(IV.25)

(IV.26)
(IV.27)

(IV.28)

(IV.29)
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d-ds? \% _ d-ds? \% = a(a-1) d-ds? \%
(1 + d52+bswh) =lta (1 + dsz+bswh) +— (1 + m) + - (1Vv.30)
s a
()b 1+3
s¢ = o 2 V.31
(1+ap(s)+@p2(s)+...) T4y ( )
avn
Where;
—ds?+d
p(s) " ds%+bswp, (IV.32)
Amputating the Taylor series to the first order term;
dwp\* ds?+b o )
A ﬂ S“+bswp )
5 ( b ) (d(l—a)52+bswh+da) 1+bL (IV'33)
avn

Equation (2.28) is stable, if all poles are on the left half s-plane. Note there are three poles; one is
—bwy, /d, this pole is negative because wy, b, d > 0. The other two poles are depending on the roots
of following equation:

d(1—a)s?+bswy, +da =0 (1V.34)

Whose real parts are negative as 0 < a < 1.

Based on the well known zig-zag line approximation idea in Bode plot, let

s
1+d 1+i,
b®b = li N @k

= lim | [;__ 1V.35

1+bs N-oo Hk_ N1+—(: ( )
awh k

a—-2k
’ d
o = (52" (1V.36)
a+2k
b
o = (P52 (IV.37)
Hence,
a ds?+bswp N stog
st~ K (d(—a)s“+bswh+da) k==N sty (|V.38)
Where,
_ (o v @
K= (52) w3t (IV.39)
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The following steps are a brief summarized the procedure for the modified approximation [111]:

e Suppose the frequency range (wb, mn) and N.

e Based on the fractional order a, calculate w,, and w, according to (1V.30) and (1V.31)

e Compute K from the equation (1V.33)

e Obtain the approximate rational transfer function from (1V.32) to replace s¢.
IV.2.5.Laplace Transform of Fractional Order transfer function [110]

Let recall some basic facts about the Laplace transform.
The function F (s) of the complex variable s is defined by;

F(s) = L{f(©);s} = [} e~ f (D)t (1V.40)

The Laplace transform of the convolution

(F*9)@® = [ ft —Dg@dr = [, fDg(t - 1dr (IV.41)
The Laplace transform of those functions

L{(f * g)(t);s} = F(s)G(s) (IV.42)

The property of this equation can be used for the evaluation of the Laplace transform of fractional
order [26].

L{f"; s} = s"F(s) — YR8 s k10 (0) = s"F(s) — YRz sk f(n=k=1(0) (1V.43)
A) Laplace Transform of the Riemann-Liouville Fractional Derivative [110]
Laplace transform of the Riemann-Liouvillc definition of D? is

sPF(s), p<0

LoD f (] = {spF(s) — YR lsk[,DPTFTUF(0),n—1<p<neEN (IV.49)
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The proof that: The result is obvious for p=0. For negative orders,

L[DPFO] = L[r5 fo(e =D P ()] (1V.45)

By using the Laplace transform of the convolution, this becomes

L[oDEf(D)] = s LI T+ LIF(D)] (1V.46)
L[, DY f(®)] = ms-1+10+1r(—1 —p 4+ 1F(s) = sPF(s) (1V.47)
Where,
L[tP] = s~ 1P (p + 1) (1V.48)
For positive orders,
L[oD? f(O)] = L[D" oD " £ (1)] (1V.49)

By the Laplace transform of an integer derivative,
LoDEf(D)] = s"sPF(s) = Tioy s"¥D¥1DP T F(0) = sPF(s) -
yr-lgn—k=1 pP="*K£(0) = sPF(s) — Ynzlsk ,DP* 7T F(0) (IV.50)

B) Laplace Transform of the Caputo Derivative

The Laplace transform of the Caputo Derivative definition of D is

sPF(s) p<0

LoD f (0] = {spF(s) —Yr-lgp=k=1 DEF(0) ,n—1<p<n€eN (IV:51)

The proof that: The result is obvious for p=0. For negative orders, the same as for the Laplace

transform of the Riemann-Liouvillc definition. The second case is positive order.

The proof:
L[oDPF(®)] = L[(DP "D f(8)] = sP7"[s"F(s) — Y-, sP~*¥D¥"1 £(0)] = sPF(s) —
Zn 1Sp —k-1pk f(O) (|V.52)

C) Laplace Transform of the Grunwald-Letnikov Fractional Derivative

The Laplace transform of the Griinwald-Letnikov definition of DP is [110].

L[oDPf ()] = sPF(s) (1V.53)
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IV.3. Controller Design and Strategy

Fig IV.1.presents the schematic design of the control strategy based on the dynamic and kinematic

of the wheeled mobile robot. The trajectory generator produces the reference coordinate x, y and 6,

a back-stepping kinematic controller is located in the external loop, here the controller experience

the difference between the reference data received from the bloc trajectory generator and actual

value from the robot then generate his own angular and linear speeds that are sent into the internal

loop where two blocs of FOPID controller are used as a dynamic controller. Here the two FOPID

controllers yield their own signals of angular and linear speeds based on the reference values

obtained from the kinematic controller.
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Figure IV.1. Control scheme of WMR.

IV.3.1 Kinematic Controller Design

One of the goals here is to realize path tracking. The back-stepping technique has been widely

used and is well known as a stable tracking control rule which makes it adopted for this purpose

[16]. The controller structure is highlighted in Fig IV.1., where the input error and velocity vector

(vc) are:

ex
ey| =
€g

—sin@

l cos 6
0

v. =
¢ lWT

sinf  O|[Xr— X]
cos6 0Of||Y— Y
0 1116, — 61

v.cos(eg) + kye,

+ kyvre, + kovpsin(eg)

Where, kx, kyand ke are the tuning parameters.

= Tee,

(IV.54)

(IV.55)
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IVV.3.2.Dynamic Controller Description

The FOPID controller was presented for the first time by Podlubny in 1999 [112]. The FOPID
controller is a natural extension of the classical PID controller with an arbitrary order of its
integration and differentiation actions [113]. With a more sophisticated controller, new design
strategies are possible with the most flexible controller for plant with performance limitations. The
block diagram of a single input-single output (SISO) closed loop control system with fractional
order (P1*D?) controller is illustrated in Fig IV.2.

Fig. 1V.2. presents the parallel structure of the FOPID controller block diagram, with input E(S) and
output U(S).

E(S) » U(S)
i Sl'l —FK‘?// | Z —i
- 1 —
F I:_r"

Figure 1V.2. Block diagram of fractional order.

The representation of the transfer function for the Fractional Order PID (FOPID) in the time domain

is given by Equation (I1V.56), and in the Laplace domain by Equation (1V.57).

u(t) = Kye(t) + k;Di*e(t) + K4Dy' e(t) (1V.56)
U(s) K;
C(S) = % = Kp + 57 + KdSH (|V57)

Where, Kp, Kiand Kg are proportional, integral and derivative gains constants, respectively, A and p
are factional order of the integral and derivative term. All type of the classic PID may be obtained
by taking (1, ) = {(1, 1), (1, 0), (0, 1), (0, 0)}, as shown in Fig IV.3.
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Figure 1V.3. Generalized FOPID controller.
IV.3.3. tuning methodology

The WMR block diagram for tuning parameters of the Two FOPID controllers is highlighted
in Fig 1V.4. The first controller receives the difference between the reference and actual velocity

from the right wheel as an input where the desired velocity is constant: Ur =1 m/s.

Ug
Uy ’ \|
1}
» FOPIDI & .
+ *
| PSO, GWO, WOA, Mobile
ISE HPSOGWO and
| HWGO Robot
u
B‘r + e 9 " L Hm
» FOPID?2 1 :
Ug ¢ ./

Figure 1V.4. Bloc diagram for parameters tuning.

