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Notations

Table 1 — Notations

Longitudinal tire slipping

Symbol Description Unit
i i=A{f: front,r :rear} [—]
J g =A{r:right,l:left} [—]
Zs.ij Sprung mass bounce at the corner ij [m]
Zus,ij Unsprung mass bounce at the corner 73 [m]
Zr.ij Road vertical profile at the corner ij [m]
2 CG vertical displacement (bounce/heave) [m]
Fiij Suspension total force (corner ij) [N]
Uij Active suspension force (corner j) [N]
F.i; Tire ij vertical force [N]
Foij Tire ij longitudinal force [N]
F,ij Tire 75 lateral force [N]
F; Lateral forces at the ¢ axle (bicycle model) [N]
ay Longitudinal acceleration at the CG [m /5]
a, Lateral acceleration at the CG [m /s
T Vehicle longitudinal displacement (body frame) [m)]
Yy Vehicle lateral displacement (body frame) [m]
¢ Sprung mass roll angle [rad]
) Sprung mass pitch angle [rad]
Vehicle yaw angle [rad]
d¢; Front j (left or right) steering angle [rad]
Oy front steering wheel angle (bicycle model) [rad]
% Vehicle speed [m/s]
Qij Wheel ij angular velocity [rad/s]
B Vehicle side-slip angle at CG [rad]
i Side-slip angle of the tire ij [rad]
Chm.ij, Crij Motor, braking torques at the wheel ij [N.m]
[

xi



Table 2 — Complete Vehicle Model parameters

Symbol Description Value
Mg i Sprung mass mass at the corner ij 281.6 [kg]
Moys. i Unsprung mass mass at the corner ¢j 40 [kg]
K v, K5 Suspension stiffness coefficient (front tires) 20000 [N/m]
K, Ksp Suspension stiffness coefficient (rear tires) 13000 [N/m]
Cs.fr, Cs.p1 Suspension damping coefficient (front tires) 9830 [N.s/m)]
Csrr, Csp1 Suspension damping coefficient (rear tires) 3000 [N.s/m)]
K Tire stiffness coefficient 467000 [N/m]
C} Tire damping coefficient 500 [N.s/m)]
ty Half front track 0.75 [m]
tr Half rear track 0.75 [m)
Lf Wheelbase to the front 1.13 [m)]
[ Wheelbase to the rear 1.48 [m]
h Height of the vehicle CG 0.58 [m]
heg Sprung mass roll arm 0.42 [m]
he Sprung mass pitch arm 0.42 [m]
M Total vehicle mass 1286.4 [kg]
M, Sprung mass 1126.4 [kg]
m Total vehicle mass (bicycle model) 1286.4 [kg
I, Roll moment of inertia of sprung mass 534 [kg.m?]
I, Pitch moment of inertia of sprung mass 1860 [kg.m?]
I, Vehicle yaw moment of inertia 1970 [kg.m?]
g Gravity constant 9.81 [m/s?]
Co.ij Longitudinal tire stiffness 18700 [N/m)]
Coij Lateral (cornering) tire stiffness 38388 [N/rad|
i Road adherence coefficient dry surface= 1 [—]
Tij Effective wheel radius 0.3 [m]

Tire moment of inertia around rotational axis 0.85 [kg.m?]

Q-
Q

Front, rear tire cornering stiffness (bicycle model) 76776 [N/rad]




Table 3 — Zoe Vehicle parameters

Symbol Description Value

Mg i Sprung mass mass at the corner ij 417.5 [kg]

Moys i Unsprung mass mass at the corner 77 53.4 [kg]

K v, K5 Suspension stiffness coefficient (front tires) 20000 [N/m]
K, Ksp Suspension stiffness coefficient (rear tires) 13000 [N/m]
Cs.fr, Cs. 51 Suspension damping coefficient (front tires) 9830 [N.s/m)]
Csrry Csyi Suspension damping coefficient (rear tires) 3000 [N.s/m)]
K; Tire stiffness coefficient 467000 [IN/m]
C} Tire damping coefficient 500 [N.s/m)]
ty Half front track 0.77 [m]

ty Half rear track 0.77 [m)

Lf Wheelbase to the front 1.08 [m)]

L Wheelbase to the rear 1.55 [m)

h Height of the vehicle CG 0.57 [m]

M Total vehicle mass 1456.4 [kg]
M, Sprung mass 1670 [kg]

m Total vehicle mass (bicycle model) 1456.4 [kg]

I, Roll moment of inertia of sprung mass 600 [kg.m?]

I, Pitch moment of inertia of sprung mass 100 [kg.m?]

I, Vehicle yaw moment of inertia 2400 [kg.m?]
g Gravity constant 9.81 [m/s?]
Co.ij Longitudinal tire stiffness 19000 [N/m)]
Coa.ij Lateral (cornering) tire stiffness 77349 [N/rad]
i Road adherence coefficient dry surface= 1 [—]
Tij Effective wheel radius 0.31 [m]

I, Tire moment of inertia around rotational axis 1.83 [kg.m?]
Cy, C, Front, rear tire cornering stiffness (bicycle model) 77349 [N/rad]







Acronyms

ACC
ADAS
AFS
AS
APC
BRL
ca
DA
DS
DYy cC
EM
EMDB
ESP
FLC

HLC
HMI
HSC
LDR
LKAS
LLC
LMI
LPV
LQR
LTI
LTV
MIMO

Active Cruise Control
Advanced Driving Assistance Systems
Active Front Steering
Active Suspension
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Résumeé

