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ABSTRACT

Autonomous Ground Vehicle (AGV) system research has getting a lot of attention in recent
decades, within benefit of rapid advances in artificial intelligence technology and rising demand
for traffic safety and efficiency. Autonomous Ground Vehicle system is an unstable, a highly
nonlinear and time varying system. One of the main technologies in AGV research is trajectory
tracking control, which is basic task of AGV. In this research work trajectory tracking control,
Super Twisting Sliding Mode (STSMC) controller is designed for Autonomous Ground Vehicle
(AGV) system based on Genetic algorithms (GA) and Particle Swarm optimization (PSO)
technique. To compare the designed controller GA-based Fractional Order Proportional
Integral Derivative (FOPID) controller was designed. Based on the bicycle model, the lateral
dynamics model of the vehicle may established, which is further expressed in a state space form.
The effectiveness and validation of the proposed method has been verified through different
patterns of reference paths using MATLAB-Simulink software package. Also, the robustness of
the system may conducted by adding disturbances due to friction of wheels during the vehicle
motion. The obtained results of STSMC controllers are assumed to show the advantage and the

good tracking performance of the technique in terms of minimizing trajectory tracking error,

PSO based STSMC has Iess(z 0.000Gsec) for orientation angle control and (z 0.0007sec)

velocity control tracking error performance and the complement of the trajectory following over
Fractional Order Proportional Integral Derivative (FOPID) controller. Finally PSO based
STSMC controller was acceptable rather than GA based STSMC and GA and PSO based

FOPID controller for trajectory tracking control of AGV system.

Key Words: Autonomous Ground Vehicle, Trajectory tracking, Super Twisting Sliding Mode

Controller, Optimization algorithms.
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CHAPTER ONE

INTRODUCTION
1.1 Background

An Autonomous Ground Vehicle (AGV), also known as an intelligent vehicle, is a ground
vehicle that can navigate in structured or unstructured environments without continuous human
guidance. Depending on the context in which they operate, autonomous vehicle systems may
differ. Flying and aerial vehicles, often known as unmanned aerial vehicles (UAV), are
autonomous vehicles that operate above land at a higher height. There are also unmanned and
autonomous vehicles operating below sea level which also known as unmanned underwater
vehicle (UUV)(Amer et al., 2017). This study focus on the autonomous vehicles that are

operating on the ground which also known as autonomous ground vehicle (AGV).

An AGV is able to detect and circumnavigate obstacle and finally reach a goal which can be a
point, a region or a sequence of points such as a trajectory. Today’s transportation systems are
increasingly complex systems with some difficulty in ensuring the control and security of these
systems the number of vehicles is growing exponentially and the accomplishment of simple
tasks really becomes a defeat with risk for the human being. Autonomous vehicles can solve
this problem and act in the place of human beings. greasy to their capacity mobile robots (Car
like vehicles or autonomous vehicles) are able to perform many tasks in dangerous places where
humans cannot enter, those sites where harmful gases or high temperature are present in a harsh
environment to humans and to ensure the delivery of goods at long distances in risky roads with
autonomous vehicles. We can save money by performing various routine tasks(Chen, 2007).
The trajectory tracking problem of an autonomous ground vehicle (AGV) has taken a
considerable attention over the past few years. With the rapid development of autonomous
vehicles, autonomous vehicle control plays an important role in the vehicle autonomy research
area. So that this goal is to ensure this means that it is necessary to upgrade and optimize
autonomous vehicle controllers that solve complicated problems and tackle complicated in

variable environments.



The traditional PID controller has been used to control the various industrial processes in the
world. There are different methods for adjusting the PID controller parameters according to the
variation in the state of the environment and the system among these best-known methods,
frequently used in industrial applications, the Ziegler-Nichols method, the genetic algorithm
GA, fuzzy logic controller, etc. The PSO optimization technique was another very fashionable
method of tuning(Zamani et al., 2009).

Autonomous vehicle control includes longitudinal control and lateral control at the lower level
of control. Longitudinal control focuses on the speed control such as the notable adaptive cruise
control (ACC) or more advanced cooperative adaptive cruise control (CACC) while lateral
control deals with the vehicle steering control and path following(Yousif et al., 2018). This
thesis work focuses on investigating autonomous vehicle steering control methods to improve

trajectory tracking following performance.

1.2 Statement of the Problem

Autonomous ground vehicles are an important key of industrial automation. Such vehicles could
be utilized in different applications such as monitoring, transportation, military and many other
potential applications such as in construction, agriculture or planetary exploration. The
trajectory tracking problems is one of area of current research. A considerable attention has been
paid in recent years to deal with such problems. The autonomous vehicle must be able to track
and extract information from its reference trajectory using controllers. Thus, these tracked
information are fed to plant and execute its mission within its environment without human
intervention. The autonomous ground vehicle must use sensors to perceive its surroundings and

plan the motion.

In recent years, with the rapid development of modern computing techniques, artificial
intelligence techniques have been applied widely in solving trajectory tracking problems. From
the literature survey, it can be clearly seen that several issues like path planning and trajectory
tracking problems, low performance on controllers, not using good optimization algorithms
have not been addressed yet. Therefore, in this paper, all aforementioned issues have been
involved to create a new problem formulation for solving the trajectory tracking problem of
AGV by using Sliding Mode Controller (SMC). SMC has good performance in the case of



trajectory tracking and disturbance rejection capabilities. However, SMC has a drawback due
to its internal chattering problems. This may lead to having different voltage and current
distributions to the motors. So, the torques in each actuator will be different and generate an
oscillations on the vehicle system. To mitigate this problem a Super Twisting Sliding Mode
Controller (STSMC) is proposed to control the orientation and velocity of autonomous ground
vehicle.

1.3 Objectives of the Study
1.3.1 General objectives

The general objective of this research work is to design the Super Twisting Sliding Mode

controller for trajectory tracking control of Autonomous Ground Vehicle system.

1.3.2 Specific objectives

The specific objectives of this study are:

To study the mathematical modelling of the Autonomous Ground Vehicle system..
To control the orientation and velocity of the Autonomous Ground Vehicle system.

To analyze the performance and robustness of Super Twisting Sliding Mode controller.

YV V V V

To tune the designed STSMC controller parameters optimally using the GA and PSO
optimization techniques.

» To compare the performance results of the proposed controller with FOPID controller
from simulation works.

» To make relevant conclusions and recommendations based on the simulation result.

1.4 Scope of the Study

The scope of this research work was determining the mathematical model of the Autonomous
Ground Vehicle dynamics and designing GA based STSMC, PSO based STSMC for trajectory
tracking control of the orientation and velocity of the vehicle system in comparison with GA
and PSO based FOPID controller using the MATLAB/Simulink.



1.5 Limitations of the Study

The research work is limited to simulating the system using MATLAB/Simulink and
demonstrating how the system’s various components interact with one other. This is due to the
difficulty in obtaining the components for the implementation of an actual system. It also

necessitates the extra time and money spent on building the actual prototype implementation.
1.6 Motivation of the Study

Advancement and introduction of impressive technology in autonomous ground vehicle has
developed new fields of applications for it. Today Autonomous Ground Vehicles are utilized
for area mapping, scene perception, and manipulation in industrial, agricultural, natural and
mining situations. Thus, the design of robust control algorithms takes an important role in
designing these advanced technology systems.

1.7 Significance of the Study

Intelligent vehicle greatly improves the efficiency of transportation system, significantly reduce
the traffic accident rate, and reduce the energy consumption and the exhaust emissions. Such
vehicles could be utilized in different applications such as monitoring, transportation, military
and many other potential applications such as in construction, agriculture or planetary
exploration. Because of the unstable and highly nonlinear nature of the AVG system, designing
an efficient controller is essential. So, this research work proposed the robust STSMC controller

which stabilizes and solves the tracking performance of this intelligent vehicles.
1.8 Thesis Organization

The thesis is organized as follows:

Chapter one: Introduces the historical background of the AGVs. It also includes a statement of
the problem, the detailed objective of the thesis, scope, limitation, motivation, and significance
of the thesis.

Chapter two: This chapter discusses the theoretical background and related works related work

on AGV system.



Chapter three: This chapter presents the methodology followed, drives the kinematic and
dynamic mathematical models, designs the proposed controller and presents genetic algorithm

and particle swarm optimization techniques.
Chapter four: Presents and discusses on the proposed results.

Chapter five: Describes the conclusions and recommendations.