The second controller in the left wheel experiences the difference between the actual and desired
orientations as input. Where the reference angle was represented by a constant value: 6,=0.785 rad
The following equations (1V.58) represent the relation between the input voltage of the right and

left DC actuators, respectively Ugr, UL with the outputs of the first and second controller,

respectively Uy, Ug:

Uyt U,
R =
2
Uy~ U, (IV.58)
UL = 2

The cost function used in the study is the integral square error (ISE) which is demonstrated by
equation (1V.59):
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ISE = ( f [e,(D)]%dt + f [ea(t)]zdt> (1V.59)
where:
e, = U, — Uy
{ee —6.—g. (1V.60)

Ur is the desired velocity, Un the actual velocity, eythe velocity error, 0r the desired orientation, Om
the measured orientation, and ey is the orientation error,
The optimization algorithms used to tune the parameters (K,, Ki, Kg, A, n) are described in the next

section.
IV.4. Meta-Heuristic Algorithms

A comparative study has been made to demonstrate the capability of the hybrid grey wolf whale
optimizer (HWGQO), compared to particle swarm optimizer (PSO), The grey wolf optimizer (GWO)
whale optimizer algorithm (WOA),the hybrid particle swarm grey wolf optimizer (HPSOGWO),
Therefore, a brief description of the algorithms is necessary ,while the PSO and GWO has been

already described in previous chapter.

IV.4.1.Hybrid PSO-GWO Algorithm
HPSOGWO is the hybridize of the Particle Swarm Optimization with the Grey Wolf Optimizer

algorithm that uses the functionalities of both variants to enhance exploitation in PSO and GWO
and to generated both variants’ strength [85].

In this algorithm, the position of the first three agents is updated in the search space using
Equation (111.41). The control of the grey wolf exploration and exploitation is conducted with the

inertia constant. Using the following modified equations:

dy =) %5 — w * X|

dg =1, % —w = %| (IV.61)

ds =16, - %5 — w * X|

The following equation is for combining the variants of PSO and GWO:

vl(<+1 = W * (vff + C1T1(x1 — x{c) + C2r2(x2 - Xlk) + C3T'3(X3 - Xlk))

k+1 k+1 (IV.62)
L

xftl = xF + vl
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IV.4.2.Whale Optimization Algorithm
This Algorithm consists of three stages [114,115]:

Bubble-net attacking method:

Using the bubble-net strategy, the humpback whales attack the prey. This is shown in the
following two methods [114,115]:
= Shrinking encircling mechanism: It is applicable by reducing the amount of | in
Equation (111.40).
= Spiral updating position: The mathematical description of the helix-shape motion of
humpback whales is:

X(n+1) =D e - cos(2av) + X*(n) (1V.63)
D' = [X*(n) — X(n)| (IV.64)

A probability of 50% to choose either a shrinking mechanism or a helical path down below the
mathematical formula:
X*(n) —K-ﬁifp <05

X(n+1) = {q, -
D - ePv - cos(2nv) + X*(n) ifp > 0.5 (1V.65)

where, p is a random number in [0, 1].

Search for prey:

The humpback whales search randomly for prey. Exploitation phase fellow those rules :

—

D = |C- Xana — X| (IV.66)

—

X(n+1) =Xang —A-D (IV.67)

1V.4.3.Hybrid grey wolf whale optimizer (HWGO)

The HWGO algorithm aims to enhance the efficiency of the WOA algorithm by applying the
leadership hierarchy of GWO [116]. The next step is to apply the outcome to the WOA attacking
strategy. The HWGO selected the three best candidate solutions: the 1%, 2" and 3" levels in the
group are alpha (a), beta (b), and delta (d).

The mathematical model for updating the position of whales using the leadership hierarchy of GWO
during optimization is given as [116]:

The updating of the position of whales using the hierarchy leadership of GWO is expressed by
Equation (111.42, 111.43 and 111.4).
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The updating of the position along of a spiral-shape path of humpback whales is as follows:

D, = [X,(n) — X|
Dg = [Xp(n) — X| (IV.68)
D; = [Xs(n) — X]|

X,(n) =X, (n) + D, - e - cos(2nv)
)_(>2 (n) = )_(>B(n) + ﬁﬁ - PV cos(2nv) (IV.69)
X5(n) = X;5(n) + Dj - €P - cos(2mv)

X(n+1) = KAt X (IV.70)

IVV.5.Results and Discussion

This investigation adopted the use of various analyses such as convergence curve, the step
response of linear velocity and orientation, and trajectory tracking in order to validate the
performance and robustness of the suggested HWGO algorithm.In comparison to four optimization
algorithms under the name of PSO, GWO, WOA, and HPSOGWO.

All simulation experiments of this study were performed on a PC independently, which had the
following configuration: operating system, 64-bit Windows 10; CPU, Intel Core i5-4200 2.30 GHz,
and simulation software, MATLAB R2019. To measure the robustness of the compared meta-
heuristics in solving this problem we run more than 30 simulation experiments for each algorithm.
Moreover, in order to study the convergence behavior of the algorithms, the maximum number

iterations and the population size are set to 100 and 20, respectively.

IV.5.1.Convergence Curve of the Algorithms

Fig IV.5. presents the convergence curve of the five selected optimizations algorithms. That’s
proved the over-performance of the HWGO algorithm. The obtained value of ISE for all algorithms
used in the study is shown in Table 1V.1.

From fig IV.5. and Table 1, it quite obvious that the PSO fells easy in local minimum, with a cost
value (0.0504) compare to GWO that has obtained a better object function value (0.0477). The
HPSOGWO could solve the problem by avoiding the local minimum related to PSO, and could
reach a better precision than the GWO (0.0464) . The WOA optimizer also as the PSO optimizer
fells in the local minimum with the worst ISE value obtained (0.0533). However, this algorithm

takes the less number of iterations (need only 10 iteration) compare to the previous mentioned
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approached. Lastly, the proposed HWGO algorithm that benefited from the rapidity of the WOA
algorithm, and the precision of the GWO algorithm, could obtain the best cost value (0.0452).

0.151 : ' A
| —PSO - i
|7 GWO | ooss ]
ot - -HWGO . ousz B ]
% 1 1 O O SR I DUSF % 1]
% ‘L\ 0,0435:— L SR s WSS
= : 11 00, | i R .
8 v.\-\ - S 15 20 25 30 35 40 45 50
1 Iteration
| S D e e e L L e T T
10 20 30 40 50 60 70 80 90 100
[teration

Figure 1V.5. Convergence curve of five algorithms

Table I1V.1. ISE values of the five algorithms.

algorithms PSO GWO | HPSOGWO | WOA HWGO
ISE 0.0504 0.0477 0.0464 0.0533 0.0452

In summary, the HWGO algorithm has the lowest ISE amount with the highest rapidity in terms of

convergence. It is noted that the algorithm only took 50 iterations to obtain the best optimal values

IV.5.2.Step Response Performance of Speed Controller

Fig 1V.6. presents the comparative findings for velocity step responses that were designed with
various techniques. As illustrated, the HWGO is characterized by a significant time response, as
mentioned below.

From Figure IV.6., Table IV.2. and IV.3., we can say that the best overshoot belongs to HWGO
followed by HPSOGWO, GWO, PSO, and WOA by an overshoot of 14.514%, 16.211%, 16.689%,
17.366%, and 19.982%, respectively. The algorithms can classify from worst rise time to the best
rise time as follows: PSO (0.0034s), GWO (0.0032s), HPSOGWO (0.0031s), WOA (0.0027s), and
HWGO (0.0026s). Based on the settling time the algorithm can be classified as follows: PSO
(0.4944s), GWO (0.4924s), WOA (0.3994s), HPSOGWO (0.3655s), and HWGO (0.3168s).
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Figure 1V.6. Comparison of velocity step response for all algorithms.