La conduite autonome est devenue un objectif primordial pour les industries automo-
biles ainsi que pour les recherches académiques ces derniéres années. De nombreuses
études avancées ont été réalisées dans ce domaine afin de rendre cette technologie
accessible au public. Selon le département des transports aux Etats-Unis “National
Highway Traffic Safety Administration NHTSA”, il existe 6 niveaux d’autonomie :
de 0 & 5. Cependant, le remplacement de la conduite traditionnelle par un systéme
autonome reste une question ouverte et les véhicules entiérement autonomes ont
besoin de plus de temps pour étre réalisés afin de surmonter toutes les situations
de conduite. Ainsi, afin de préparer I’environnement pour les véhicules autonomes,
un controle latéral partagé pour le maintien de la voie sera traité dans cette thése,
pour gérer la transition entre le mode manuel/auto pour le véhicule semi-autonome
(niveau 2 et 3). Ce controle partagé assure la sécurité sur la route et le confort du
conducteur lorsque les deux agents agissent sur le controle du véhicule. La transition
fait partie de l'interaction homme-machine (I HM), ce qui signifie que I'interaction
de 'homme avec le systéme est importante pour que 'homme comprenne le com-
portement du systéme et agisse avec lui pour atteindre un objectif commun. Dans
ce contexte, 'objectif de cette thése est de développer un controle latéral partagé
pour maintenir la voie en utilisant un systéme de direction steer-by-wire. L’objectif
de ce controle partagé est de gérer I'autorité de controle entre le conducteur et le
systéme autonome afin d’assurer la sécurité routiére, d’améliorer les performances
de conduite et de réaliser une transition lisse et stire entre les deux agents. L’autorité
de controle est réalisée en utilisant le controle partagé mixte qui permet la fusion de
deux entrées de commande : I’angle de braquage du conducteur humain sur le volant
et 'angle de braquage calculé par le systéme autonome, via un parameétre de fusion.
Pour cela, un modéle de conducteur est développé dans ce travail, pour représenter
I’humain dans la boucle. Les mouvements longitudinaux et latéraux du véhicule sont
effectués par un systéme autonome développé en utilisant ’approche de controle par
mode glissant "Super-Twisting", afin de suivre une trajectoire de référence. Ensuite,
un algorithme de prise de décision est développé pour le controle latéral partagé
afin de gérer 'autorité entre le conducteur et le systéme autonome et de calculer le
paramétre de la fusion. Différents critéres sont pris en compte et intégrés dans les
algorithmes de décision, tels que : le degré de confiance de chaque entrée (conduc-
teur humain et systéme autonome), I'erreur latérale, le comportement et I'intention
du conducteur, la demande de prise de controle, etc. Enfin, 'implémentation et la
validation du contréle partagé proposé est effectuée sous Matlab/Simulink et sous le
simulateur de véhicules "SCANeR Studio" (OKTAL) en interaction avec ’humain
dans la boucle a travers le volant "Logitech G29" pour les différents scénarios de
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conduite.

La derniére partie de la thése porte sur le développement d’un systéme avancé d’aide
a la conduite (ADAS) (niveau 2), comportant une direction avant active (AFS) et
un controle direct du lacet (DY (). Les approches du controle partagé centralisée
et décentralisée sont développées en se basant sur les techniques de commande :
LPV/H et mode glissant "Super-Twisting", afin d’aider le conducteur dans la ma-
noeuvre de maintien de la voie, tout en garantissant la stabilité latérale du véhicule.
Enfin, la validation des différentes approches est effectuée sous Matlab/Simulink
pour les différentes études de cas avec un modéle non linéaire complet du véhicule
validé sous le simulateur professionnel "SCANeR Studio".

Mots clés : Véhicule semi-autonome, Conduite coopérative, Controle latéral
partagé, Prise de décison, Conduite autonome, Gestion de transition, Approche cen-
tralisée, Approche décentralisée, LPV /H,, Mode glissant "Super-Twisting”.



Abstract

The development of the autonomous vehicles has become a purposeful target for
automotive industries as well as for the academic researches in the recent years.
Many advanced studies have been done in this field to make this technology acces-
sible for the public. According to the US Department of Transportation “National
Highway Traffic Safety Administration NHTSA”, there are 6 levels of automation:
from 0 to 5. However, the act of replacing the traditional driven by an autonomous
system is still an open question and the full autonomous vehicle needs more time
to be realized in order to overcome all the possible driving situations. So, in order
to prepare the environment for the autonomous vehicles, a shared lateral control
for the lane keeping purpose will be treated in this thesis, to manage the transition
between manual/auto mode for the semi-autonomous vehicle (level 2 and 3). This
shared control ensures driving safety on the road and the driver’s comfort when the
two agents act on the vehicle’s control. The transition shifting is a part of human
machine interaction (HM1I) which means that the interaction of human with the
system is important for the human to understand the system’s behavior and act
with him to accomplish a shared goal. In this context, the objective of this thesis is
to develop a shared lateral control for the lane keeping objective using steer-by-wire
system. The objective of this shared control is to manage the control authority be-
tween driver and autonomous system in order to ensure road safety, enhance driving
performance and realize a smooth and safe switching between the two agents. The
control authority is realized using the blended shared control that permits the fu-
sion of the two agents inputs on the steering wheels: the steering wheel angle of the
human driver and the steering wheel angle of the autonomous system, via a fusion
parameter. To do that, a driver model is developed in this work, to represent the
human in the loop. The vehicle longitudinal and lateral movements are performed by
an autonomous system developed using the Super-Twisting Sliding Mode (ST SM)
control approach, in order to follow a reference trajectory. Then, decision-making
algorithms are developed for the shared lateral control to manage authority between
the driver and the autonomous system and calculate the fusion parameter. Different
criteria are considered and integrated in the decision algorithms, such as: the degree
of confidence of each input (human driver and autonomous system), the lateral er-
ror, driver’s behavior and intention, take over request, etc. Finally, validation and
implementation of the proposed shared control is done on Matlab/Simulink and on
"SCANeR Studio" vehicle’s simulator (OKTAL) interacting with the human in-the-
loop through the " Logitech G29" steering wheel for the different driving scenarios.
The last part of the thesis deals with the development of Advanced Driving Assis-
tance System (ADAS) (level 2), involving Active Front Steering (AF'S) and Direct
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Yaw Control (DY C'). The proposed centralized and decentralized shared control ap-
proaches are developed based on: the LPV/H., and Super-Twisting Sliding Mode
(STSM) control techniques, to help the driver in the lane keeping maneuver, while
guaranteeing vehicle’s lateral stability. Finally, validation of the different approaches
is done on Matlab/Simulink for the different case studies with a complete nonlinear
model of the vehicle validated on "SCANeR Studio" professional simulator.

Keywords: Semi-autonomous vehicle, Human-machine cooperative control, Co-
operative driving, Shared lateral control, Decision-making, Autonomous driving,

Transition management, Centralized Approach, Decentralized Approach, LPV [ H .,
Super-Twisting Sliding Mode.



Introduction

Safety is an important issue that should be realized while driving on the road. Road
accidents are caused by the human’s errors in most cases. According to National
Highway Traffic Safety Administration (NHTSA) statistics, human leads to 90%
of road accidents [Rajamani, 2012|. In such situation, when the driver is tired or
distracted, he can be assisted by an Advanced Driving Assistance System (ADAS)
to prevent a critical situation. There are many examples of ADAS systems, like
Electronic Stability Program ESP, Anti-lock Braking System ABS that stabilize
the vehicle in slipping situations. Systems like audible or visual alert, alarm the driver
in case of hazardous situation. Other systems assist the driver in the longitudinal
control, for example: the Active Cruise Control (ACC') regulates the speed of the car.
Finally the Lane Keeping Assist System (LK AS) can help him to stay within the
lane and warn him when he is crossing the boundaries. These systems reduce traffic
accidents and facilitate the driver’s task. However, these systems are dedicated for
specific tasks, in some precise driving situations, and their functionalities are limited.
This new technology of automated system starts to emerge progressively in order to
automate the driving activities and realize a full autonomous vehicle.