CHAPTER TWO

LITERATURE REVIEW

2.1 Chapter Overview

This section provides an overview of previous efforts to design the controllers for Autonomous
Ground Vehicles, the sensors and their functionality on AGV system, and the level of
automation where the self-driving vehicles follows. The knowledge gained in reviewing
different articles and journal papers are extremely useful in the preliminary design of controller
for AGV. Recently, many researchers have developed various path tracking control methods

considering the non-holonomic constraints of autonomous ground vehicles.
2.2 Brief technical review of AGV

During last decade, autonomous vehicle technology has been a key research and development
area in automobile industry. Construction, mining, agricultural equipment, seaborne
commercial boats, and unmanned aerial vehicles (UAV) all benefit directly from the innovations
created in the automobile industry. Despite the heavy intensity of investment in technology
development, it will still take a few decades before an entirely autonomous self-driving vehicle

navigates itself through national highways and congested urban cities(Babak et al., 2017).

The main self-driving technology can be divided into four categories. These are sensing,
perception, planning and control. Sensing refers to the capability of the autonomous vehicle to
collect real-time data from a variety of sensors (i.e., cameras, ultrasonic sonars, LiDARs, and
radars) connected with self-driving cars to extract useful information from the environment. The
perception module develops the contextual understanding of an environment such as object
detection, localization, lane markings, and road signboards based on the information provided
by the sensing module. In the next step, the planning module optimizes the information received
from the perception module to take decisions in terms of optimal motion planning which leads
to the defined goal. Finally, the control module is responsible for the execution of instructions
defined by the planning module such as longitudinal (speed, brake) and lateral (steering) motion
control(Rasib et al., 2021).



2.3 Sensors and their functionality in autonomous vehicle technology

Different sensors and systems are used for navigation and control of the autonomous vehicle.
Prominent sensors such as LIDAR, GPS, radar, vision, ultrasonic and inertial measurement unit,

their working principle and usage are discussed in the following sections.
2.3.1 LIDAR

LIDAR (Light Detection and Ranging) transmits a beam of light pulse from a rotating mirror,
part of that light will reflect back to the sensor to detect any non-absorbing object or surface.
The target distance is calculated as speed of light times the measured time period at multiple
angles. It scans the field of view in 3D with a finite spatial resolution and frequency. Using the
calculated distance, the sensor constructs a 3D map of the world including the objects around it.
LIDAR uses infrared (IR), visible or ultraviolet (UV) waves of the electromagnetic spectrum
for different applications and comes in various 1D, 2D and 3D configurations. They are the
second most valued sensors, after vision for object detection like a vehicle, pedestrian and
obstacles. Their performance is poor in rain, snow, dust and foggy environments. A high-end
LIDAR sensor can measure multiple distances per laser pulse which is helpful to see through
dust, rain and mostly transparent surfaces such as glass windows and porous object like wire
fences. To reduce the signal to noise ratio, a higher power laser generation is desired but in order
to prevent damage to the human eye, a laser power of 905nm is used to achieve desired range

with low duty cycle.



Lidar (light detection and ranging)

GPS (global positioning system)
Rear Camera

Video cameras

Ultrasonie’sensors

Odometry sensors

Central.computer
Radar.sensors

Figure 2:1 Different sensors on AGV system technology(LIDR Is the Latest Game-Changing

Advancement for Autonomous Vehicles - IEEE Innovation at Work, n.d.)

2.3.2 Radar

Radar (Radio Detection and Ranging) transmits electromagnetic pulses and senses the echoes
to detect and track objects. Echoes sensed vary in frequency depending on the speed of the
object. Radar can measure the relative distance, velocity, and orientation of the object. In case
of monostatic radars in which the transmitter and receiver are located at the same location, range
of the target is measured by using the round trip travel time of a pulse, times the speed of light
divided by two. They are typically available for short (= 30), medium (= 60) and long-range (=
200 m) distances and range from 3 MHz (Very long range) to 100+ GHz (Short range)
frequencies. Radar requires less computing resources compared to vision or LIDAR. Typical
application include lane keeping, advance cruise control, object detection.

2.3.3 GPS

Global positioning system (GPS) is used to locate the position of a GPS receiver (X,y,z

coordinates) using four or more geostationary satellites. These satellites maintain their position
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relative to earth and broadcast reference signals. A GPS receiver on earth deciphers the actual
location within meters accuracy. However, the so called “differential GPS™ can pinpoint a
location within centimeter accuracy which is necessary for navigation of autonomous vehicle.
GPS consists of three segments: space, control, and user segments. The space segment includes
the satellites, control segment manages and controls them and user segment is related to
development of user equipment for both military and civil purposes. GPS based navigation
application are greatly used to accurately predict the vehicle location with respect to map which
is known as localization. However GPS based navigation are inaccurate and can lead to ghosting

phenomena.
2.3.4 Vision

Vision system is composed of a camera and image processing unit (Fig 2.2). A typical camera
is a combination of focusing lens and array of photo-detectors for each pixel in the field of view
(FOV). The array of photo-detectors send pixel information to image processing unit. This unit
processes the information based on certain algorithms to detect desired objects. Vision sensors
capture more visual information, hence tracking the surrounding environment more effectively
than other sensors. They are categorized into mono and stereo types. Mono camera systems are
often used for lane marking, lane edge detection, basic object detection, road sign detection and
localization. Multiple or Stereo camera systems provide depth for objects detection. Their
primary advantage are their low-cost, off-the-shelf components and their software
implementation. Their primary disadvantage is handling a full range of ambient and
uncontrolled conditions such as lighting, shadowing, reflection, weather, dust, smoke. Also
processing data from these sensors in real-time require a large amount of computational

resources. Even with these limitations they are extensively used in autonomous vehicles.



Digital Analog Image Mosaic Objective
Circuit Circuit Sensor Filters Lens

Image processing

Figure 2:2 Principle of vision sensor system(Principle of Vision System Figure 7. Inertial

Measurement Unit 2.5.... | Download Scientific Diagram, n.d.)

2.3.5 Inertial Measurement Unit (IMU)

A moving vehicle can experience linear and rotational motions along x, y, and z-axes: lateral,
longitudinal, and vertical which can be measured by inertial measurement unit including linear
and angular accelerations. This information is used to improve GPS measurements. IMU

includes accelerometers and gyroscopes.

2.3.6 Ultrasonic Range

Ultrasonic sensors are short range sensors (typical = 2 m) which send an ultrasonic pulse wave
and detect echoes returned from the obstacles using transmitter-receiver pair. These are mainly
used in relatively low speed ADAS modules like parking space detection and assistance and
obstacle detection during congested traffic conditions. They are reliably detect under any
weather conditions like rain, snow and winds. However they have range limitation which

restricts them to be used as OEM vehicle sensors.
2.4 Level of automation in AGV system

The vehicle automation can be divided in to several levels as various organizations. The Society
of Automotive Engineers (SAE) defines the six level of driving automation from 0 (fully

manual) to 5 (fully autonomous) as shown below(Wang et al., 2020):
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i.  Level 0 (No Automation). All driving tasks are accomplished by the human operator.

ii. Level 1 (Driver Assistance). The human operator controls the vehicle, but driving is
assisted with the automation system.

iii.  Level 2 (Partial Driving Automation). Combined automated functions are applied in the
vehicle, but the human operator still monitors the environment and controls the driving
process.

iv.  Level 3 (Conditional Driving Automation). The human operator must be prepared to
operate the vehicle anytime when necessary.

v. Level 4 (High Driving Automation). The automation system is capable of driving
automatically under given conditions, and the human driver may be able to operate the
vehicle.

vi. Level 5 (Full Driving Automation). The automation system is capable of driving
automatically under all conditions, and the human driver may be able to control the
vehicle.

2.5 Related works

A kinematic controller of the mobile platform is derived to obtain a desired velocity by
designing a Lyapunov function(Peng et al., 2014). In addition, a robust adaptive tracking
controller was proposed. According to the Lyapunov stability theory, the derived robust

adaptive controller guarantees global stability of the closed-loop system.

A new control approach is developed for trajectory tracking of mobile robots(Zhang et al.,
2014). This control approach was designed based on a global finite-time control law of the
angular velocity. The simulation results demonstrated a good convergence and performance to

stabilize the angle error of mobile robots.

The authors in (Zhuo-Yun et al., 2020) have proposed an adaptive trajectory tracking method
based on the kinematics model in order to solve the non-holonomic restriction problem of
trajectory tracking of the wheeled mobile robot. This method is based on the idea of the artificial

field to improve the effect of the trajectory tracking.