Table IV.2. shows the gain details of the FOPID1 controller, for the speed control of the WMR, for

all chosen algorithms. While Table 1VV.3. shows the characteristics obtained in the time domain.

Table 1V.2. The tuned gain details of FOPID1 Controller for all algorithms.

Methods FOPID 1 for speed control
K, K; K, A M
PSO 400 100 100 0.96 0.66
GWO 500 10.975 100 0.96 0.66
HPSOGWO 500 99.69 100 0.11 0.65
WOA 500 100 28.15 0.87 0.94
HWGO 500 145 149 0.10 0.56
Table 1V.3. Performance characteristic for FOPID1.
FOPID 1 for speed control
Methods
t, Mp% Peak ty ts
PSO 0.0034 17.366 1.1737 | 0.0890 | 0.4944
GWO 0.0032 16.689 1.1669 | 0.0761 | 0.4924
HPSOGWO 0.0031 16.211 1.1621 | 0.0509 | 0.3655
WOA 0.0027 19.982 1.1998 | 0.0926 | 0.3994
HWGO 0.0026 14514 | 1.1451 | 0.0479 | 0.3168
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Chapter 1V:

In conclusion, in terms of the lowest amounts of peak percentage; overshoot (Mp%), rise time (t for
10% — 90%), and settling time (ts for £2 % tolerance), the best result was found by the proposed

HWGO-FOPID1 Controller.

IV.5.3 Step Response Performance of Angle Controller
Fig IV.7. presents the comparative findings for angle step responses that were designed by
applying the five optimization techniques. As illustrated, the HWGO has a significant time

20

response.
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—~ |F || e ---PSO
Toe 08— —
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Figure IV.7. Comparison of step Response for the orientation.

Table 1V.4. reveals the gain details of the FOPID2 controller for the orientation control of the WMR

selected. In contrast, the comparative results of transient response are highlighted in Table 1V.5.

From Fig IV.7., Table IV.4. and IV.5,

Table 1V.4. The tuned main parameters of FOPID2 controller for all algorithms.

FOPID 2 for Angle control

Methods
K, K; K, A M
PSO 1 100 69.55 0.1 0.96
GWO 1.21 57.22 74.18 0.15 0.96
HPSOGWO 67.9 6.52 75.17 0.74 0.96
WOA 93.48 3.17 63.46 0.60 0.96
HWGO 63.97 26.4 81.95 0.36 0.95
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Table IV.5. Performance characteristic for FOPID2.

Methods FOPID 2 for speed control

t, Mp% Peak ty ts
PSO 0.3994 3.8347 | 0.8151 | 1.0770 | 1.9409
GWO 0.5235 1.6377 | 0.7979 | 2.6191 | 0.9705
HPSOGWO 0.4017 2.3653 | 0.8036 | 3.2517 | 4.9513
WOA 0.4033 3.2358 | 0.8104 | 0.9832 | 1.4563
HWGO 0.2825 0.8464 | 0.7916 | 2.2696 | 0.4914

In summary, The lowest amounts of peak percentage, overshoot (Mp%), rise time (t: for 10% —
90%), and settling time (ts for +2% tolerance) were also observed for the suggested HWGO-
FOPID2 controller.

IV.5.4. Path Tracking

To illustrate the robustness of the Back-stepping - HWGO -FOPID controller, a star trajectory was

selected using the following equation [106]:

xp(n) = —2.5 * sin (2 * T % 3_150) (IV.71)

yr(n) = 2.5 * sin (2 * TT * Z_t()) (IV.72)
If()’R (n) —yr(n — 1)>]|
— | t+e |

Or(n) atanZI ) — xan— 1)) | (V.73)
I‘ t+e€ J

Where the gains are chosen as: kx=10, ky =80 and ke=15.

The reference and actual trajectories of the star path are shown in Figure 1V.8, where blue and red
lines, respectively, represent them. Figs 1V.9a-9c display the desired and actual tracks for x, y, and
0, respectively. The reference and actual amounts of the linear and angular speeds (v and w) are
presented in Figs 1V.10a. and 1V.10b. However, Figures 1V.11a-11f. reveal the errors of the v, w, X,
y, 0, and the tracking trajectory, respectively.

The HWGO-FOPID controller was designed to handle with the dynamics ,which means a
kinematic controller is necessary ,therefore a back-stepping controller was proposed to guarantee a
minimum of distance error that already has been proved in fig IVV.11f. (error less than 0.004 m),this

result demonstrate the reason behind the supposition of actual with the reference trajectories in
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figures (1V.9-11). The addition of this controller in the external loop had influenced by decreasing
the error of linear and angler velocity (the ISE of the HWGO) of the dynamic controller from
0.0452 to less than 0.002 as shown in figs 1V.11a. and 1V.11b.
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Figure IV.8. Star trajectory.
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Figure 1V.9. Response of the (a) X; (b) Y; (c) 0 variable.
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Figure 1V.10. Response of (a) linear; and (b) angular Velocities (for star shape).
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1VV.6. Conclusions

This chapter presents an advanced optimization method to obtain the turning parameters of
fractional order proportional integral derivative controller (FOPID controller). A comparison study
was performed for the first time in the robotics field, where several tuning methods have been
employed to set the details of two FOPID controllers, which are designed to make sure that the
linear and angular speeds of the WMR follow the input reference. Those five meta-heuristics
approached namely particle swarm optimizer (PSO), grey wolf optimizer (GWO), hybrid particle
swarm grey wolf optimizer (HPSOGWO), whale optimizer (WOA) and hybrid grey wolf whale
optimizer (HWGO) were found to be all statistically and graphically approved, by considering
integral square error ISE as a cost function .A back-stepping kinematic controller was adopted to
guarantee that tracking errors convergence to zero to achieve the trajectory tracking. A transient
response in the time domain has been made to examine the performance of selected algorithms.
Simulation results have successfully confirmed the over performance of HWGO in comparison to
PSO, GWO, HPSOGWO, and WOA in terms of lowest error value obtained, convergence rapidity,
with the minimum overshoot, received rise time, peak, peak time, and settling. Finally, a star

trajectory demonstrated the robustness of the mentioned controller .
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Chapter
V Optimal ANFIS-FOPID Controller Design

V.1.Introduction

This chapter suggests a novel control technique for solving the trajectory tracking problem of
wheeled mobile robot (WMR), a design of an optimal fractional adaptive Neuro- Fuzzy inference
system (ANFIS-FOPID) controller for dealing with the dynamics of the WMR. Tuning parameters
of the controller are tuned using the (HWGO). Simulation results revealed the highest efficiency of
the proposed ANFIS-FOPID technique compared to the (FOPID) controller and the (ANFIS)
controller in terms of settling and rise time, overshoot, as well as steady-state error. Many cases
study (circular path, zigzag path, five shape path) have highlighted the over performance of
mentioned controller. Finally, to accomplish our work a back-stepping control technique is added
for the kinematic control, a quadrifolium and a square trajectory were made to illustrate the

capability of the mentioned controller.

V.2. Controller Design and Strategy

Fig V. 1 shows the schematic form of the control approach based on the dynamic and kinematic of

the wheeled mobile robot. The trajectory generator supplies the desired coordinate x, y and 6,

Trajectory
generator A T i
] Dynamic : Mobile robot model

I
U, l Controller | U( \U : I
|
% e £ | ANFIS- | i "1 bC ;
g =|% : . J 1 Form1 | Decoupling 7T potor ,
6, Backstepping : | : I :
o Kinematic v 1 : Ky Ky ] : ' I
) : Ky —Kp | Dynamics | || Kinematics |
€| Controller | . | : q :
— | € |
+ y —Hp | : : ' ™5
s | I
Wy I ANFIS - : UB UL |l ‘ ‘ :
x — " } FoPD2 ~— L DC o |
oS R e
6 T e L | S | [ S—— |

Figure V.1. Control scheme of WMR.
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A back-stepping kinematic controller is detected in the external loop, here the controller examines
the difference between the reference data (obtained from the bloc trajectory generator) and physical
value from the robot then develop his own angular and linear velocities that are delivered into the
internal loop, where two blocks of ANFIS-FOPID controller deal with the dynamics. Here, the two
dynamic controllers provide their own signals of angular and linear speeds based on the values

taken from the kinematic controller

V.2.1 Kinematic Controller Design

Like the previous works , here the controller structure is highlighted in Figure V.1, where the

input error and velocity vector (v¢) are:

cos 0 sinf  O|[Xr— X]
ey = [—sin 9 cos 9 of|Yr — Y|[=T.e, (V.1)
L6, — 6.

vrcos(eg) + ke,

Ve = lwr + kyvre, + kgvpsin(eg)| (V.2)

where Ky, Ky and ke are the tuning parameters.