0.1 Motivation

The development of the autonomous vehicles is an important subject for the
automotive industries and the academic researches. Many advanced studies have
been done in this field to make this technology accessible for the public. However,
the act of replacing the traditional driven by an autonomous system is still an open
question and the full autonomous vehicles need more time to be realized in order
to cover all the possible driving situations. So, in order to prepare the environment
for the autonomous vehicles, we treat the shared lateral control for the lane keeping
purpose in this thesis, to manage the transition between manual/auto modes for
the semi-autonomous vehicle (level 3). This shared control ensures driving safety on
the road and the driver’s comfort when the two agents act on the vehicle’s control.
A degree of confidence for each agent is considered depending on many factors:
driver’s state of attention, driver’s behavior and intention, driving situation, and
limitation of automated system, etc. The transition shifting is a part of human
machine interaction (HM1I) which means that the interaction of human with the
system is important for the human to understand the system’s behavior and act with
him to accomplish a shared goal. For that, the human driver still in the loop monitors
the driving situations and takes the action of control if necessary. For example, if the
autonomous system reaches the limitation performance or an inappropriate decision
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is taken by the system and leads to fatal problems, the human takes the control
to prevent an undesirable situation and vice-versa. The intervention of the human
driver is urgent or optional depending on the driving situations and on the overall
behavior’s system. In this context, the objective of this thesis is to develop a shared
lateral control for the lane keeping objective using steer-by-wire system. However,
this method can be adapted to consider the tracking of a local trajectory with more
complex maneuvers (overtaking, collision avoidance...). The objectives of this shared
control is to manage the control authority between driver and autonomous system
in order to ensure road safety, enhance driving performance and realize a smooth
and safe switching between the two agents. This shared control ensures the fusion of
the two agents inputs on the steering wheels: the steering wheels angle of the human
driver and the steering wheels angle of the autonomous system calculated in order
to follow a reference trajectory. Then, the proposed shared control will be validated
for specific driving scenarios and cases. A degree of confidence for each input is
calculated depending on different criteria discussed later and integrated in the
decision algorithm. The autonomous vehicles also are equipped with the necessary
algorithm for the planning trajectory and control, and provided by the data to
ensure the vehicle’s autonomy. Finally, the thesis deals also with the development
of Advanced Driving Assistance System (ADAS) (level 2), involving Active Front
Steering (AFS) and Direct Yaw Control (DY C) to help and assist the driver in the
lane keeping maneuver.

To manage this shared mode, many steps are required:

e Define the limitations of each system (human driver and autonomous system)
and its capacity.

e Define the conditions of shifting process between the two agents.

e Develop the calculation methods for the degree of confidence of each input
(human driver and autonomous system).

e Define the criteria that influence the transition mode: driver’s behavior,
driver’s status, driving situation and safety.

e Determine the way of how the human driver takes the control of steering wheels
to get smooth changes on the vehicle’s state and to guarantee driver’s comfort.

0.2 State of the Art

0.2.1 Automation Driving

The automation driving is a process that aims to automate the driving activities in
order to realize a full autonomous vehicle on the road. The German Federal Highway
Research Institute (Bundesanstalt fiir Strafenwesen-BASt) [Gasser et al., 2012, the
National Highway Traffic Safety Administration (NHTSA) [Administration et al.,
2013|, and the SAE International (Society of Automotive Engineers) [SAE, 2016|
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classified automation driving to many levels. According to the SAFE International
[SAE, 2016], there are 6 levels of automation (see Figure. [1)). These levels are defined
as:

e Level 0 (Lp): no automation. The driver realizes all driving tasks: the
longitudinal and the lateral control.

e Level 1 (Ly): driving assistance. The driver acts on the longitudinal control
while an assistance system accomplishes the lateral control or vice-versa.

o Level 2 (Ly): partial automation. On the level 2, some driving tasks are
accomplished by the system in a specific use case (acceleration/braking, etc.),
while the driver supervises and monitors the system with the surrounding
environment at all times.

e Level 3 (L3): conditional automation. The human is the main responsible of
driving tasks, that means even if he does not have to supervise and monitor
the scene at all time, but the driver should be able to retain control and reacts
if the automated system reaches his limits for many reasons: sensor’s failures,
lack of localization information, bad weather, etc.

e Level 4 (L4): high automation. The system accomplishes all driving tasks
without driver’s intervention. The driver can retain the control action if he
is available and when needed.

e Level 5 (Ls): full automation. The driver is eliminated from the control loop.
The system navigates on the road by achieving the totality of driving tasks
without driver’s intervention.

Nowadays, full autonomous vehicles (level 5) |Favaro et al., 2017| are taking an
important attention in the researches and automotive industry where several tasks
of driving are done by an autonomous system itself. The challenge now is to realize a
full autonomous vehicle (level 5) where the driver is eliminated from the control loop
(see Figure. . However, replacing the traditional vehicle by the autonomous one
needs more time to be reached. The realization of full autonomous vehicles should be
evaluated step by step considering many criteria: system’s robustness, road safety,
ethics rules, the high cost of hardware and software, and test and validation of the
system for any possible scenario on the public road, etc. The autonomous driving
system is the result of different tasks: environment perception, motion planning and
vehicle control. However, many problems are caused by these modules, and will need
more time to be fixed. Thus, a shared cooperative control is necessary to compensate
the gap between the manual driving (level 0/1 and 2) and full autonomous driving
(level 5) |[Favaro et al., 2017].

0.2.2 Shared Control

The intelligent vehicles are defined to realize different tasks: obstacle avoidance,
lane changing, lane keeping. These vehicles are equipped with ADAS system (Lq
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Figure 1 — The 6 levels of automation [SAE, 2016]

and L3) to ensure safety and enhance performance. The integration of the ADAS
system helps the driver in dangerous situation. The problem until now is that the
application of autonomous vehicles brings risks, so it’s important to investigate the
idea of shared control. The shared control is a new aspect of control in the automotive
field that ensures road’s safety and enhances driving performance. It aims to reduce
the workload of the driver, help and assist him to prevent a critical situation when he
is distracted or tired. It depends on the driver’s intentions and behaviors to assist
him in case of hazardous situation. During this collaborative control, the human
and the autonomous controller cooperate together to accomplish a common goal
simultaneously. In addition, interaction between the human and the autonomous
system that keeps the driver in the loop, should compensate the limits and problems
of autonomous systems and improve driving safety. The driver should be able to
take the action of control if the autonomous system is not able to realize the driving
task, for example obstacle detection and avoidance. Therefore, if a conflict occurs
between the two agents during driving and they do not have the same objective, the
shared strategy of control will be the solution of this conflict in order to enhance
the performance of driving tasks. Many important modules are integrated in the
context of the shared control, such as: the Human Machine Interaction HM I, the
Driver Monitoring System DM.S and the Shared Lateral Control SLC' in order to
address the issues of driver’s interaction with the system. These modules aims: to
treat the authority between both agent, to manage the levels of automation and to
prioritize the information during HM 1.