11



A classical PID controller is developed for path tracking problem of a mobile robot in (Normey-
Rico et al., 2001). A new PID tuning method was proposed based on basic control tools, which

takes into account the robustness of the closed-loop system.

The authors in reference (Lee & Chang, 2010) presented two optimization algorithms for
optimizing a FOPID controller. These algorithms are an electromagnetism and evolutionary
algorithm. Hence, a combination of the two algorithms was introduced to take the advantages

of both algorithms and reduce the computation complexity of the electromagnetism algorithm.

Authors in (P. Zhao et al., 2012) presented and discussed the control system architecture of the
autonomous vehicle, called “intelligent pioneer”, and the path tracking and stability of motion

to effectively navigate in unknown environments based on adaptive PID control.

The experimental implementation of trajectory control of the mobile robots is presented in
(Garcia-Sanchez et al., 2017) considering the dynamics of their subsystems. It takes account of

subsystem dynamics which helps modelling mechanism.

The Particle Swarm Optimization approach is used in (Maiti et al., 2008) to create fractional
order PID controllers that outperform its integer order counterparts. Controller synthesis is based
on required peak overshoot and rise time specifications. To get the best set of controller

parameters, the characteristic equation is minimized.

In (Hoang & Pham, 2018) an Adaptive Super Twisting Sliding Mode (ASTSM) Control
algorithm is applied to adjust attitudes of the quadcopter under harsh conditions such as
nonlinear, strong coupling, high uncertainties and disturbances. It addresses the modelling and
control aspects for quadcopter or drone unmanned aerial vehicles (UAVS). Simulation results
show that the Adaptive Super Twisting Sliding Mode controller can achieve robust operation

with disturbance rejection, parametric variation adaptation as well as chattering attenuation.

The PID Trajectory Tracking Control of Autonomous Ground Vehicle Based on Genetic

Algorithm based on the bicycle model, the lateral dynamics model of the vehicle is established,
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is proposed in (B. Zhao et al., 2019), in which PID parameters are optimized by genetic
algorithms. The simulation results show that the designed PID controller has good tracking

performance even in the presence of external disturbance.

In (Dadras, 2017) Path Tracking Using Fractional Order Extremum Seeking Controller for
Autonomous Ground Vehicle utilizes a Fractional Order Extremum Seeking Controller (FO-
ESC) in order to control a non-holonomic autonomous ground vehicle to track the behavior of

the predefined reference path.

In general, from the above literature reviewed and summary in table 2.1, most of their results
track the behavior of the predefined reference path and trajectory with maximum tracking error
for the Autonomous Ground Vehicle. Some of them checked the tracking performance even in
the presence of external disturbance and they also used optimization technique. Even if, their
work tracks the behavior of the predefined reference path, their tracking performance and error
minimization technique is not such much optimized. Therefore, this research work is proposed
to minimize the trajectory tracking error performance, and to control the orientation angle and
velocity of the AGV using STSMC controller with genetic algorithm and particle swarm

optimization techniques in comparison with fractional order PID controller.
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Table 2:1 Summary of some literature reviewed

References | Techniques | Contributions Strengths Limitations
[12] FOPID It proposes a design Robust stability is Its five parameters
controller | method for a robust analyzed for the are reduced to one
fractional-order PID Bode’s model in in the Bode shaping
(FOPID) controller terms of gain and by data fitting
for time-delay systems | phase margins to between a
help the parameter parametric model
tuning. and the real plant
[18] Adaptive It addresses the It ensures parametric | Adjusting and
Super modelling and control | variation adaptation | tuning attitude of
twisting aspects for quadcopter quadcopter without
SMC or drone optimization
technique is hard
[19] GA-based | It designs PID It uses GA Its selection of
PID controller for trajectory | optimization objective function
tracking control for technique to tune the | value is not clear
AGV systems controller parameters
[20] Fractional | It proposes path It uses Extremum The model it was
Order tracking control for seeking control used is unicycle
Extremum | autonomous vehicle approach to optimize | dynamics
Seeking using FO-ESC the control
controller parameters
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CHAPTER THREE

METHODOLOGY

3.1 Chapter Overview

This chapter deals with the methods used to complete this research work and the materials

used in the study.

3.2 Materials Used

In this research work, software such as MATLAB/2017a, Microsoft office 2016, and
dia.io Diagrams and MathType 7.0 equation are used. MATLAB is the computing software
which consists of technical toolboxes and Simulink. Microsoft office is used for editing the
thesis documentation. MathType 7.0 is used for writing mathematical formulas and equations
in Microsoft offices word and PowerPoint presentation tools. dia .io Diagrams is used to draw

block diagrams and flowcharts.

3.3 Methods

In order to meet the above mentioned objectives of this research work, the following formal

procedures was followed.

1. Literature Review: The work of this thesis work is necessarily based on what has already
been done by other scholars related to this selected topic. So looking into the works of
these scholars and getting necessary and important information related to the topic is
essential. Different literatures were referred from different available sources such as
books, papers, journals, internet, etc. Therefore the Literature review includes searching
and reading books, articles, papers, journals, simulation tools from any sources that are
related to my selected topic.

2. Based on the reviewed data, the system modelling and design was done using
MATLAB/SIMULINK.

3. After analyzing the designed system, the whole work of the project was concluded by

suggesting implied recommendation and further work to be done on the area.
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Figure 3:1 Block diagram of the research methodology

3.4 Block diagram of proposed research work

The block diagram of the control system for trajectory tracking of autonomous ground vehicle
is depicted in Figure 3:2 below. Two STSMC controllers are used for driving the autonomous
ground vehicle’s wheels separately. The first controller receives the difference between the
desired generated trajectory and actual instantaneous trajectory as an input. Therefore, the
vehicle must change its orientation frequently to track the desired trajectory. The output is for
controlling the right wheel. The second controller experiences the difference between the
desired and actual velocity as input. The desired velocity was represented by a constant value.
The outputs of both controllers are fed to the actuators of the autonomous ground vehicle for

controlling the motion and tracking the given trajectories.
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Figure 3:2 Block diagram of the proposed research work

3.5 Mathematical Modelling of an Autonomous Ground Vehicle System

Vehicle system development is complicated and requires knowledge from various areas, such
as mechanical design, electronics development and control systems (Kamalakkannan, 2017).
The following sections are involved on deriving the kinematic and dynamic models of
autonomous vehicle system, since accurate modelling of the kinematic and/or dynamics
behaviors of a vehicle, are required to achieve reasonable simulation results. Since, the research
focuses on four wheel steering vehicles; where the front and the rear wheels are steered in
opposite directions when the vehicle turns and the front wheels and the rear wheels will not
share a common instantaneous center of rotation (ICR) due to the Ackermann mechanisms (J.
S. Zhao et al., 2013). Instead, the vehicle turns about the ICR determined by the axis of two
imaginary wheels, which is known as bicycle model.

3.5.1 Kinematic Model of Lateral VVehicle Motion

A kinematic model for vehicle’s lateral motion can be developed using the assumptions
described below. Without taking into account the forces that affect the motion, such a model
provides a mathematical description of the vehicle motion. The equations of motion are solely

dependent on system’s geometric relationships.

Consider a bicycle model of the vehicle as shown in Figure 3.3 (Ling, 2006) below. In the

bicycle model, the two left and right front wheels are represented by one single wheel at point

17



A. Similarly the rear wheels are represented by one central rear wheel at point B. The center of
gravity (c.g.) of the vehicle is at point C. The distances of points A and B from the c.g. of the

vehicle are /¢ and /7 respectively.
The wheelbase of the vehicle isL =/ + /.

The vehicle is assumed to have planar motion. Three coordinates are required to describe the

motion of the vehicle: X, Yandy. (X,Y) are inertial coordinates of the location of the c.g.
of the vehicle whiley describes the orientation of the vehicle. The velocity at the c.g. of the
vehicle is denoted by VV and makes an angle 3 with the longitudinal axis of the vehicle. The

angle B is called the slip angle of the vehicle. The front wheel steering angle is & .

R
e gt
*f N6
/B ,
>

Figure 3:3 Kinematics of lateral vehicle motion
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Assumptions

The major assumption used in the development of the kinematic model is that the velocity
vectors at point A is in the direction of the orientation of the front wheels. In other words, the

velocity vector at the front wheel makes an angle & with the longitudinal axis of the vehicle.

At low speeds, the lateral force generated by the tires is small. In order to drive on any circular

2
road of radius R, the total lateral force from both tires is % which varies quadratically with

the speed and is small at low speeds.