V.2.2. Designing the ANFIS-FOPID Dynamic Controller

The implementation of the full control strategy that handles the dynamics of the WMR based on the
ANFIS-FOPID, can be divided into three steps:

Actual

Desired| > y >
mput _ [ Decoupling output

M FOPID g
b2 _K/_.'—" Controller [ 4 ﬂl

Mobile

— &

l'hl'"
T <
[i—)

da™
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Fig. V.2 The ANFIS in training phase.

e  Firststep
The first stage is represented by Fig. 8, which shows the training phase of the ANFIS controller.

The ANFIS utilise their adaptive and learning capacities to learn and to predict the best required
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control actions based on the available data. These data are obtained from the already designed
FOPID controllers. The gained training data were stored in a file. From MATLAB/SIMULINK
using the command anfisedit, these data were taken for training, the complete operation was
represented in Fig. V.3
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Fig.V.3.(a) data configuration for first ANFIS-FOPID controller,(b) structure of the ANFIS-FOPID
controller (c) data configuration for second ANFIS-FOPID controller ,(d) error minimization
corresponding to the second controller.
Fig.V.3 shows the Matlab Simulink GUI window of the internal architecture of the ANFIS
controller. The ANFIS training used hybrid training algorithm, with the input nodes (2, 2, 2),using

the gaussmf membership function for the inputs and linear membership function for the output,
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each having 8 rules (see Fig.\VV3.b), the epoch length was used is 50 iterations for each sample, with,
0.01s as the Simulink sampling time. At the end of the training the result was saved as a fis file with
respect to Sugeno-style.The root mean square error (RMSE) was found to be 0.1053 and be
0.094977 for ANFIS-FOPID1 and ANFIS-FOPID2, respectively.

e Second step: adjusting the parameters using the HWGO optimizer.
After the training phase is complete and the optimal value of the data are obtained, the designed
ANFIS-FOPID controller should be ameliorated by adjusting the gains, i.e.,Kp, Ki, Kg, A, 1, Kv, Ko

as shown in Fig.V.4

HWGO Optimiser

I I I i
11 | I
1 I |
(. | |
(. | I
11 | I
I I I I

Desired — ¥ +
' b
input €y : : | Decoupling | ) Actual
i eq ' Mobile |output
i [Kv Kg ] bot
e robo
N

Fig.V.4 Bloc diagram for parameters tuning.
To select the optimal values of the scaling gains, hybrid whale grey wolf method is introduced to
reduce the error value. The cost function used in the study is the integral square error (ISE) which is

demonstrated by equation (111.14).

Fig.V.5 Bloc diagram for Hybrid ANFIS-FOPID dynamic controller.
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e Third step:

The obtained control strategy of the dynamic controller is represented in Fig.V.5 It illustrates a
combination between the ANFIS and the fractional order PID controller, abbreviated as ANFIS-
FOPID. Two trained ANFIS-FOPID controllers are adopted for driving the right and left DC motor
voltage of the WMR, where a decoupling system is used for separating the two control actions.

The first controller selects the difference between the desired and reference velocity from the right
wheel as an input. The second controller in the left wheel examines the difference between the
actual and desired orientations as an input.

The following equations (V.3) represent the relation between the input voltage of the right and left
DC actuators Ur and U, respectively, with the outputs of the first and second controller Uy and Uy,

respectively, and the coefficients of the decoupling process are respectively Ky and K.

UR=KV'UV+ KQUQ

AT V9
where

e, =Up —Up

{99 = Hr - em (V.4)

Ur is the desired velocity, Um the actual velocity, ey the velocity error, 0r the desired orientation, Om

the measured orientation, and ey is the orientation error.

V.3. Results and Discussion

This study adopted the use of several evaluations, such as convergence curve, the step response of
linear velocity and orientation, also various case study has been made in tracking trajectory, in order
to justify the performance and robustness of the proposed HWGO-ANFIS-FOPID controller, In
comparison to HWGO-FOPID and the ANFIS.

All simulation experiments of this study were performed on a PC independently, which had the
following configuration: operating system, 64-bit Windows 10; CPU, Intel Core i5-4200 2.30 GHz,
and simulation software, MATLAB. To measure the robustness of the compared meta-heuristics in
solving this problem, we run more than 30 simulation experiments for each algorithm. Moreover, in
order to study the convergence behaviour of the algorithms, the maximum number iterations and the

population size are set to 100 and 20, respectively.

V.3.1. Convergence Curve of the Algorithms

Fig.V.6 presents the convergence curve of the three selected optimizations algorithms from the

designed FOPID controller, compared to our proposed controller. The result proves the over-
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performance of the HWGO-ANFIS-FOPID controller. The obtained value of ISE for all algorithms
used in the study is shown in Table V.1.

From Fig.V.6 and Table V.1, it quite obvious that the HWGO optimizer gives the lowest ISE value
compared to the whale optimizer (WOA) and the grey wolf optimizer (GWO).The ANFIS-FOPID
controller has the lowest ISE value (0.0268). For that purpose, the next cases studies are focusing
only on comparing the three controllers (FOPID, ANFIS and ANFIS-FOPID) using only the
HWGO optimizer.
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Fig.V.6. Convergence curve of the algorithms.

Table V.1. ISE values of all controllers.

algorithms ISE
GWO-FOPID 0.0477
WOA-FOPID 0.0533
HWGO-FOPID 0.0452
HWGO-ANFIS-FOPID 0.0268

V.3.2. Step Response Performance of Speed Controller

Fig V.7 presents the comparative findings for the linear velocity step responses that were designed
with various controllers. Table V.2 shows the gain details of all controllers, for the speed control of
the WMR, tuned by HWGO optimizer. Table V.3 shows the characteristics obtained in the time
domain. The HWGO-FOPID controller only advantage is the fast rise time obtained, but a high
overshoot and slow settling time. The ANFIS controller major advantage is the zero-overshoot
obtained value and an acceptable settling time but slow rise time. The HWGO-ANFIS-FOPID
controller mixes the two advantages of the previous controllers by giving the best settling time and

an acceptable overshoot and rise time.
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Fig V.7. Step response Comparison for all velocity controllers.
Table V.2.The tuned gain details of linear velocity for all Controllers
Methods Speed controller
K, K; K, A u Ky Kg
HWGO-FOPID 500 145 149 0.10 0.56 0.50 0.50
ANFIS - - - - - - -
HWGO-ANFIS-FOPID 2 1.01 1 0.2046 | 0.8674 | 1.046 | 0.75

Table V.3.Performance characteristic for velocity Controller.