0.2.2.1 Human Machine Interaction HM I

In our days, machine plays a good role in many fields such as medicine, industry,
space exploration, etc, where it performs many tasks [Chandrasekaran and Conrad,
2015]. It collaborates with human in the framework of human-machine interaction
(HMTI) to realize a shared goal. Each agent has some skills adopted to a situation




0.2. STATE OF THE ART 5)

where the other agent has not. So, it is very useful to talk about a Human Machine
Interaction in order to have a stable system with a good performance enhancement.
In the automotive field, the Human Machine Interaction H M interface has a very
important role in the exchange of information and sharing of intentions between
the human driver and the system (trajectory, perception of the environment, action,
etc.).

e Optional: each agent has its own goal and it can cooperate with the other
agent to realize another goal.

e Required: the aim of this interference is to manage and facilitate the role and
activity for each one and realize a common task.

However, each agent has errors and limitations in his functionality. So, in order to
compensate these errors and made the Human machine Interaction effective and
useful, a human centered design [Miyata and Norman, 1986 is applied in the shared
control where the controller depends on the human intention and behavior. This
approach assumes being able to know at all times the driver’s state, the driving
situation and the limitations of the automated system in order to take a decision
about the driving strategies [Benloucif et al., 2017]. The human driver is configured
in the loop. The act of keeping the driver in the loop leads to a good understanding
of the first agent to the other one and ensures the overall system’s stability and
safety. Moreover, the human gives trust to the automated system in specific driving
situations.

0.2.2.2 Driver Monitoring System DM S

The driver’s inattention is a major cause of road accidents. For that, a Driver
Monitoring System DM S is needed to supervise the driver’s attention and the
fatigue’s levels in order to evaluate his state. The driver’s abilities strongly depend
on his physiological and psychological states. Many studies are presented in the
literature to deal with the estimation of the driver’s state and the development of
the alert systems |Blaschke et al., 2009|, [Popieul et al., 2002|. This state is usually
determined through the detection of the level of the drowsiness and distraction
[Muzet, 2006|. The lack of driver’s attention is caused by an internal distraction
like: the using of a smart phone or using a GPS application, traffic [Markkula et al.,
2005], [Regan et al., 2011] and the mental efforts of driver |[Schaap et al., 2017].
There are many methods have been used to identify the driver’s state. The direct
methods are related to the driver’s eyes observation, the driver’s head position and
the level of driver’s sleepiness, etc, using Driver Monitoring System DM.S. The
indirect methods are based on the analyzing of the vehicle’s states like the steering
angle, the vehicle lateral position on the road, etc. However, the determination of
the driver’s state is not the scope of this work and it is assumed as a known input
determined by a diagnosis module.



0.2.2.3 Shared Lateral Control

The shared lateral control is the aspect of the control where the driver is presented
in the control loop. The relation between the driver and the autonomous system
resembles to the "H —metaphor" [Flemisch et al., 2003| concept, applicable in some
assistance cases.

"H — metaphor" concept:

The authority control of the horse depends on the rider’s decision. He tights the
reins to enforce the horse executes his intentions, or he leaves the reins to give the
authority of control to the horse. The reins is identical to the haptic shared control
between the driver and the automation. This comparison proves the importance of
keeping the driver in the loop to make the system more reliable and reduce the
driver’s workload. Moreover, the authors in |[Flemisch et al., 2010] demonstrate the
necessity of assistance in case of driver under-load and over-load (see Figure [2). Well,
in case of overload and underload the driver can be in relax, and the autonomous
system take the action of driving. In addition, an assessment module was developed
to test and supervise the system, and to take action in case of system’s limits and
failure.

Some studies deals with machine learning and Deep learning for the shared control.
It builds the environment perception, decision making and vehicle control. Decision
making is an algorithm that constructs the trajectory and driving commands
according to the environment perception (Neural networks). In [Jugade, 2019| a
fusion of driving inputs represented by the vehicle speed and steering wheel angle
has been done. The human and autonomous system provide their driving inputs
to the fusion system for the calculation of the final driving inputs. This fusion is
done by all these tasks: a computation of admissibility for the two driving inputs
using Belief function theory in order to add uncertainty to the output. A model
predictive control is used to predict the driving inputs trajectory, looking in some
future horizon, using neural network. The final input is computed completely by
using the game theory where the conflict is solved by the Nash equilibrium. The
final control inputs have the form of vehicle speed and steering wheel angle. Other
studies in the shared lateral control focus on the evaluation of the driver’s skills.
These studies treat the driver’s tasks change with long term in the shared control.
The authors in |[de Winter and Dodou, 2011] have explored the topic of shared control
in terms of its advantages and drawbacks on the driving tasks. They presented the
risks that can occur during this shared control, the conflict for example, and the
influence of this control strategy on the driver’s skills.

In shared control, the driver and the system act simultaneously through an interface
(process) or an actuator (like steer-by-wire system). Note that the traditional
steering system (mechanical or assisted steering) are not efficient with the shared
control because the mechanical connection does not allow a real sharing between the
driver and the autonomous system. For that, the automotive companies decide to
decouple the steering wheel from the wheels by developing a steer-by-wire system.
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Figure 2 — Dynamic task repartition of assistance and automation system |Flemisch et al.,
2010]

The steering wheel will be an interface that permits to the driver to execute his
actions through an electronic actuator to follow the trajectory. A haptic feed-back
is generated to inform the driver about the driving situation. Refer to |Abbink
and Mulder, 2010|, [Guo, 2017|, the shared control is divided into two types: the
shared control where the driver is represented in the loop (blended and haptic shared
control) and human supervisory control when the driver gives commands to control
the automated system.

0.2.2.3.1 Blended vs Haptic shared control

Blended shared control:

This type is used for the system where there is no mechanical connection. An example
of this type is the system by wire like the steer-by-wire. The human’s input is an
electronic signal increased or decreased depending on the behaviors of automation.
The familiar form of blending shared control is the blending using weights parameter.
The total blending control input is given as:

Utotal = (1 _’7) *uh+7*ua> (1)



where w11, up and u, are the total control input, input of human operator
and automated system respectively. v is the weighting factor that represents the
percentage of influence of each agent on the total input. The blending shared control
permits the direct interaction of human driver, but the last is not aware about the
behaviors of the system because there is no mechanical link between the agents and
the controlled device. The haptic feedback control solves this drawback.