The point O is the instantaneous rolling center for the vehicle. The point O is defined by the
intersection of lines AO and BO which are drawn perpendicular to the orientation of the two

rolling wheels.

The radius of the vehicle’s path R is defined by the length of the line OC which connects the
center of gravity C to the instantaneous rolling center O. The velocity at the c.g. is perpendicular
to the line OC. The direction of the velocity at the c.g. with respect to the longitudinal axis of

the vehicle is called the slip angle of the vehicle3 . The angle v is called the heading angle of

the vehicle. By applying some basic geometry and trigonometry;

tans = F 00 (3.1)
or fr
tanf=== tand 3.2
Where R = 21T (3.3)
tand
R 1
cosp=—= tan o 3.4
B R ff +€r ( )
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If we assume that the radius of the vehicle path changes slowly due to low vehicle speed, then

the rate of change of orientation of the vehicle (i.e. v ) must be equal to the angular velocity of

the vehicle. Since the angular velocity of the vehicle is% , it follows that

\Y
y=— 3.5
V=7 (3.5)
Using Eq. (3.5), Eqg. (3.4) can be re-written as
= YCOSB) a5 (3.6)
ff +€r
The overall equations of motion are therefore given by
X =V cos(y +B) (3.7)
Y = Vsin(y +B) (3.8)
\} cosftand (3.9)

:ff +€r

The Eg. (3.7), (3.8), (3.9) are nonlinear differential equations for the three states of vehicle
namely X, Y and y , which has two inputs VV and 3 .

The slip angle 3 can be obtained as

B= tan_l(g—r tan d) (3.10)
ff + gr

The model equations (3.7), (3.8), (3.9) are referred to as vehicle’s kinematic model since it
describes the velocities but not forces or torques that have effect on the velocity. In the next
section, the dynamic model will be analyzed.

3.5.2 Bicycle Model of Lateral VVehicle Dynamics

A bicycle model of the vehicle with two degrees of freedom is considered, as shown in figure
3.4 (Ling, 2006) and figure 3.5 (P. Zhao et al., 2012). The two degrees of freedom are
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represented by the vehicle lateral position yand the vehicle yaw angley . The vehicle lateral

position is measured along the lateral axis of the vehicle to the point Owhich is the center of
rotation of the vehicle. The vehicle yaw angle is measured with respect to the global X axis. The

longitudinal velocity of the vehicle at the center of gravity is denoted by V.

X
¥ Lane
. centerline
74
N Wies
>

Figure 3:4 Two degree of freedom lateral vehicle dynamics

Applying Newton’s second law for motion along the Yy axis

mayszf +Fyr (3.11)

2

Where ay = [d—gJ is the inertial acceleration of the vehicle at the c.g. in the direction of the y
dt

axis Fyf and Fyr are the lateral tire forces of the front and rear wheels respectively.

Two terms contribute to ay: the acceleration ¥ which is due to motion along the y axis and the

centripetal acceleration Vy\y . Hence
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Substituting from Eq. (3.12) into Eq. (3.11), the equation for the lateral translational motion of
the vehicle is obtained as

m(y+ V) =Fyf +Fyr (3.13)

Figure 3:5 Equivalent bicycle model

Moment balance about the z axis yields the equation for the yaw dynamics as
I29 =Ry —(rRyr (3.14)

Where 7 and 7, are the distances of the front tire and the rear tire respectively from the c.g. of
the vehicle.

To model the lateral tire forces Fyf and Fyy that act on the vehicle; the lateral tire force of a tire

is proportional to the “slip-angle” for small slip-angles. The slip angle of a tire is defined as the
angle between the orientation of the tire and the orientation of the velocity vector of the wheel.
the slip angle of the front wheel is

of =0—0Oyf (3.15)

Where Oy is the angle that the velocity vector makes with the longitudinal axis of the vehicle
and 8 is the front wheel steering angle, the rear slip angle is similarly given by
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ar =—6yr

The lateral tire force for the front wheels of the vehicle can therefore be written as
Fyf =2Cqf (5—6vf)

Where the proportionality constant Cf is called the cornering stiffness of each front tire, & is

the front wheel steering angle and 6y is the front tire velocity angle.

Similarly the lateral tire for the rear wheels can be written as
Fyr =2Cqr (-Ovr)

Where Cgr the cornering stiffness of each rear is tire and 6y, is the rear tire velocity angle.

The following relations can be used to calculate 6y and 6y :

Wy + 0\
tan(@vf)=%
Wy =\
tan(evr):yv—xr\v

Using small angle approximation and using the notation Vy =y

Ovf =

Oyr =

y+Ify
Vx

y—lfy
Vx

(3.16)

(3.17)

(3.18)

(3.19)

(3.20)

(3.21)

(3.22)

Substituting from Egs. (3.15), (3.16), (3.21) and (3.22) into Egs. (3.13) and (3.14), the state
space model can be written as

2o
<L < <

0
0

0

0

1
mVy
0
_2£Cqf —20¢Cor
IZVX

0
0 —Vy-
0
0 _2€f

0
2Cqflf —2Cqrly

mVx
1

2C f +201%Cyr

17Vx

5 (3.23)

23



When the objective is to develop a steering control system for automatic lane keeping, which is
a trajectory control, it is useful to utilize a dynamic model in which the state variables are in

terms of position and orientation error with respect to the road.

Hence the lateral model developed in above equations will be re-defined in terms of the

following state error variables:

X1, the distance of the c.g. of the vehicle from the center line of the lane.

X2, the orientation of the vehicle with respect to the road. Consider a vehicle traveling with
constant longitudinal velocity Vy on a road of constant radius. Again, assume that the radius is

large so that the same small angle assumptions as in the previous section can be made. Define

the rate of change of the desired orientation of the vehicle as

.V

Vg = ?X (3.24)
The desired acceleration of the vehicle can then be written as

\%2 = Vyrg (3.25)
Define X1and x5 as follows

Vo2

%1 =(9+ VW) ——2— =9+ Vx (¥ —¥g) (326)

And
X2 =y —-vyqg (3.27)

Define

X1 =Y+ Vx (v—vd) (3.28)

Eqg. (3.28) is consistent with Eqg. (3.26) if the velocity is constant. Hence the approach taken is
to assume the longitudinal velocity is constant and obtain a LTI model.

Substituting from Egs. (3.27) and (3.28) into (3.13) and (3.14), we find
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. 2 2 . 2Cqflf  2Cqr!
mXq =X1| ——Cqf ———Cqyr |+X2[2Cf +2Cyy |+ Xo | -1 Z=ar'T
1 1{ v af Vo ar} 2 [ of ocr] 2 { Vi Vi

X (3.29)
. 2Cyflf 2Cqpt
+\yd[— \‘Z‘: f, \‘/x): r:|+2Caf6
And
I, %0 = ZCafff8+)'(1{— Caflf | 2Car! r}rxz [2Caf ff —2Corlr]
X X
3.30)
2 2 2 2 (
2Cof ! 2Cqrt . 2Cqf ! 2Cof !
+X2[— VT }lzwdw@{— e }
X X X X
The state space model in tracking error variables is therefore given by
0 1 0 0 ]
X1 0 - 2Cof +2Cqr 2Cqf +2Cqor —2Cqflf +2Cqrlr [ xq
d| %1 | mVy m mVy X1
%2] |, _2Caflf-2Cor 2Cqflf ~Corlr | 2Cqf 2 +2C P X2
1, V. I (PAY
. zVx z ) zVx i (3.31)
0 0
2Cuf 2Cqftf —2Cqrfly
- —Vy
m mVy { S }
+ .
0 0 Wd
2Cuflf  2Cqflf°+2Cqr!y>
LIz 17Vx ]

Note that the lateral dynamics model shown above is a function of the longitudinal vehicle

speed which has been assumed to be constant.