Methods Caracteristics of the speed controllers
t, Mp% Peak ty ts
HWGO-FOPID 0.0026 | 13.1268 | 0.4525 | 0.0014 | 0.2182
ANFIS 0.0451 0 0.3993 10 0.0562
HWGO-ANFIS- 0.0242 24350 | 0.4097 | 0.1000 | 0.0357
FOPID

V.3.3. Step Response Performance of Angle Controller

Fig. V.8 presents the comparative findings for angle step responses that were designed using the
three controllers, by applying the HWGO optimization techniques. Table V.4 reveals the gain
details of all controllers selected for the orientation angle control of the WMR. In contrast, the

comparative results of transient response are highlighted in Table V.5.
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Fig V.8. Comparison of step Response for the orientation.
Table V.4 The tuned main parameters of the three controllers for angle control.
Methods Angle controller parameter tuning
K, K; K, A m Ky Ky
HWGO-FOPID 63.97 | 26.4 | 8195 | 0.36 0.95 0.50 0.50
ANFIS - - - - - - -
HWGO-ANFIS-FOPID | 6.00 4.92 1.21 0.02 1 1.046 |0.73
Table V.5. Performance characteristic of the three controllers for angle control.
Methods Transition parameter for angle controller
t, Mp% Peak ty ts
HWGO-FOPID 0.4184 3.4084 | 0.4136 | 0.9600 | 0.4309
ANFIS 1.6633 2.2710 | 0.4091 | 4.0512 | 1.6942
HWGO-ANFIS-FOPID 0.3470 | 0.1822 | 0.4007 | 0.7466 | 0.3770

From Fig.V.8, Table V.4 and Table V.5, we can say that the lowest amounts of peak percentage,
overshoot (Mp%), rise time (tr for 10% — 90%), and settling time (ts for 2% tolerance) were
observed for the suggested HWGO-ANFIS-FOPID controller.
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V.3.4. The trajectory coresponding to Step Response in XY plane

In this case, a linear trajectory is aplied acording to the step response. Fig. V.9 (a) shows the
relationship between the desire path and the actual path based on each cotroller,where Fig. V.9 (b),
and 9(c) shows the error coresponding to the distance and the orrientation angle for each techniques,
respectivly.

The lowest distance and orientation error was found by the proposed hybrid controller folowing by
the HWGO-FOPID controller and the ANFIS controller,the FOPID controller is faster in termes of
rise time value which make him sensitive for istantaneus changing of the linear and angular velocity
but a high overshoot and an important distance error,contrary to the ANFIS controller, having a
slow action reponce to instantaneus changing and also an important distane error butnearly zero
overshoot, to handle this problem,the Hybride ANFIS-FOPID gives a very acceptable transition
responce and less tracking error and an acceptable overshoot wich make him the ideal controller for

strait line trajectory.
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Fig.V.9 (a) strait trajectory in XY plane,(b) error of the distance, (c) the theta angle error.
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V.3.5. Circuler path (case study 01)

In this case,a circuler trajectory have been made to demonstrate the ability of the ANFIS-FOPID
controller in handling smooth trajectory, in comparison to the other controllers. Fig.V.10 (a) to (c)
,and Fig.V.11 shows,respectivly,circuler path of all controllers in relationship to the reference
path,the linear velocity response of all controllers,the orientation angle of the three controllers,and

finaly the error of distance .
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Fig V.10. (a) circle trajectory in XY plane,(b) linear velocity response for all controllers ,(c) angle

response of all controllers
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Fig V.11. error of the distance

Here, the ANFIS controller can beter dealing with smooth trajectorythan the FOPID controller, due
to a progressive changing in both linear and angular velocity. For that purpse, we can see the the
error of the tracking trajectory was beter minimized by the ANFIS controller than the FOPID
controller.

At the beginning,the FOPID controller gives a very high overshoot in the linear velocity. However,
a very good rise time value and beter setling time from this controller than the other.

Here the proposed controller also combine the advantage of the two previous controllers and shows
the capability of handling the problem related to the trajectory tracking by given the minimum

distance error and orientation too.
V.3.6. Five (5) chape trajetory (case study 02)

The five (5) shaped trajectory is a straightforward example of a non-continuous gradient trajectory.
The major problem of such as paths is the sharp and a non-continuous motion, which requires a
high-level control effort. Fig.V.12 (a)- (e) demonstrates the difference between the actual and
reference response for all controllers, respectively, the trajectory in the XY plane, comparative
results of the angular velocity, comparative findings of the linear speed, and the error according to

the distance and orientation.
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Fig.V.12. (a) five shape trajectory in XY plane,(b) angle response corresponding to the path for all

controllers, (c) linear velocity corresponding to the path for all controllers, ,(d) error of the distance,
(e) the theta angle error.
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The 5 shaped path is classified as a sharp-shaped path, here the ANFIS controller cannot handle this
type trajectory because the spontaneous changing in velocity and due to the slow rise time and
settling time, makes this controller gives slow actions, that causes high distance and orientation
error. But, we can see a very low overshoot value from this controller. The FOPID controller gives
a very high overshoot, that might produce an unstable and a disturbed motion, which could harm the
DC actuators (see Fig.V.12 (c)), which makes it unsupported for this kind of paths. The ANFIS-
FOPID controller has an acceptable overshoot compared to the FOPID and faster time response
than the ANFIS, which makes it suitable for this type of trajectory.

V.3.7. Zig zag trajectory (case study 03)

Here both linear and angular velocity changes progressivly (see Fig.V.14 (c), and (d)), In other
words, a fast and high control effort time reponce is not nessessary. For that reason, the ANFIS
controller gives a good time response ,contrary to the FOPID which gives an important overshoot
and a high ISE value. The ANFIS-FOPID gives the best ISE value (see Fig.V.13 (b)); less than
0.002,compared to FOPID (0.017) and ANFIS (0.005).Moreover, less overshoot and beter time
reponse. Here the ANFIS-FOPID controller mix all the advantages of its old versions which makes
him ideal for this type of trajectories.
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Fig V.13. (a) zigzag path in XY plane ,(b) the integral square error (ISE) for all controllers
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Fig V.14. (a) the theta angle response corresponding to all controllers ,(b) the linear velocity

corresponding to all controllers.
V.3.8. Adding the backsteping controller in the external loop

The ANFIS-FOPID controller was designed to handle with the dynamics, which need a kinematic
controller. Therefore, a back-stepping controller was proposed to guarantee a minimum distance
error that already has been proved in Fig V.16.(c). The error is less than 0.004 m .To illustrate the
robustness of the Back-stepping combined with ANFIS-FOPID controller, a square and a

quadrifolium trajectory were selected.

V.3.8.1.Case of quadrifolium

In order to generate this path, the gains are chosen as: kx=10, ky=80 and ke=15. And using the

following equations were applied:

xp(n) = 5 * sin? (Z*N*%)*COS (2*71*%) (V.5)

yr(n) = 5 x cos? (2*n*%>*sin(2*n*3—t0> (V.6)
[(3’13 (n) — yr(n — 1))]

Oz (n) = atan2| tte | (V.7)

l(xR(n) ;-T_Re(n - 1))J
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Fig V.16. Error corresponding to (a) x,(b) y; (c) the theta angle ,(d) the trajectory tracking.

The reference and actual trajectories of the quadrifolium path are shown in Fig.V.15, highlighted in
blue and red lines, respectively, Fig.V.16 (a)-(d) display the errors of x, y, 0, and the tracking

trajectory, respectively. The influence of the added kinematic controller in external loop is
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highlighted in Fig.V.16 (d), the minimum tracking error is less than 0.002 meter. for that purpose,
we can see that the two paths are identical in Fig. V.15.

V.3.8.2. Case of square trajectory

The reference and actual trajectories of the square path are shown in Fig V.17, highlighted in blue

and red lines, respectively, Fig.V.18 (a)-(c) display the errors of x, y, 6, and the tracking trajectory,
respectively.
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Fig.V.18 Error corresponding to (a) x,(b) y; (c) the theta angle ,(d) the trajectory tracking.
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The square trajectory is also a sharp-shaped path, here our proposed controller gives a very good
response, minimum distance error obtained (less than 0.003 meter),and an error angle less than 0.05
rad, therefore we can see the superposition of the actual on reference path in Fig.V.17.