The literature is rich in the Blended shared control. A shared lateral control is
presented in [Sentouh et al., 2010] to illustrate the authority of driving between the
driver and the automatic system. A linear quadratic regulator (LQR) method is
used to develop the steering assist system. The sharing of the authority of driving
is determined using a decision making process. The decision making process uses
a weighting function to manage the sharing authority. This process is also used in
[Soualmi et al., 2011|, where a fuzzi-TS-logic method is applied in the development
of controller. A new method for the decision making algorithm is given in [Sentouh
et al., 2013|, depending on the coordination variable € (see |[Sentouh et al., 2013]
for more details). The development of the assistance torque is done by using the Hy
approach. The authors in [Nguyen et al., 2015|, [Nguyen et al., 2016| developed a
shared lateral control to help the driver and assist him in different driving situations.
The novelty in this work compared to the previous works is the integration of the
driver model in the development of the control law. This integration allows the
prediction of driver’s behaviors and activity that permits the management of the
conflict between the two agents. An assistance steer-by-wire system is presented in
[Perozzi et al., 2020|, where the fusion of two steering inputs is performed considering
the availability of the driver via monitoring system. Finally, many factors related
to safety and driver’s behavior (avoidance of lane departure, prevention of high
acceleration and excessive steering) are taken into account when calculating the
fusion parameter to deal with the tire blowout on the road [Li et al., 2020].

A similar approach of the work of LAMIH laboratory is presented in [Borroni and
Tanelli, 2018|, where a shared lateral control authority is done. The controller is
developed based on H., technique. The control authority is given by this equation:

Tiot = (1 — ) x T, + a x Ty, (2)

where T}, T, and T} are the total torque, the assistance torque and the driver torque
respectively. a is adjusted manually or automatically between |0;1] depending on the
driver attention or driver situation.

The control inputs for the steering system are: the steering angle and the steering
torque. The authors in [Iwano et al., 2014] suppose that the steering systems based
on the steering torque is more reliable than the steering angle since the steering
torque provides the driver some degree of freedom to control the vehicle. For that,
a shared control based on the steering torque is developed for the emergency
obstacle avoidance. The assistance torque is calculated based on the desired yaw
rate delivered by a yaw rate command generator. The shared control is done
by multiplying the assistance steering torque with a weight coefficient w varying
between 0 and 1. The total steering torque is the resultant of the driver torque and
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the weighted assistance torque (see Figure . The problem of this shared control is
when an important difference between the two torques is detected. This difference
increases as the weighting parameter increases. This means a conflict exists between
the two agents and the assistance system behaves against the driver’s intentions.

Lateral collision avoidance assistance system
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Figure 3 — The Block diagram of the steering assistance system for the obstacle avoidance
purpose [Iwano et al., 2014].

Another approach of shared control is the integration of the driver’s state in the
cooperation process. In [Benloucif et al., 2016a], a lane keeping assistance system is
developed taking into account the driver’s state. If the driver is very distracted, a
high authority is given to the assistance system to keep the vehicle on the desired
lane. However, if the driver is very awarded about the driving supervision, he can
take the task of driving vehicle. They use the fatigue and distraction criteria to
determine the driver’s state, that depends on eyes analysis for fatigue, and the head
orientation and position for distraction.

According to the Michon’s hierarchical levels [Benloucif et al., 2016¢| (Figure 4],
there are three levels of cooperation between the driver and the automated system:
the strategic level, the tactical level and the operational level. The authors in
[Benloucif et al., 2016b|, [Benloucif et al., 2016¢| propose a multi-level cooperation
of driving based on the Michon’s model to handle the interferences and manage the
decision authority between the two agents. A shared control of multi- level based on
the active system is developed to change the lane when the driver tends to do that.
Two algorithms are developed at the operational and tactical level to determine the
authority management that reduces the negative interferences. Finally, the multi-
level cooperation is done by coupling the authority management of two levels.
Another new scheme for the haptic shared lateral control on the highway including
the trajectory planning is developed in [Benloucif et al., 2017]. The conflict is solved
by considering the steering of the driver in the planning trajectory where the desired
trajectory of the system is adjusted in order to deal with the driver’s intention.
The proposed shared lateral control is presented in the Figure |5l The primitives
polynomial path methods were used in this work to generate the planned trajectories
concerning the lateral and longitudinal movements. In |[Rath et al., 2018, a shared
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control approach was developed based on nonlinear vehicle-road-driver model for
the lane keeping purpose. A sharing parameter was integrated in the shared design
to consider the conflict between the two agents. Then, the shared lateral control is
done using the U-shape based on the driver’s activity determined by the driver’s
state and involvement of driver torque.
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Figure 4 — The Michon’s hierarchical levels for the multi-level cooperation [Benloucif et al.,|
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Figure 5 — The proposed shared lateral control presented in []Benloucif et al., 2017“.

The vehicle’s accident can by caused by a lane departure when the driver is
inattentive, drowsy and tired. To prevent these accidents, the authors in [Saleh et al.,
have developed an active system which is applied to the vehicle and improves
the driving safety and vehicle’s performance. A cybernetic driver’s model presented
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Figure 6 — The shared lateral scheme |Saleh et al., 2013)|.

in [Saleh et al., 2011| is used to consider the variation of driver’s behaviors. Then,
an advanced driving assistance system (ADAS) for the lane keeping is developed
using the Hy control theory. Many criteria are presented to evaluate the lateral
shared control where the assistance system assists the driver to keep the lane and
cooperate with him to avoid any conflict. Examples of these criteria: lateral deviation
error, time to lane crossing (T'LC) that indicates lane departure risk (LDR), etc.
Finally, the proposed shared control can be realized by a simple summation of the
driver’s torque delivered from the cybernetic driver model and the assistance system
(see Figure [6).

Haptic shared control:

The basic idea of the haptic shared control is that the two agents interact and
respond in a common physical interaction block. The identification of the haptic
shared control leads to two designs. The first design consists to compute a feedback
force, and, feed it back to the human operator in order to predict the surrounding
environment. The impedance control [Hogan, 1985] is used to compute the feedback
force. It is given as:

Empedance = Kd<xd - .T,') + Cd(jjd - Z’), (3)

Flipedance Tepresents the human’s resistance force to the external disturbance. The
desired state (position and velocity) is given by z¢ and i?. z and i are the actual
position and velocity. k% and C¢ are the stiffness and viscosity impedance. The second
design is based on the human-centered automation, where a shared control authority
is formed between the two operators to gain or release the right to control the system.
To conclude, the advantage of the shared control is that human driver knows about
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the driving situation and automation system through the haptic feedback. It also
leads to the conflict resolution and attenuation.

The haptic shared control (HSC) is the configuration where the driver feels the
inputs of automated system and there is a possibility to override or correct his input.
The challenges of haptic shared control is related to different terms: Adaptation of
force, appropriate trust, understanding driver responses and adaptive shared control.
A haptic shared control was presented in [Soualmi, 2014]. The cooperation is made
on two levels:

o Low level of cooperation (LLC'): is carried out at the level of driver’s actions.
ADAS systems use the steering wheel system (haptic interface) because it is
the fast way of acting if there is risk detected.

e High level of cooperation (HLC): depends on different criteria: the driver’s
state, the environment, the possible trajectories, to properly take the decisional
aspects, navigation and control.