3.5.3 State space equation for system Dynamics

The obtained lateral and yaw dynamics equations of the system can also represented in state

space form. There are four states of the system dynamics in equation (3.31), and the state vector

can be defined as;

x=[x1 X2 X3 X4]T (3.32)
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The position errors and their rates are used for lateral dynamics equation and the orientation
errors and their rates are used for yaw dynamics equation. Thus, the states can be written as:

X=[X1 X1 X2 X2]T (3.33)

In order to form the state space model of the system the control input vector should also be

defined. Therefore control vector u can be represented as:

T

u=[ug ug] (3.34)

Since the system has both steering angle, & and velocity,\yq inputs, the control input state is

written as:
u=[5 vrg]" (3.35)

From equation (3.31), representing x=Ax+Bu

0 1 0 0 0 0

0 a a a b b
_ 22 423 d24 and B = 21 D22 (3.36)
0 O 0 1 0 0

0 agp a43 as4 bg1 bagp

A

Therefore the final state space representation of the system becomes:
X1 =X1 (3.37)
X =agX] +a23Xp +a4%2 +0218+b22vg (3.38)
X2 =X2 (3.39)
X2 =a42X] +a43X +a44%p +bg18+bgpig  (3.40)

mVy ’ m ’ mMVy

where, a2 :{

2 2
—2C5flf —2C 2C4flf —Cqyyl —2C5fl§~ +2Cq4(!
a42:{ a1|‘1:/ ar]a43=[ affI a”},a44—{ afIiV ar'r }
ZVX z ZVX
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2C —2Caf lf —2C4|
b21={ af}bzz:{ afnivx arr_VX}

o 1.2 2
17Vx

3.6 Actuation Model

An actuator is an electrical motor that drives a mechanical part of a robotic mechanism. The
actuator receives a control signal directly from a control system to drive wheels into a specified
motion. A DC motor is used as an actuator in this work. The model of DC motor is given in the

following equations:

Tm =kpla (3.41)

Eq =kpo= k% (3.42)

Applying newton’s law and Kirchhoff’s law

2
d<6 |, do
J—+b—=kpl 3.43
L@+Rla:V—k@ (3.44)
dt dt

Using Laplace transform we can get
[3s2 +bs]O(s) = kplg (3.43a)
Lsly (s) +Rlz(s) = V(s) —kpsO(s) (3.43b)

Where s is Laplace operator, from (3.43a) and (3.43b)

(3.43c)

[JS2 +bs]o(s) =kp [M}

R+Ls

The open loop transfer function Gg(s) and Gy,(s) for dc motor relating the input voltage and
output orientation angle and velocity respectively.

6(s) _ Kp

V(S)  [s(R+Ls)(Is+b) +kp?]

Gs(s) = (3.44a)
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Gy(s)= 26 _ kb 3.44p
YO VE) iR Lo)as b k2] N

Where
o=the angular speed of the motor,

Kp = back emf constant
Tm=The motor torque,
T|_=Load torque,

J=The motor inertia,

E4 =The back e.m.f. voltage,
I3 =The motor current,
V5 =The applied voltage to the motor.

3.7 System Controller Design

3.7.1 Sliding Mode control

Sliding mode control technique is perceived as a robust control tool for the complex higher order
nonlinear systems under the effect of parametric uncertainties and external perturbations.
Sliding mode operation was first derived in variable structure systems in the period of 1950s in
former Soviet Union. In the early design stage, the variable structure system was unable to pay
attention in the control era. Owing to the execution complexity particularly the chattering issues
with sensors, actuators and switching systems. But there are some key advantages to this
technique as it alters the dynamic behavior of system by selecting appropriate switching function
which makes the closed loop response insensitive to matched uncertainty in the system. Such
promising feature makes an attention to the researchers for contribution in the development of
SMC. In recent development, SMC design approaches to the key issues like elimination of
chattering, compensation of effect of unstructured dynamics, adaptability in uncertain system
and enhancement in dynamic performance of closed loop system. The key advantage of
selecting SMC controller over the linear control like PID, as SMC provides an existence of

stability and robustness performance in many uncertain systems where PID fails in the case of
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uncertain environment. SMC is a robust nonlinear control scheme, with a powerful capability
to reject disturbances and plant uncertainties. This control scheme works on the principle of
continuously altering the configuration of the controller to keep the state variables on the sliding
manifold(Alam et al., 2018; Gambhire et al., 2021).

SMC synthesis has two separated stages which is sliding surface design and control input design.
It is established that the most crucial step in designing the SMC is the construction of the sliding
surface which is expected to response the desired control specifications and performances. The
states trajectories are forced to be reached and stayed on the sliding surface as depicted in Fig.
below(Ghazali et al., 2011).

Te

™ reaching phase

. _sliding phase

~
~
~
"~
S

sliding surface, s(t)=0

Figure 3:6 Phase portrait of a sliding motion in sliding mode control

The control signal in SMC design consists of equivalent control and switching control where

the control action is corresponding with the sliding phase and reaching phase.
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To design sliding mode control (SMC) we should choose the sliding surfaces. The surface
may include the surface like PD, P1 and PID.

As it is common Sliding Mode Theory (Utkin, 1992), we will consider the scalar discontinuous

control action u=u(s,t)at time t as

u(s, t) =—K(t)sign(s) (3.45)
1ifs>0

sign(s) =< -1 ifs<0 (3.46)
e[-11]ifs=0

3.7.2 Design of super twisting sliding mode control

As mentioned before, the main disadvantage of first-order sliding mode control (FOSMC) is a
chattering problem. This effect consists of the oscillation of the system variables around the
sliding surface, which causes a discontinuous control signal. This effect can disturb or damage
the physical system. One of the interesting ways to eliminate or reduce chattering effect is using
HOSM. In this technique, the higher order time derivatives of sliding surface keep to
zero(Shtessel et al., 2014). As a result, this action mitigates the chattering effect. But, the
increasing information demand is the main problem in the implementation of HOSM algorithms.
Generally, r-th order sliding controller requires the knowledge of (r-1)-th order of time

derivative. Thus, a r-th order sliding mode is determined by

s=s=5=..=s"D-g (3.47)

Hence, the second-order sliding mode controller is simple. In fact, it needs the knowledge of the
first-order time derivative of the sliding surface. These controllers require real-time

measurement of $or at least of sign($) .

Among several second-order sliding mode controllers, the super-twisting controller has a good
feature because it does not need the knowledge of . The super-twisting controller can be used
instead of the first-order (conventional) sliding mode using the same available information.

Figure 3.7 shows the phase portrait in the super-twisting controller(Nasiri et al., 2019).
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Figure 3:7 Trajectory of the super-twisting controller.

For this system controller design choosing the PD surface as:
$1=Ce1+¢1 (3.48)

Where C1 is a sliding constant and el and ¢1 are the error and error derivative respectively.

Since u(t) = kpe(t) +Kg %e(t) for PD surface.

Let us define the steering angle tracking errors. The steering tracking error can be determined
as a difference between the trajectory and actual angle of AGV.

€1 =X1d —X1 (3.49)
&1 =X1d — X1 (3.50)
€1=X19 %1 (3.51)

In sliding mode phase, the tracking error will converge to equilibrium point and the sliding

surface is supposed to be s(t) =3$(t) =5(t) =Owhere in this situation, the tracking error is

trapped in the sliding surface. The equivalent control is obtained when§(t) =0.
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Differentiating the surface S1 of eq. (3.48)

S =Cieq1+61 (3.52)
Inserting eg. (3.51) and (3.50) in eq. (3.52)
S1=C1(x1q —x1)+(%1g —%1) (3.53)

Inserting eq. (3.35) in eq. (3.50)

S1 =C1(X1d —X1)+(X1d —a22X1 —a23%2 —az4%2 —b218—b22¥g) (3.54)
To verify the stable convergence behavior of nonlinear controller, Lyapunov theorem as a well-
known approach is used in stability analysis (Dai et al., 2019; Hu et al., 2021; Wu et al., 2019).

Lyapunov function can be chosen to prove the stability as in Eq.(3.52) with its time derivative
given in Eq.(3.53).