V.4. Conclusion

This chapter presented the hybridize of the fractional order PID controller with an adaptive neuro-
fuzzy inference system (ANFIS), abbreviated as ANFIS-FOPID controller, for the wheeled mobile
robot (WMR) motion control. Tuning parameter of the proposed controller is challenging, a
powerful nature inspired algorithm is introduced in the study, namely, hybrid whale grey wolf
optimizer ( HWGO), a hybridization between whale optimizer (WOA) and grey wolf optimizer
algorithms (GWO), A comparative study prove the over performance of the proposed controller
compared to FOPID and the ANFIS, simulation in MATLAB environment gives a demonstration
and judgment between these controllers in terms of lowest error value, convergence curve ,
minimum overshoot, received rise time, peak, peak time, and settling time obtained. Several paths,
as study cases, revealed the efficiency and robustness of the proposed ANFIS-FOPID controller
tuned by HWGO algorithm, which has excellent trajectory tracking, and the capacity to produce
soft and suitable linear and angular velocities, excellent performance over the ANFIS and FOPID
controllers. Moreover, the HWGO technique has better convergence performance than the GWO
and WOA algorithms in term of parameter tuning, based on the integral square error (ISE) as a cost
function. Finally, to accomplish our study, we applied a back-stepping technique for the kinematic
control to guarantee a minimum tracking error, where a quadrrifolium and a square trajectory have
already demonstrated the robustness of the mentioned controller in both smooth and sharp shaped

trajectory.
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Chapter
VI Experimental Work

VI.1.Introduction

The objective of this chapter is to develop a real-time trajectory tracking controller based on the
hybridization of the fractional order proportional integral derivative (FOPID) controller with the
Backstepping technique, using low-cost hardware. Several desired trajectories were executed
experimentally, using a self designed wheeled mobile robot platform, in order to validate the
applicability of the proposed control methodologies explained in our previous contributions. This
work is 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 Simulink support package for Arduino. 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.

V1.2.The Global Control Architecture Description

The self designed mobile robot platform is shown in Fig.VI.1. 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.

Figure.V1.1 self designed robot plat form

Fig.VI.2 shows a simplified architecture of the complete control strategies of the system. Focusing
on the block diagram, 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

109



Chapter VI : Expérimental Work

software description). Simulink is connected with Arduino mega microcontroller using serial
communication with a USB cable (57000 baud rate, 8 bits). Arduino takes decision according to the
signal feed by the MATLAB environment and then finally generate PWM signals for controlling
the right and left wheels, where a L298n driver amplify the control action to 12v,to control the dc
motors ,supplied by a 6v 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 .

H bridge

ERYILLL T driver L298n
Mega 2560

AT T
I Idobile Robot
(——\\
g Two DC
motors+ gears +
Pose wheels+
estimation encoders

from the
encoders

Lid

FigureV1.2. The global control architecture

V1.3 Hardware Design

One of the cost-effective solutions for mobile robot navigation is the differential drive system. It's
one of the simplest drive mechanisms for a mobile robot and is mainly indented for indoor
navigation. This section is divided in two parts :

V1.3.1 The self designed robot platform

The differential drive robot consists of two wheels mounted on a common axis controlled by two
separate motors. There are two supporting wheels called caster wheels. This ensures stability and
weight distribution of the robot. FigV1.3 shows the self designed platform of the differential drive

system an Table VI.1 shows the hardware component of the platform:
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Table V1.1 hardware component of the platform

Size platform

The platform has a circular floor plan with a diameter of 34 cm

Wheels

Radius of wheel : R=0.04 m

Drive type

Differential drive with two caster wheels

Maximum speed

0.3 m/s

Motor type

DC motors 12v,107 RPM, with gear ratio 1:90 and stall tork
20kg.cm at maximum current is 3.4 A

Encoder resolution

Hall x Ratio=11x90= 990 PPR (pulse per revolution)

Controller Arduino Mega2560 board

Power 6v,4Ah battery with boost converter
weight 4 kg

Payload 5 kg

(©)

(d)

Figure V1.3 the platform mechanical design : (a) Top view of the base,(b)the electronic circuit

location in the base,(c) Bottom view,(d) the assembled platform.
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V1.3.2.The electronics circuit design

The power supply is taken from a (6V) battery with a maximum current up to 4Ah, where a boost
converter is used to convert the voltage from 6v to 12v. In order to provide energy to both dc
motors and also the power electronic circuits, which is a L298n driver, this H-bridge driver reduces
the voltage to 5V through its own regulator to power up the controller board which is the
ARDUINO mega. 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 2 A. Although motors may require more current (up to 3 A 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.

&.\I.ﬂ:n AR |

—_—

Figure V1.4 wiring diagram of the entire hardware

The 5V pin of the driver is connected to the Vin pin of the Arduino to power the Arduino board.
Input 1 and Input 2 pins of the L298n driver are connected to the Arduino pin 07, pin 08,
respectively, used to control the direction of Motor 1, while. Input 3 and Input 4 pins of L298n are
used to control the direction of Motor 2 and are connected to pin 11, pin 10 of the Arduino,
respectively. Enable A and Enable B are connected to the pin 9 and pin 12 of Arduino, respectively,

which are used to control the speed of motors using PWM signals.
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The encoders of the DC motors are magnetic type, with two digital outputs (A and B) of 5 V 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 pin 18, 19,20,21 are used for
signals A and B of the encoders of the two actuators.

V1.4 Software Design

Simulink Support Package for Arduino Hardware was selected for combining MATLAB/Simulink
environment with Arduino board. The choice was based on the great advantages that this toolbox
offers such as creating and running Simulink models in numerals fields, offering a block library for
configuring and accessing Arduino sensors, actuators and communication interfaces via a USB
cable. This approach allows you to design control algorithms in Simulink and upload it directly to
the hardware platform (Arduino board) without a need for programming [117]. These toolboxes are
the responsible for enabling the data transference from the computer to the robot and vice-versa. By
generating an automatic C and C++ code for embedded systems. This package can be easily found
in MATLAB’s home tab, on adds-on section. A window containing Arduino blocks library is
illustrated in Fig VI.5. The package enables to perform tasks such as [117,118]:

* Acquire analogue and digital sensor data from Arduino board.

* Control devices with digital and PWM outputs.

» Communicate with an Arduino board over a USB cable.

» Access peripheral devices and sensors connected over inter integrated circuit (12C) or serial

peripheral interface (SPI).
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Figure V1.5 Arduino blocs library
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There is two main methods for the communication between the board and the PC: Normal Mode
and External Mode. Both methods have their advantage and inconvenient , depending on the
project, one method may prove to be more beneficial than the other[119].

1) Normal Mode with Simulink 10:
In order to connect to an external hardware such as Arduino and download programs on to it, you
can use Simulink 1/O. It is a fast mode to execute your code and communicate with the 1/0
peripherials, but the main disadvantage of this connection mode is that data recording is more
difficult than with External Mode.

2) External Mode:
By the External Mode you have the ability to tune parameters and monitor data in real-time, without
having to re-download or re-compile the model each time a change is done. Once External mode is
started, it uses the serial port to communicate between the Arduino and the computer. Therefore, to
run in External mode, the USB should be connected between them. This ability to adjust and
monitor changes in real-time is what makes External Mode such an interesting option for running
these experiments. You can benefit from being able to see the immediate effects your changes have
on the hardware. However, this ability to make changes in real-time has a cost, as in order to
communicate back and forth from the serial port, the port is kept opened and has a limited amount
of bandwidth. This limitation affects the rate at which the program can run. In other words, this
mode is slower than the Normal mode [119].
It is worth to comment that there is another option, called Deploy to Hardware with which we can
export all the code to the micro-controller and so there is no need to be connected to a PC. But, in
this case, the external mode will be used as we are going to use the Scope blocks of Simulink as

oscilloscopes of the most important signals, such as the control signal or the output of the plant.
V1.4.1 The complete Simulink model

Fig V1.6 shows the complete bloc diagram of the designed simulink model which is responsible for
controlling the robot platform, it consist 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 controller was designed for the speed
control and the second was for the orientation control, the output signals were send to the two

wheels using PWM technique, the quadrature encoder used to determine the robot localization.
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Figure V1.6 the complete designed simulink bloc diagram
V1.4.2 FOPID controller implementation

For the FOPID implementation the FOMCON (“Fractional-order Modeling and Control””) toolbox
was chosen [120]. The use of the toolbox is facilitated with a set of graphical user interfaces aimed
at making. Further motivation for developing FOMCON is the desire to obtain a complete solution
for efficient controller design and analog/digital implementation. In particular, FOMCON offers a

set of tools for working with fractional-order PID controllers.