Then a Takagi-Sugeno (T'S) fuzzy logic method is introduced for the development of
lane keeping controller. This controller interacts with the driver for the lane-keeping
purpose. The results show that the two agents have the same decision in case of
lane-keeping while a conflict appears in case of obstacle avoidance. To resolve this
conflict problem, two architectures of haptic shared control are exposed in this work
as:

e Sharing control by weighting: The idea of weighting is based on a Gaussian
function which guarantees smooth weighting without discontinuity. This
approach is validated in numerical simulations. The results are good since it
degrades the performance of the controller depending on the driving situation
and the steering torque rate.

e The sharing is considered as one of the objectives of the controller. In this
approach the driver is modulated in the design of control command. There
is another sharing of driving containing a feed-back on the High level of
cooperation (HLC'). This sharing allows to modify the target trajectory using
the planning module. Once the target trajectory is given by the trajectory
module, the difference criterion between driver and controller torque is used
to determine the direction of deviation (right/left).

There are many haptic methods presented in the literature that use the vehicle
components like the vehicle seat, steering wheel, foot pedals and gear selector and
provide interface between human and machine. The research studies ensure that
the visual feedback is the most feasible operation to inform the driver. However,
this operation needs a high attention of the driver who uses his eyes to analyze the
environment and driving conditions. In addition, an auditory feedback is used to
aware the driver face to hazardous situation but it can lead to a confusion when
combining with the road noise. A haptic feedback based on the steering wheels is
presented in [Jensen et al., 2011] to inform the driver about the roadway information
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and improve the overall driving performance. This haptic feedback ensures the earlier
enabling avoidance obstacle. The authors in |[Johns et al., 2016] proposed a haptic-
feedback shared control between the driver and the automated system using the
torque on the steering wheel. The study shows that the haptic feedback torque on
steering wheel is unsufficient to predict the driver’s intention in the future. A two-
phase haptic interface based on the human-machine interaction is developed in |Lv
et al., 2021] to manage the authority shift from autonomous to manual mode. This
haptic torque on the steering wheel aims to guide and assist the human while he is
engaged in the control loop, depending on his ability. However, the shared control
can cause a conflict in dangerous situations. A haptic guidance torque calculated
with respect to the driver’s behavior is presented in [Boink et al., 2014] to mitigate
the conflict between both agents.

0.2.2.3.2 Human supervisory control

In the human supervisory control, the human monitors the tasks of the automated
system. He doesn’t participate in the control activities, but he chooses a goal
achieved by the autonomous system. The role of the human is included in a
supervision process to verify if the automated system acts in the best way. A
commercial application of this feature is the "active lane change assist" where the
driver chooses a lane and drives within it. This type of shared control offers a simple
way of interaction with the automated system without direct participation of the
driver in the control system. However, through the human supervisory control, the
driver can express his intention using signal commands without having potential
acts to change the vehicle trajectory like the case of manual driving. From the other
hand, many studies have been developed in the literature to treat the shared control
as a transition management between the human driver and the autonomous system
especially in the level 3 and 4 of autonomy.

0.2.2.4 Transition Management:

Why a Transition is needed?

As said before, the presence of human driver is essential to navigate safely on the
road in many levels of autonomy (SAE level 3). In level 3, the human is the main
responsible of driving tasks. He supervises the scene not at all times, monitors
the vehicle’s control and reacts if the automated system reaches his limits. In
addition, in the higher level of automation (level 4), the system acts on vehicle’s
control alone without any help from the driver. The driver can retain control
if he is available. In addition, even if the driver is trusted during autonomous
mode (auto mode), a smooth transition from auto to manual mode is needed to
ensure this switching. Moreover, according to the NHT'SA |Ayoub et al., 2019|, the
autonomous system should inform the driver about its status: (1) normal/abnormal
functioning, (2) Available/not available for autonomous driving mode and (3)
On/Off transition request from automated system to the driver. Thus, the transition
between the manual driving and autonomous driving modes creates a new challenge
for the automotive industry and researches in the framework of shred control. This
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transition can be from autonomous to manual driving mode and vice-versa. For that,
two types of transitions are defined:

e Takeover: Control is shifted from the system to the human driver.

e Handover: Control is switched from the human driver to the system.

Depending on the initiation of transition, the transition can be a driver-initiated or
system-initiated transitions. When the driver demands a takeover request (TOR),
that means he is ready to take the control, while a transition is initiated by the
system, the driver needs more time to be engaged in the loop. In addition, considering
the driver involvement, the transitions are defined as 3 types:

e Active transitions: the system allows to the driver to initiate a transition
(Takeover or Handover) by pressing a bottom, additive steering or pedals,
or other inputs. This transition is managed by the driver.

e Semi-active transitions: A transition initiated by the system where the driver
can accept or deny this transition.

e Passive transitions: A transition implicitly signaled by the driver. An example
is the Lane keeping system (LK .S) system. The driver can switch-On/Off this
option. This transition can be Takeover or Handover.

The literature is rich in the works related to the transition management topic. In
|[Kim et al., 2018|, the authors presented a driver’s cognitive model to analyze the
influence of driver’s experience and workload on the transition between the two
agents. A planned control transition was applied in [Hollander and Pfleging, 2018§]
to switch from automated system to the driver by using the auditory and visual
information systems. These systems help and prepare the human who is engaged
in non driving related activities to be ready for regaining control. Moreover, an
overview for the last ten years was done in |[Ayoub et al., 2019| that summarizes
the different works related to the shifting from manual to autonomous driving.
An overview of the different systems for transition between the human and the
autonomous system is done in [Mirnig et al., 2017|. The different works related to the
transition management developed in the literature, and the interaction technologies
of the industry are discussed. This overview aims to show the results and the lack
of attention in order to move forward in the transition control management. The
authors in [Stevens et al., 2019| have presented an overview of research methods
related to driving simulation, the survey, etc, to address the human’s factors of
autonomous driving. They have defined the impact of autonomous system driving
on the different levels: the individual, social interaction and societal level.

e At the individual level: how we can ensure a good understanding between the
human driver and the autonomous system to realize a takeover, handover, etc.
For example, the communication of user’s with auto taxi is not very easy in
order to determine the destination and the stop. Moreover, the human can
take control from the autonomous vehicle when he was engaged in the non-
driving secondary tasks, like: writing emails, using phone, playing games, etc.
Different methods are presented to help him to be out of the loop.
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e At the social level: how we can assure the communication with the
autonomous-car face to road user’s, cyclists and pedestrians, etc.

o At the societal level: involves the impact of autonomous system cars on the
society. The question is if the people accept the autonomous cars on the road.
Many points should be clarified: the confidence of autonomous system, safety
on the road, what happened in case of failure (blackout of the internet), losing
the job by replacing the human and the losing of pleasure to drive, etc.