V:%sz (3.55)

V=s$ (3.56)
With V=0 and V>0 fors = 0. To guarantee the trajectory move from reaching phase to sliding

phase and ensure the stability, it is necessary to follow the reaching condition:

V<0, fors=0,$=0 (3.57)

For $1S1 <0 eq. (3.54) becomes
Cp(%1d —%1)+(X1d —a22%1 —a23x2 —a24%2 —b218 b2y )=0 (3.58)

Cp(X1d —X1)+(X1d —a22%1 —ap3%2 —ag4X2) =b218+bpovrg  (3.59)

Letting bpp =0 eq. (3.59) becomes

Cp(X1d —X1)+(X1d —ag2X1 —a3x2 —a24X2) =b218 (3.60)
C1(X1d —X1 )+(X1qg —a99X1 —a93x9 —angX
5= C10%d —X1)+(¥1d —a22%1 ~223X2 ~324X2) (361)
b21
Letting bp1 =0 eq. (3.59) becomes
Cp(X1d —X1)+(%1d —ap2%1 —a23X2 —a24%2 ) = b2 (3.62)
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Cp(Xqd —X1)+(X1d —apo%1 —ap3xp —apa%)

V- 3.63

" b22 (3.63)

Now letting Uegl =8+ (3.64)
bo1+b _ . . |

Ueq] = {ﬁ}(cl(xld —X1)+(X1d —anoX] —ag3x2 —a24x2)) (3.65)

For second controller, choosing the sliding surface two
So =Coeo+é9 (3.66)

Let us also define the velocity tracking errors as

82 = Xod —X2 (3.67)
€2 =Xod —X2 (3.68)
€2 =Xoq —X2 (3.69)

Differentiating the surface S2 of eq. (3.66)
Sp =Coeo+é (3.70)
Inserting eg. (3.68) and (3.69) in eq. (3.70)
S2 =Ca(Xad —%2)+(%2d —%2) (3.71)
Inserting eq. (3.40) in eq. (3.71)
S2 =Cp(%2d —%2)+(X2od —a42X1 ~243%2 —a44%2 —bg18-bg2id)  (3.72)
For SpSp <0 eq. (3.72) becomes
C2(X2d —X2)+(X2d —a22%1 —a23%2 —a24X2 —bg18-bg2ig)=0  (3.73)
Cp (%2d —X2)+(X2d —a42%1 ~243%2 —a44%2) = b418+bg2¥g (3.74)
Letting the parameter bgo =0 in eq. (3.74) becomes
C2(%2d —X2)+(X2d —a42%1 —a43%2 —a44X2 ) =b41d (3.75)

5 C2(Xad —X2)+(%2d —a40%1 ~243X2 ~a44%2)
bay

(3.76)

Letting the parameter bgq =0 in eq. (3.74) becomes
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C2(X2d —X2)+(X2d —a42%1 —a43x2 —a44%2) =ba2vg (3.77)

g = 22 (%20 =X2) +(Xod ~242%1 ~243x7 ~244%2) (378)
b42 |

Now letting ugg2 =3+ (3.79)

' {b41+b42
eq

Co(Xoqd —X2 )+ (Xog —agoX1 —ag3xo —agqx (3.80)
b1 1oas }( 2 (Xod —%2)+(Xod —242X1 —243X2 —a44%2))

In SMC, the control law u is a combination of two types of control given by:
U = Ueq + UC (381)

Where Ugg is the equivalent controller used to control the system states during the sliding

surface. Eq. (3.65) and (3.80) are used to obtain the equivalent control. Using control action
input for STSMC as given by(Humaidi & Hasan, 2019; Ouchen et al., 2021; Y. Zhao et al.,
2018);

t
Ug :—K1|J§|sgn(s)—K2Isgn(s)dt (3.82)
0

Therefore the controller for STSMC1 designed in order to control the orientation of the AGV

system as:

U]_:Ueq1+UC (383)

Inserting eg. (3.65) and (3.82) in eq. (3.83) becomes,

b21+b22} . . . . .
Up=| === [(C1(X1d — X1 ) +(X1d —a20%1 —a23x2 —a24X2 ) )+
R CTCEAR )
t
—Kq| J§|sgn(s)—K2jsgn(s)dt (3.84)
0

Therefore the controller for STSMC2 designed in order to control the velocity of the AGV

system as:
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U2 =Ueq2+UC (385)

Inserting eg. (3.80) and (3.82) in eq. (3.85) becomes,

b41+b42} . . . . .
Ug =| —=——= |(Ca(X2d —X2)+(X2d —242X1 —a43X2 —a44%2 ) )+
L2 i 0o )
¢ (3.86)
—Kq [/s|sgn(s)- szsgn(s)dt
0

Where C1, C2, K1 and K2 are constant gain parameters.

3.7.3 Fractional order PID Controller

Fractional calculus is a mathematical topic which studies the ability of taking real number power
of both the differential and integration operators. It is necessary to understand the theory of
fractional calculus in order to realize the significance of fractional order integration and
derivation. Fractional calculus is the branch of calculus that generalizes the derivative or integral
of a function to non-integer order, allowing calculations such as deriving a function to 1/2 order.
There are several definitions to describe the fractional derivative. The firmly established
definitions are Grunwald-Letnikov definition and the Riemann—Liouville definition. The most
frequently used definition in fractional-order calculus is the Riemann— Liouville definition, in

which the fractional-order integration is defined as follows(Al-Mayyahi et al., 2016):

(04
—a >0
dtd
aDf =Ja=0 (3.87)

t
j (d7) ™ %a <0
a

Where a and t are the limits of fractional differentiation, o is the calculus order.

The Laplace transform of the fractional derivative of f(t) is given by:

L{D% f ()} =s¥F(s)-[D¥ 1t )]0 (3.88)
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Where F(s) is the Laplace transform of f (t).

The Laplace transform of the fractional integral of f(t) is given as :

L{D™%f (t)}=s"%F(s) (3.89)

Fractional-order proportional-integral-derivative (FOPID) controllers have received
considerable attention in the last years both from academic and industrial point of view. In
fact, in principle, they provide more flexibility in the controller design, with respect to the
standard PID controllers, because they have five parameters to select (instead of three).
However, this also implies that the tuning of the controller can be much more complex. The
integral—differential equation defining the control action of a fractional-order PID controller is

given by

u(t) = kpe(t) +kiDp “e(t) + kg Dfe(t) (3.90)

The transfer function of FOPID is attained by taking Laplace transform as follows:

U(s) =kp +kis ™ +kgsH (3.92)
HA
PD PID
p=1@--mmceene- o
]
I
|
|
PPDF
|
]
— P 1 PI o
Sy 1 —@—>
A =0 =1

Figure 3:8 Generalized FOPID controller (Maiti et al., 2008)
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The fractional order PID controller generalizes the integer order PID controller and expands it
from point to plane as shown in above figure. This expansion adds more flexibility to controller

design and we can control our real world processes more accurately.

>

E(s)

—> /s %I}

Figure 3:9 the block diagram of fractional order controller

In above figure 3.9 E(s) represents Laplace transform of eq(t) and ep(t) which are orientation
angle and velocity error respectively and U(s)is Ujand Upwhich are orientation angle and
velocity controllers. Thus in addition to designing the parameters, kp , ki and kg FOPID is

used to design the orders A, p of integral and derivative controllers. The orders A, p can assume
any real numbers, not essentially be integers. The FOPID generalizes the traditional integer

order PID and extends it from point to plane (Cao & Cao, 2006).

3.8 The Proposed Optimization Techniques

Choosing suitable optimization techniques is one of criteria in robust controller design. In
following section both Genetic algorithm and Particle Swarm optimization techniques which

are used to optimize the controllers gain are briefly introduced.
3.8.1 Genetic Algorithms (GA)

Genetic Algorithm (GA) may be attributed as method for optimizing the search tool for difficult
problems based on genetics selection principle. In additions to Optimization it also serves the

purpose of machine learning and for Research and development. It is analogous to biology for
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chromosome generation with variables such as selection, crossover and mutation together
constituting genetic operations which would be applicable on a random population initially. GA
aims to yield solutions for the consecutive generations. Genetic algorithm is of great use in order

to find out shorted path by application of path encoding in graph converting into chromosomes.

The extent of success in individual production is directly in proportion to fitness of solution
which is represented by it, thereby ensuring that quality in successive generations will be better.
The process is concluded once an GA is most suitable for the issues that need optimization
associated with some computable system.. John Holland may be regarded as funding father of
original genetic algorithm and is attributed to year 1970’s as funding date .Additionally a
random search method represented by Charles Darwin for a defined search space in order to
effetely solve a problem(Deemyad et al., 2020; Lambora et al., 2019; Mirjalili et al., 2020).

The algorithm generates a "population” of possible solutions to the problem and allows them to
"evolve" over time to find better and better ones. The algorithm ends when the population has
attained a suitable fitness level or a maximum number of generations has been produced. If the
method has finished due to the maximum number of generations, a good solution may or may
not have been found(Farahmandrad et al., 2020).

3.8.2 Particle Swarm Optimization

Particle Swarm Optimization is an algorithm capable of optimizing a non-linear and
multidimensional problem which usually reaches good solutions efficiently while requiring

minimal parameterization (Clerc, 2010).