V1.4.3 Speed Control

The DC motor Speed is controlled by changing the PWM ratio. PWM is a method of modulating a
signal by varying the duty cycle of pulses at constant carrier signal frequency (period) and pulse
amplitude. The computer uses digital output pin with the PWM mode as controlling peripherals.
However, the embedded computer cannot connect to DC motor directly, because the limited current
and output voltage also is not varying. Therefore, the embedded computer uses the L298N motor
driver as an electric power device that drives motor. The motor driver receives on/off signal from
the Arduino mega, and it drives the two motors.

A DC motor driver can turn on/off a DC motor, but a DC motor driver does not have a function of a
speed control way. Therefore, the embedded computer quickly turns on/off these switches with

Pulse Width Modulation (PWM) and controls motor speed and the direction too,
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Fig V1.7 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 V1.6) 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 O 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 fig VI1.7) 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 pinll for the direction of left

wheel.
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Figure V1.7 the designed simulink model for the PWM signals and orientation.

V1.4.4 Motor speed calculation from encoder

The quadrature encoder allows to control the movement of the vehicle wheels, this sensor produce a
signal data in form of a square wave. The number of pulses is related to the motor speed . Fig V1.8,
shows the simulink model of the pulse count and the conversion to RPM with the help of a S
function using pin 18,19,20,21 for both DC motors, and using a ‘“Rollover block correction”, this
bloc was created because the buffer that is keeping track of the number of counts can only represent
numbers between -32768 and 32767 (i.e. it uses 16-bits, 15 bits for the number and 1 bit for the

sign). This subsystem compares the current number of counts to the number of counts from the
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previous sample in order to determine whether a rollover has occurred (at 32767 or at -32768) and
then modifies the accumulated number of counts to remove the rollover (see Fig V1.8.b).

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 revolution. So, the counts per
revolution (PPR) of the motor speed and gear ratio can then be calculated: PPR=11x90=990. The
Gain block used for converting pulse to RPM is shown in Fig V1.8.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 V1.8 the designed simulink model for encoder reading: (a) the structure of the RPM reading

,(b) the S function bloc and the rollover bloc .
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V1.4.5 Pose estimation

The Odometric Localization process, also known as Dead Reckoning, is the estimation of a robot’s
coordinate based on the data taken from the quadrature encoder of the right and left wheels. The
forward kinematics model is then applied to estimate the robot location, linear speed and orientation
angle. The data is then integrated over time starting from a known initial location, (x(0) and y(0)),
and heading to obtain an estimate of the robot pose. Fig.VI.9 shows the simulink model

corresponding to the estimation protocol.
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Figure V1.9 the designed simulink model for pose estimation.

This approach is the most basic methodology used in mobile robotics, but is still routinely applied
in industrial robotics applications that do not require high-fidelity location estimation, or as a
redundant backup system for validation and error detection. It is required to adjust the alignment of
the wheels and diameters of wheels are equal. In addition, the floor contact of a workspace should

be smooth and flat to avoid slippage as a result of variation in the contact point of the wheels.
V1.5 Experiments Results

In order to prove the robustness of the proposed control approach, experiments were made using the
designed mobile robot platform described in previous section, to track four different desired
trajectories.

The implemented technique shows the behavior of the system based on the combination of the
FOPID with the backstepping controller in terms of vehicle orientation, velocity control, and
tracking errors. In additional, this investigates the capability of tracking any trajectories with
continuous and non-continuous gradients. These comparisons are made under identical conditions

in order to specify the differences and similarities of using different trajectories.
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V1.5.1 Tracking Circular Trajectory Case Study 1

At first, the applicability of the suggested control technique to track the continuous gradient with a
constant rotation radius was verified using a desired circular trajectory. Fig VI1.10a illustrate the
draw of circle trajectory on a white board using the designed platform, while Fig VI1.10b is the
estimated values in the XY coordinate.

---Reference
— Actual path

04 -02 0 0.2 0.4

(a) (b)

Figure VI.10 Circular path; (a) the actual circle trajectory (b) estimated values from encoders

This trajectory is performed a continuous gradient trajectory motion. Hence, the error between the
actual and desired linear velocity is supplied into the first fractional order PID controller.FgVI1.11a
shows The output of the control action for speed control that is it tracks and converges to the
desired reference velocity were. FgVI1.11b demonstrates the reference and actual orientation output
of the second FOPID controller. It can be observed that the orientation errors are maintained around
zero.

The error of the X coordinate is represented in Fig VI.11c, were FgVI.12: a, b and ¢ shows the
errors according to the Y, theta and the distance respectively.

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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V1.5.2 Tracking Lemniscates Trajectory Case Study 2

The lemniscate trajectory is another type of continuous gradient route. Although lemniscate
trajectory’s orientation is nearly similar to circular trajectory, it is a plane curve with a characteristic
shape that it consists of two loops that meet at a central point. It demonstrates a roundabout motion
because of changing the directions of coordinates whilst moving. The lemniscate trajectory is
generated using the equations (111.72, 111.73 and 111.74). The 2D print of the infinity trajectory of
actual robot platform is presented in Fig VI1.13a, were the estimated data taken from quadrature
encoders of desired and actual lemniscate trajectories are depicted in Fig V1.13b. It demonstrates a
very good response and reasonable performance of trajectory tracking based on the use of the
combination between the FOPID controllers and the back-stepping controller.

=—Reference path
01+ —Actual path

Y (m)
=

(a) (b)
Figure V1.13: (a) The 2D print of the infinity trajectory, (b): estimated XY plane for infinity path

The control actions estimated from the encoders which shows the efforts needed from the robot
vehicle to track the speed is given in Fig VI.14a, here The data action are 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 VI.14b. The figures show a reasonable response of system
actuators for such a trajectory.

The error of the X coordinate is represented in Fig VI.14c, were FgVI1.15: a, b and ¢ shows the
errors according to the Y coordinate, the theta orientation and the distance error 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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V1.5.3 Tracking quadrifolium Trajectory Case Study 3

The quadrifolium trajectory is classified as continuous gradient route. Although a quadrifolium
trajectory’s orientation is nearly similar to the lemniscates trajectory, it is a plane curve with a
characteristic shape that it consists of four loops that meet at a central point. it’s much complicate

to realize it than the lemniscates,
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(a) (b)
Figure VI1.16(a) The 2D print of the quadrifolium trajectory, (b): estimated XY plane for

quadrifolium path

The 2D print of the quadrifolium trajectory using the actual robot platform is presented in Fig
VI1.16a, were the estimated data taken from quadrature encoders of desired and actual trajectories of
quadrifolium are depicted in Fig V1.16b.

The control actions estimated from the encoders which shows the efforts needed from the robot
vehicle to track the speed is given in Fig VI1.17a, here The data action are 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 VI.17b. The figures show a reasonable response of system
actuators for such a trajectory.