In the highly automated system (level 3 and 4), the driver intention is not required.
However, the latter is able to override the autonomous system at any time. This
override can be at the system or driver initiation. During this transition, the driver
should be provided by a sufficient time to be totally engaged in the control loop.
The time is essential to realize the takeover. The authors in [Melcher et al., 2015]
have developed a transition strategy from automated to the manual driving to
deal with the Takeover request (TOR) and the reaction time of the driver. The
study of the TOR is done considering many conditions: integration /no integration of
mobile phone and with/without additional brake, to show the influence of variation
conditions on the driver’s reaction time. 10 seconds are considered to realize a TOR.
The results show that the 10s are sufficient to attempt a comfortable TOR where
the driver can override the system in marge 1.4s to 6.7s without any problems.
According to the SAFE, retain control from autonomous system is required especially
in the level 2 and 3 where the ADAS system reaches its limits. For that, a transition
from autonomous to manual mode is needed to compensate the ADAS system’s
limitation or failures. When the driver realizes that the autonomous system is not
working properly, he demands to take vehicle’s control. To have a smooth shifting,
four required steps are reported by the SAFE, given as:

e Display the TOR from the system to the human driver.
e Prepare the driver quickly. He is ready to take control.

e Communicate the driver’s readiness to ensure control to the autonomous
system.

e Realize a smooth transition authority of the steering operation control to the
human driver.

A smooth method is proposed in [Wada et al., 2016 to shift control from autonomous
mode to human driver via haptic shared control (HSC') based on the cooperative
state. The cooperative state is determined according to the initiative holder and
the intent consistency. The driver’s takeover intention is detected via the steering
actions on the steering wheel. However, this study did not cover the case where
a control shifting is initiated by the system. The authors in [Miller et al., 2014]
presented an experimental study to treat the importance of situation awareness (S A)
in the different levels of automation on the driver’s behaviors and performances. The
situation awareness is essential especially when switching from auto to manual mode
in order to transmit the information to the driver and realize a comfort and safe
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driving. The study shows that the driver’s performance is affected by the level of
automation. There are many studies presented in the literature to deal with the
situation awareness of the driver, and how to alert him to take control when he
was distracted with non-driving activities. A high level of autonomy leads to a high
trust and comfort on the system. An enhancement of the level of situation awareness
(SA) and the driving safety (DS) for the partially automated system is done in [Wulf
et al., 2014] by developing a human-machine interface (H M) mechanism. The level
of situation awareness is affected by two factors: Out of the loop of the driver in
partially automated driving mode, and the non-driving secondary task (NDST);
while the driving safety (DJS) is related to: the reaction time, the minimum time to
line crossing, etc. The DS is increased in partially automated driving compared to
a manual driving. The results demonstrate that the mechanism is able to improve
driver’s SA and DS in a partially automated system.

In a self-driving car, the driver’s distraction is increased. The challenge now is how
to manage the driver’s distraction. The authors in [van der Heiden et al., 2017] have
studied the impact of an auditory pre-alert on the handover in case when the driver is
engaged in a non-driving secondary task (N DST). The driver will be more attentive
about the driving situation after a pulse pre-alert. The pre-alert is provided before a
few seconds of handover. The research is based on: effect of this pre-alert on the eye-
gaze on the road, the driving performance and if this pre-alert attracts the driver’s
attention to be ready to take control. A user study of 24 drivers is done in order to
show the effect of the pre-alert on the handover in term of reaction time, stress level,
speed reduction, eye-gaze and unsafe incidents. The results show that the pre-alert
gives the driver enough time to take control and will be less stressed to be engaged in
the driving activity. The driver is less stressful and responds faster during the driving
with a pre-alert configuration. He can responds faster to steer or brake to prevent
a dangerous situation. However, there are implications for this theory and design,
like if the 20s are enough to make a pre-alert on the road regarding the complexity
of the road’s traffic. Modifications occur in terms of: alert’s length, modality of the
reasons of the pre-alert, solutions proposed by the system and dynamic time, to deal
with each situation on the road.

The authors in [Reimer et al., 2016 treated the impact of automation driving levels
on the driver’s behaviors during his engagement in secondary tasks (non-driving
tasks activities). The change of autonomous levels affects the engagement of the
driver in a secondary task. The impact of the level distraction on the 3 levels of
driving: manual, semi-autonomous and autonomous, is presented. The difference
between the semi-auto and the auto mode is that in the first mode the driver can
lunch a lane change realized by the system while in the second mode he can’t.
The semi-automated technologies like ACC, LK S have a limited functionality for
many reasons: sensor’s failures, environment conditions, miss understanding for
the surrounding conditions by the system. In this case, the driver’s supervision
is necessary to take control’s responsibility. The role of the driver is transformed
from controller to a supervisor. For this reason, in semi-autonomous vehicle, the
driver is less probably engaged in non-driving related activities (NDRA) than in
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the fully autonomous vehicle. The results show that the driver is less distracted in
the manual mode. This distraction increases with the augmentation of automation
levels. In addition, the driver will be more in hand-off situation where the automation
level is higher, and the face detection is more complicated in the full autonomous
system.

Moreover, in takeover request (TTOR) process, it’s important to understand the
driver’s performance to deal with road safety. In the level 2 and 3, the driver is able
to retain control at any time and monitor the environment. The driver will demand a
TOR when the system does not operate properly. With the increasing of automation
level, the driver will be engaged in the secondary task and then reduce the situation
awareness and increase the reaction time. The study in [van der Meulen et al., 2016]
focus on the driving performance when switching from auto to manual mode for two
cases: after an autonomous driving and after a period of stationary. The difference
of take over request in these two cases is figured in: the amount of gaze, the time
looking at the road and the distraction before and after the Takeover request (TOR).
The research question in this study is if the driver’s distraction is caused by the
autonomous system itself or because the driver is distracted from a stationary and
non-autonomous activity. The results show that no difference in gaze behavior and
driving performance (driving distraction) when starting to switch manually from an
autonomous driving, before and after a period of stationary. An ambient interface
design is developed in [Borojeni et al., 2016| to perform a takeover request while the
driver is engaged in a secondary task. In this case, the transition from auto mode to
the driver who is engaged in a secondary task is essential to ensure this switching.
The fact that the driver is engaged in a secondary task, can cause a delay or an error
on his behavior. For that, an ambient visual display is used to support the TOR.
An interface formed from light display and auditory cue is developed to realize the
TOR. The question is if conveying contextual information can affect the driver’s
behaviors. Then, the baseline light and other types like static and moving light are
used in this study to show the consequence of this display on the TOR action. The
results show that the conveying information can increase the situation awareness
(SA) that means decrease the reaction time (RT') and increase the time to collision
(TTC). However, depending on the qualitative feedback, the users prefer to use the
static light more than the moving light because the static light can help them to
know the direction to steer without any stress. The limitation of this study is that
the developed interface was tested on driving simulator with a specific scenario. In a
real and complex scenario, many factors can affect the interface and should be taken
into consideration, like: type of road, driving conditions, weather, etc. The authors
in [Walch et al., 2015| designed a generic handover process to realize the transition
from the self-autonomous to the manual driving. This process uses the visual and
auditory cues to assist the driver taking handover in three driving conditions: No
hazard, car hazard and curve hazard situations. The study aims to prove if the driver
is able to take the handover request and if he feels like comfortable and less stressed
by using this process. 30 participants participate to this study and all quantitative
and qualitative data are collected and analyzed (TOR, braking behavior, comfort
of TOR, performance of TOR, etc.). The participants prefer the alert followed by a
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take over request where the TOR is easy and not stressing. The results show that
handover conveying a combination of visual and auditory cues covers the critical
situations when the driver is distracted and the autonomous system reaches its
limits.