Over the ages, nature has constantly been a rich source of inspiration for science, with much
still to discover about and learn from. Swarm Intelligence (SI), a major branch of artificial
intelligence, was rendered to model the collective behavior of social swarms in nature.
Ultimately, Particle Swarm Optimization algorithm (PSO) is arguably one of the most popular
Sl paradigms. Over the past two decades, PSO has been applied successfully, with good return
as well, in a wide variety of fields of science and technology with a wider range of complex
optimization problems, thereby occupying a prominent position in the optimization field.
However, through in- depth studies, a number of problems with the algorithm have been

detected and identified; e.g., issues regarding convergence, diversity, and stability.
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Consequently, since its birth in the mid-1990s, PSO has witnessed a myriad of enhancements,
extensions, and variants in various aspects of the algorithm, specifically after the twentieth
century, and the related research has therefore now reached an impressive state. Swarm
algorithms are increasingly used to optimize different types of problems in various fields.
Without many technical assumptions, these algorithms are often, with easy implementation, able
to effectively solve complex optimization problems. For example, it is not crucial to have an
objective function that is differentiable or separable. Due to their flexibility, these algorithms
have the potential to tackle various real-world optimization problems increasingly in different

disciplines, especially engineering and computer science (Houssein et al., 2021).

3.9 Objective Functions

In order to obtain the satisfactory dynamic and steady-state characteristics while avoiding
excessive controller output, a performance function needs to be defined. The most important
step in using any optimization technique is to select the objective functions that will be used to
assess each population's fitness (particle). Since the proposed autonomous ground vehicle
system is multiple input multiple output system, the cost function which minimizes the error of
the system is the sum of two objective cost functions (Al-Mayyabhi et al., 2016). Which is written

as.

T
J=ITAE = [t(ley(t)|+]ea(t) [ (3.92)
0

Whereaseq (t) =8yef —8act, andeo (t) =\sgref —Wdact - Where & orientation
Is angle and vy is velocity.
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3.10 Overall System Structure

The overall system structure of the proposed system is shown in the figure 3.8 below.

theta_ref

AGV

Actuator System

Velo_ref

Angle

Velocity

Figure 3:10 Overall system structure
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CHAPTER FOUR

RESULTS AND DISCUSSIONS

4.1 Chapter Overview

This chapter includes the result and analysis of the proposed super twisting sliding mode control
system of the Autonomous ground vehicle. The simulation results of the proposed system are
compared with the results of Fractional order PID controller to fulfill the specific objectives of
the research. The simulation results explained in this chapter are performed for the same values
of the system parameters of some literatures work. In this work the dynamic model of the vehicle
is used as a plant model. Based on dynamic model of the vehicle the MATLAB Simulink is
created to simulate the system. The parameters used for the Matlab simulations are taken the
same parameters for a passenger sedan vehicle as in (Ling, 2006) which is given as in table 4.1.

4.2 Simulink Modelling

MATLAB Simulink is a software package which is used to model, simulate, and analyze
dynamic systems. Simulink has the advantage of being capable of complex dynamic system
simulations, graphical environment with visual real time programming and broad selections of
toolboxes. The dynamic mathematical equations of vehicle presented in chapter three was used
to model AGV and proposed controller was designed in MATLAB Simulink R2017a

environment. Figure 4.1 shows the complete Simulink model of proposed system.
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Figure 4:1 The Simulink model of the proposed system
4.3 Parameter settings for the proposed STSMC controller
It deal with the design of proposed controller and its optimal tuning of the four parameters C1,

C2, K1 and K2. Tuning the parameters was implemented by GA tuning m-file code on
MATLAB 20173, using the following parameters.

e Number of Population: 20

e Number of Generations: 20

e Lower Bound(LB): [0.001 0.001 -100 -100]
e Upper Bound(UB): [1 1 100 100]

Figure 4.2 depicts the convergence curve for the best and mean fitness values of the GA tuning.
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Figure 4:2 Convergence curve of proposed GA

The convergence curve has the best fitness value of 0.808924 for GA and best function value
for PSO is 0.171914 and Table 4.2 lists the result of optimally tuned parameters.

Best Function Value: 0.171914

0.6
o
0.5 ‘»
2 PO000094,
Co04f \
c \
S >R
203/ 0-0-0-0-4
"~ sl 0000004
- ¢
°
0.1 1 1 1 1 1 I
0 5 10 15 20 25 30
Iteration

Figure 4:3 Convergence curve of proposed PSO
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Table 4:1 Autonomous Ground Vehicle parameters used for simulation

Vehicle Description Value Unit
Parameters
M Mass of the vehicle 1573 Kg
I Yaw moment of inertia 2873 Kgm?
Lf Distance from vehicle c.g to the front axis 1.1 m
center
Lr Distance from vehicle c.g to the front axis 1.58 m
center
VX Longitudinal velocity of the vehicle 30 m/s
Caf Cornering stiffness of front tire 80000 N/rad
Car Cornering stiffness of rear tire 80000 N/rad
Table 4:2 GA tuned controller parameters
Controllers Parameters name Parameter GA tuned PSO tuned
symbol Values values
SMC Gainl Cl 0.876 1
STSMC SMC Gain2 C2 0.999 0.9998
STSMC Gainl K1 -64.73 -0.7643
STSMC Gain2 K2 -94.98 -94.8393
Proportional Gain Kp 220.85 231.609
Integral Gain Ki 310.02 448.86
FOPID Derivative Gain Kd 180.04 261.86
Integral order Gain | A 0.684 0.553
Derivative order 0.745 0.989
Gain
Computational or elapsed time 2352.36sec 4063.89sec

The Genetic Algorithm (GA) and PSO are proposed for adjusting the control parameters with

respect to proposed cost function J. The tuning parameters and tuned values are specified in the
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table 4.2, the computational time which depends on computer processor type, Matlab version

and step size has been checked for GA-based and PSO-based STSMC controllers. By comparing

execution time PSO is slower than GA.

Table 4:3 Boundary of tuning parameters

Boundary STSMC FOPID
C1 C2 K1 K2 Kp Ki Kd Lm Mu
Lower 0.0001 | 0.0001 | -100 |-100 | 0.0001 | 0.0001 | 0.0001 | 0.0001 | 0.0001
boundary
Upper 1 1 100 100 | 500 500 500 0.9 0.9
boundary

4.4 Open Loop Response

For a given step and constant input the system output is highly nonlinear and unstable. The open

loop response of the proposed system is shown as in figure 4.2 below:
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(@) open loop response for step input angle

(b) open loop response for constant input

velocity

Figure 4:4 Open loop response of the proposed system
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4.5 Platform testing for closed loop responses

After implementing autonomous ground vehicle’s model and the two STSMC controllers have
been implemented, the platform is simulated and examined through different case studies to
verify the response of the proposed methodology. Each case considers a different path as
follows:

Test Case-1

In this case, a sinusoidal trajectory was generated as reference trajectory. Reference trajectory

input isOg =5sin(t). This trajectory was compared with the actual trajectory to find the

orientation and velocity error. Hence, the error was fed into the STSMC controller. The output
of the STSMCL controller is presented the control action that was connected the motor of the
left wheel. The second input represents the desired velocity. This velocity was compared with
the actual velocity of the vehicle. The error produced by comparing the velocity was inputted to
the second STSMC2 controller. The output of the velocity controller was connected the motor
of the right wheel. After running the simulation, the relationship between the desired and actual
trajectory is shown in Figure 4.5 below. As shown in the Figure 4.5 for sinusoidal reference
trajectory the system tracks the trajectory nicely. The error between the desired and the actual

orientation and velocity are depicted in Figure 4.6.

x1 and x2(rad)

0 2 4 6 8 10 12 14 16 18 20
time(sec)

Figure 4:5 the orientation angle and velocity response for a sinusoidal trajectory
0g =5sin(t) proposed system
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proposed system
4
2
AN
>
\—“ 0
>
=
>
-2
-4
_6 1 | | 1 | 1 | |
0 2 4 8 10 12 14 16 18 20
time
Figure 4:7 Orientation angle and velocity response for sinusoidal trajectory 6 =5sin(t) of

FOPID controller
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Figure 4:8 Orientation angle error for sinusoidal trajectory 6q =5sin(t) of FOPID
controller
Test Case-2

In response to another case and to show the adaptation of the proposed controller, a linear
trajectory was created. To ensure a linear trajectory, a constant orientation should be generated
using®q =n/8for interval 0<t<20[sec]. Similarly, the relationship between desired and
actual trajectory is shown in figure 4.8 and 4.9. The error between the desired and the actual

orientation and velocity are depicted in Figure 4.10 and 4.11.
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Figure 4:9 the orientation angle and velocity response for linear trajectory 64 =m/8

Table 4:4 the error performance analysis of the trajectory 6q = 5sin(t)