The error of the X coordinate is represented in Fig VI.17c, were FgVI.18: a, b and ¢ shows the
errors according to the Y coordinate, the theta orientation and the distance error 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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V1.5.4 tracking rectangular Trajectory Case Study 4

In this study, a non-continuous gradient trajectory is generated, which means a instantaneous
changing in the orientation at the connecting point while executing the path of the WMR. The
rectangular trajectory is classified as a sharp, shaped trajectory, which contain many points of
inflection. This example has been carried out in order to see the capability and the performance of
the combined backstepping and FOPID controller, to deal with such as cases.

06 —Reference
—Actual path

(a) (b)
Figure V1.19(a) The 2D print of the rectangular path, (b): estimated XY plane for rectangular path

The 2D print of the square trajectory is presented in Fig VI1.19a, were the estimated XY plane
coordinate that are taken from dc encoders of desired and actual trajectories are depicted in Fig
V1.16b.

The control actions estimated from the encoders which shows the efforts needed from the robot
vehicle to track the speed is given in Fig VI1.20a, here The data action are 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 VI1.20b. The figures show a reasonable response of system
actuators for such a trajectory.

The error of the X coordinate is represented in Fig VI1.20c, were FgVI.21: a, b and ¢ shows the
errors according to the Y coordinate, the theta orientation and the distance error 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 an acceptable tracking

error . due to the rapid change of orientation at the rectangle corners.
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V1.6. Conclusions

A real-time implementation of a combined fractional order PID controller with a backstepping
technique has been introduced for a self designed robot vehicle. The system uses an encoder sensor
to sense its surrounding and localize it self simultaneously. The travelled distances and orientation
of the WMR have been estimated based on the quadratic encoders. using the forward kinematics,
noise filter has been added to deal with perturbation comes from DC motors. The platform based on
the embedded system is investigated using four major case studies to confirm and validate the
control technique. The first case study was based on a circular trajectory, which has an explicitly
continuous gradient with rotation radius constant. The second case study was based on lemniscates
trajectory, which has explicitly continuous gradient with rotation radius changes. The third case
study was also smooth shaped trajectory based on a quadrifolium path which is more complicated to
realize, finally a rectangular trajectory, which has explicitly non-continuous gradient.The real time
experiments have demonstrated that the suggested methods have reached the requirements .
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Conclusions and Suggested Future Work

Three new robust control techniques have been proposed to deal with the problem of trajectory
tracking of wheeled mobile robot. Those techniques were applied for both continuous and non-
continuous gradient trajectories in order to control the movement of the left and right wheels of the
autonomous mobile robot using the proposed controllers. The implemented model of the non-
holonomic unmanned mobile robot takes into a count both kinematic and dynamic of the vehicle as
well the DC actuator characteristics, the three different proposed control methodologies are
described as follows:

The first control method aims to combine the traditional PID controller with the ANFIS controller,
and applying optimal control theory using meta-heuristic approaches, therefore a comparative study
of various nature inspired algorithms was made. Results in simulink show better robustness and
efficiency than the old PID controller in terms of the convergence curve, rise time values, settling
time and other criteria. However, this technique is only for dealing with dynamics of the vehicle,
therefore a new combination technique has been proposed, which is the hybridize of the ANFIS-
PID with the backstepping controller. This lately shows smooth control efforts on the right and left

wheel velocity

The concept of second control methodology is to design an optimal backstepping-FOPID controller,
based on combining the fractional order PID controller with backstepping kinematic controller. In
order to deal with dynamics, two blocs of FOPID controller are situated in internal loop, each
FOPID controller contains five parameters, need to be regulated. Therefore, the optimal control
theory has been applied using a new hybrid nature inspired algorithms namely the hybrid whale
grey wolf optimizer (HWGO), therefore a comparative study has been made using several meta-
heuristics, will distingue the PSO algorithm, GWO, HPSOGWO, WOA and the HWGO. The
criterion of obtained the optimal parameters is based on minimizing the cost function namely
integral square error (ISE). The validity of the proposed Backstepping-FOPID controllers has been

justified through different trajectories, for both smooth and sharp shaped one.

The third solution proposes a new combination between ANFIS controller and the fractional order
PID controller namely ANFIS-FOPID controller. The actual study shows the efficiency of the given
ANFIS-FOPID controller. Tuning parameters of the proposed controller are challenging. Therefore,
the powerful hybrid whale grey wolf optimizer (HWGO) has been also used in this time, based on
the integral square error cost function. A comparative study has been made between the ANFIS-

FOPID with respect to the standalone FOPID and the ANFIS, in terms of convergence curve
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obtained with lowest error values, and a minimum overshoot observed, rise time, and settling time.
As well as several case studies were made for both smooth and sharp-shaped trajectories. Moreover,
the combination ANFIS-FOPID with backtepping technique has been demonstrated as a fast
learning capability to track the given trajectories. It is observable that the smoothness and faster
convergence performance of the tracking error for vehicle velocity and orientation angle have been
satisfied. Simulation in MATLAB environment has given the following demonstration and

judgment between these three controllers:

The FOPID controller advantage is the fast rise time and settling time value obtained, this
controller is ideal for smooth trajectories, but when it comes to sharp shaped trajectories, a high
overshoot is observed, which could harm the dc actuators .The ANFIS controller major advantage is
the zero-overshoot obtained value, but a slow settling time and rise time value (especially in
controlling the angle). The ANFIS-FOPID controller mixes the two advantages of the previous
controllers by giving the best settling and rise time value, with an acceptable overshoot, which
makes it ideal for both smooth and sharp chapped trajectories. Moreover, a better convergence
performance is accomplished when a back-stepping technique for the kinematic control is applied
as external loop robot control. This practically guarantees a nearly zero tracking error, where a

quadrifolium trajectory used for test.

Furthermore, we have made efforts to validate the proposed algorithms based on real time
experiments with the assist of MATLAB package namely simulink support package for arduino.
Experimental works were applied on a self designed robot platform, a quadratic encoder sensor is
connected to the shaft of the two DC motors to measure the distance, and hence, the localization of
the robot can be estimated accordingly. The experimental results are conducted based on four
different case studies. They all have demonstrated an effective response in terms of minimum

tracking error.
Directions for Future Work

In general, the research objective of this thesis has been strongly reached. The investigation has
developed a new control theory and solved the trajectory tracking problem using a new proposed
techniques for industrial application. The methods have been verified through a self designed
mobile robot platform. A lot of new results as well as problems related to the study have been
realized. Consequently, it has been seen that some results can be ameliorated, especially in practice
by adding new sensor technology to help the robot for navigation. In addition, some limitations are

identified in our work. The error according to the non-continuous gradient trajectories still needs to
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be reduced to zero. This reveals that it is possible to extend the work for investigation new
constructed problems and developing algorithms that are more efficient. The following points are

suggested for the development of the work done in this thesis, such as:

1- Important progresses have been conducted to reduce the tracking error and increase the
performance of the process based on the recommended control techniques. Therefore, applying the
proposed methodology in another mobile robot types seems to be motivating, such the unmanned
Aerial vehicle

2- There still a need of for new nature inspired algorithm that can be used to optimize the
parameters of the proposed controllers. In order to get better performance, such as the salp swarm
(SSA), equilibrium optimizer (EO), Henry gas solubility optimizer (HGSO). Thus, different
optimizing algorithms might provide better results.

3- The fitness functions implemented in this study is based on the integral square error cost
function, this fitness functions can be constructed based on different criteria’s such as the integral

time absolute error ITAE,

4- The navigation problem need to be addressed in the future using vision sensors like the kinect
camera and using ultrasonic sensor for the obstacle avoidance, and the Mems sensors technology

have a part too in developing the robot platform.

5- The trajectory tracking and navigation problem can be go up to a new level and more precise

using new embedded processors like the raspberry pi 4, and the FPGA

6- A multi-agent architecture needs to be done in order to fix the problems that a single mobile

robot is can’t handle in complicate scenarios.
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