Controllers Optimization Angle error Velocity error

GA 0.0026 0.0212
STSMC PSO 0.0006 0.0007

GA 0.0031 0.0538
FOPID

PSO 0.0011 0.0055

As shown as in table 4.4 as depicted in figure 4.6 the error performance, we can say that the

proposed STSMC controller has better error performance for PSO optimazation technique than

GA based for both orientation angle and velocity control. And the error performance of proposed

STSMC controller is much better than GA and PSO based FOPID controller for angle and

velocity control. Adding disturbances due to friction of wheels during vehicle motion which is

formed by varying the cornering stiffness value Cyf = Cqr=40000 N/rad and mass of 1500kg
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has the orientation angle and velocity error 0.0004 and 0.0008sec respectively for sinusoidal

trajectory of proposed PSO-based STSMC controllers.
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Figure 4:10 the orientation angle and velocity error response for linear trajectory 64 =m/8
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Figure 4:11 the orientation and velocity response for linear trajectory 64 =n/8of FOPID
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Figure 4:12 the orientation and velocity error response for linear trajectory 64 =m/8of
FOPID controller

As depicted in figure 4.10 for a linear trajectory of an orientation and velocity error response
highly converges to zero for both GA and PSO based optimization technique of proposed
STSMC controller. Compared to the orientation angle and velocity response figure 4.11 of
FOPID to the response of proposed system in a figure 4.9, it takes time to track the given linear
reference trajectory and its error converges to zero after 0.0024 sec time which is sluggish
compared to STSMC error convergence time. As shown in table 4.5 PSO- based STSMC had
shortest rise time, settling time and smallest maximum overshoot values compared to GA- based
STSMC and GA- based FOPID controllers.

Table 4:5 System performance measure comparisons

Designed Controllers
Performance
measures PSO- based STSMC GA- based STSMC GA- based FOPID
Rise time 0.0313 0.1653 0.2001
Settling time 0.21673 0.39025 0.6821
Max. overshoot 0.00821 0.0295 0.8645
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

In this thesis work the application of STSMC to autonomous ground vehicle systems were
introduced. In this work a simplified 2-DOF bicycle model of a vehicle was used to model the
vehicles’ lateral dynamics. Its modeled lateral dynamics had been controlled with two different
control algorithms. The two control algorithms used to test the trajectory tracking control of the
autonomous ground vehicle systems were a fractional order PID controller and super twisting

sliding mode controller.

To verify the performance and efficiency of the controller a simulation were obtained using
MATLAB/Simulink. To optimize and tune the controllers gain the genetic algorithm and
particle swarm optimization techniques were used.

Finally, the obtained results shows that the system tracks the desired trajectory with very small
tracking error. In comparison with GA and PSO-based fractional order PID controller, the
proposed PSO-based STSMC robustly tracks the given irregular reference environments, it had
high system performance measure values 0.0313, 0.21673 and 0.00821sec of rise time, settling

time and maximum overshoot respectively.

After observing the simulation results, it can be concluded that the AGV system was stabilized

by controlling an orientation steering angle and velocity by using STSMC.

5.2 Recommendations

For future researchers, this research work recommends the following:

e Establishing the more recent advanced algorithms such as machine learning the
researcher could study stability and performance analysis of AGV system tracking
control is recommended.

o Itis recommended to practice and implement the proposed system in CTVE (Center of

Excellence for Transport and Vehicle Engineering) in ASTU.
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Appendix A: AGV System Simulink Models
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Appendix B: Proposed STSMC Controller in Simulink

Product?

X2 2
Derivativel
]
i

Derivative2

0

al

g

b1

' h
El

Derivatived [

I '
Constant |
e .

Constant2

v

D u r 1
M D — —
Derivative a4 Sign2 Integrator dg
.

11
-

U1

Product1

60



Appendix C: GA Code for FOPID Controllers

function Tune_comp_sco

close all

clc

options= optimoptions(‘ga’,'PlotFcn’,@gaplotbestf);

options.PopulationSize= 20;

options.MaxGenerations= 20; % Increase value if needed

nvar= 10; % Number of parameters

LB= [0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001]; % Lower
bound of tuning parameters

UB=[500 500 500 0.9 0.9 500 500 500 0.9 0.9 ]; % Upper bound of tuning parameters
[x,fval]= ga(@EvalObj,nvar,[],[1,[1,[],LB,UB,[],options)

% Updates Kp, Ki, Kd, Lm and U in simulink model workspace for verification
simulink_model= fopid_tune’;

load_system(simulink_maodel);

gains= get_param(simulink_model,'modelworkspace’);

gains.assignin('Kp', x(1));

gains.assignin('Ki', x(2));

gains.assignin('Kd', x(3));

gains.assignin('Lm’, x(4));

gains.assignin('U’, x(5));

gains.assignin('Kp2', x(6));

gains.assignin('Ki2', x(7));

gains.assignin('Kd2', x(8));

gains.assignin('Lmz2', x(9));

gains.assignin('U2', x(10));

%%%%%%%% % %% % %% %% %% %% %% %% %% %% %% % %% %% % %% %% %% %% %
% EvalObj measures a performance index from the simulink model for tuning

% obj= EvalObj(x) returns the objective function value obj calculated using

function obj= EvalObj(x)
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% Updates the values of ,Kp, Ki, Kd, Lm and U in Simulink model workspace

simulink_model= fopid_tune’;
load_system(simulink_model);
gains= get_param(simulink_model,'modelworkspace);
gains.assignin('Kp', x(1));
gains.assignin('Ki', x(2));
gains.assignin("Kd', x(3));
gains.assignin('Lm’, x(4));
gains.assignin('U’, x(5));
gains.assignin('Kp2', x(6));
gains.assignin('Ki2', x(7));
gains.assignin('Kd2', x(8));
gains.assignin('Lm2', x(9));
gains.assignin('U2', x(10));
% Simulates the simulink model to get the outputs
simOut= sim(simulink_maodel,'SaveOutput','on");
% Retrieves time t and error e
t= simOut.find('t);
el=simOut.find('e1");
e2= simOut.find('e2");
% Calculate a performance index using the trapezoidal integration rule
n= length(t);
eel= abs(el);
ee2= abs(e2);
obj=0;
fori=2:n

stepsize= t(i)-t(i-1);

obj= obj+0.5*t(i)*(eel(i-1)+eel(i)+ee2(i-1)+ee2(i))*stepsize; % ITAE

end
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Appendix D: GA Code for Proposed STSMC

function Tune_SMC

close all

clc

options= optimoptions(‘ga’,'PlotFcn’,@gaplotbestf);

options.PopulationSize= 20;

options.MaxGenerations= 20; % Increase value if needed

nvar= 4; % Number of parameters

LB=[0.0001 0.0001 -100 -100]; % Lower bound of tuning parameters
UB=[11 100 100]; % Upper bound of tuning parameters

[x,fval]= ga(@EvalObj,nvar,[],[1,[1,[],LB,UB,[],options)

% Updates C1, C2, K1 and K2 in simulink model workspace for verification
simulink_model="'SMC;

load_system(simulink_maodel);

gains= get_param(simulink_model,'modelworkspace’);

gains.assignin('C1', x(1));

gains.assignin('C2', x(2));

gains.assignin('K1', x(3));

gains.assignin('K2', x(4));

%%%%%%%% % %% % %% %% %% %% %% %% %% % %% %% %% %% % %% % % %% %% %
% EvalObj measures a performance index from the simulink model for tuning
% obj= EvalObj(x) returns the objective function value obj calculated using
function obj= EvalObj(x)

% Updates C1, C2, K1 and K2 in simulink model workspace for verification workspace
simulink_model="SMC",

load_system(simulink_model);

gains= get_param(simulink_model,'modelworkspace’);

gains.assignin('C1', x(1));

gains.assignin('C2', x(2));

gains.assignin('K1', x(3));
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gains.assignin('’K2', x(4));
% Simulates the simulink model to get the outputs
simOut= sim(simulink_model,'SaveOutput','on");
% Retrieves time t and error e
t=simOut.find('t);
el=simOut.find('el’);
e2= simOut.find('e2");
% Calculate a performance index using the trapezoidal integration rule
n= length(t);
eel=abs(el);
ee2= abs(e2);
obj=0;
fori=2:n

stepsize= t(i)-t(i-1);

obj= 0bj+0.5*t(i)*(ee1(i-1)+eel(i)+ee2(i-1)+ee2(i))*stepsize; % ITAE

end
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