The work presented in [Politis et al., 2015| aims to develop a multimodal language-
based for the handover from auto to manual mode and vice-versa in an urgent
driving situation. The motivation of this work is to integrate the multimodal cues
(tactical, visual and audio) in a handover situation where the driver is busy. Then
an experimental study is done to address the handover topic in a warning situation.
The analysis of driver’s performance, subjective and objective results are presented
for the unimodal and multimodal cues. Three levels of urgency are discussed later.
The results show that the multimodal warnings are more efficient in term of urgency
to takeover control from the car to the driver. However, the unimodal signal is not
sufficient to treat the urgent situation. The limitation of this study is that the game
is visual based concept.

The cooperative control is a black-and-white approach where both agents cooperate
together to realize a common driving task. For that, authors in [Walch et al.,
2016) have designed a cooperative control interaction between the driver and the
autonomous system to deal with the handovers situation. This cooperation aims
to compensate the system’s limitations (overtaking obstacle, pass road works, lane
change etc.) and avoid handovers by the driver. In such situations, the handover is
needed to avoid a critical situation. The driver who is out of-the-loop and distracted
by other activities should be able to take control. The new challenge now is to
prepare the system asking the driver to perform some driving task and propose him
many solutions. To do that, the authors have developed a generic interaction based
on the visual and auditory cues alerting the driver, where the autonomous system
proposes several solutions to prevent such dangerous situations. Then, the driver
should choose the suitable one. So, no need to the handover in this case. Finally,
the autonomous system operates safely. The feedback from the participants assessed
that the cooperative approach is easy and not stressful. However, its drawback is that
the users are less confident in the speech system when talking with the autonomous
system. An open question resulted from this study is: if the cooperative control is
more feasible in all driving situations in order to avoid handovers, despite the driving
situations.

A geometrical transformation steering wheel is addressed in |[Kerschbaum et al.,
2015|, for two issues: avoiding the detrimental effect of automation and providing an
interface to the driver to give him time and feel comfortable while driving in highly
automated system. The main idea of the transformation steering wheel is when the
system is in automated configuration, the steering wheel is moved out of the sight,
giving the information to the driver that no need to be controlled. However, when
the system reaches his boundary, the steering wheel adopts his original shape and
there is a need to be controlled by the driver. Then, the study aims later to prove
if there is an influence of this transformation on the transition from auto to manual
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and how the driver evaluates this transformation of steering wheel. The results show
that the steering wheel influences the gaze behavior. However, the takeover time will
be longer with no errors in case of lane change. In addition, the transformation of the
steering wheel has no negative effects on the takeover performance and can improve
the takeover quality.

The authors in [Kim and Yang, 2017] have adopted a methodology to determine the
takeover request time in the level 3 autonomous driving. This methodology takes into
account the driver characteristics to calculate the TOR time. Then, the performance-
based method is used to identify the optimal T'O R value. The proposed methodology
is tested experimentally for 4 different scenarios. The quantitative and qualitative
results show that the performance of TOR is improved considering human’s factors.
In |[Bueno et al., 2016|, the authors have studied the impact of mental workload
levels on the takeover request after an autonomous driving. The mental workload is
caused by a non-driving task before a takeover request demanded by the autonomous
system. The analysis of driver during a transition from autonomous to manual
mode in case of low and high mental workload is presented in this paper. The
driver performs a non driving-task represented by finding a word related to three
images during an autonomous mode. Then, the driver is notified by a visual and
auditory alert to take control and avoid an obstacle appeared on the lane. The
results show that the driver’s mental workload decreases the situation awareness
(SA) and influences negatively the takeover performance. The drawback of this
study is that the results show the effect of driving mode and not the effect of the
mental workload on the takeover driver performance. To a good understanding of
the effect of mental workload on the transition and takeover process, information
about driver’s environment and state should be provided to the system via a human
machine interface (HM1I).

Based on the literature review, many advanced studies have been presented to
investigate the shared control between the driver and the autonomous system in
different contexts, including the transition and control authority management and
shifting between both agents and the fusion methods of both agent’s inputs. All
these interesting studies have motivated us to develop a shared lateral control for the
lane keeping objective to manage the control authority and the transition between
manual /auto mode for the semi-autonomous vehicle (level 3, (L3)) by using steer-
by-wire system. Firstly, in the present work, we are interested to develop a shared
lateral control approach to manage the control authority between the driver and the
autonomous system in case of autonomous system’s failure while the human driver
can be available or not. Secondly, we are investigated the shared lateral control in
the context of a Take Over Request (TOR) to deal with the transition management.
The driver can retain control if he is available. Otherwise the autonomous system
intervenes to interrupt the driver’s input and take vehicle’s control. Note that the
autonomous system operates correctly without failures in this new shared lateral
approach. The control authority in both shared control approaches is done using the
blended shared control given in the Section
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Moreover, a development of Advanced Driving Assistance Systems (ADASs) (level
2, (L)), involving Active Front Steering (AF'S) and Direct Yaw Control (DY C)
integrated to the vehicle during lane keeping maneuver is done in this thesis. These
systems help and assist the driver to keep the lane and to enhance the vehicle’s
lateral stability.

0.3 Thesis Contribution
The main contributions of this thesis are listed in the following:

e A shared lateral control architecture for the lane keeping purpose including
the human driver and the autonomous system, based on the blended shared
control, which permits the fusion of the two inputs, is developed in this work.

e A decision-making algorithm for the shared lateral control to manage authority
between the driver and the autonomous system is also developed (level 3,
(L3)), based on many criteria, such as: the degree of confidence of each input,
the lateral error, etc. A Fuzzy Logic Controller (FLC) and a situation-based
analysis block are developed for decision-making. This shared control treats
the case where a failure occurs on the autonomous system while the human
driver can be available or not.

e A transition management between the human driven and the autonomous
system in the Take Over Request (TOR) context is also done (level 3,
(L3)), to deal with the retain control from autonomous to manual driving
and vice-versa.. The human demand a Take Over Request in many cases. A
decision algorithm is developed to evaluate the driver’s status and generate the
switching between both agents based on different criteria: the driver’s behavior
and availability, the vehicle’s state and the take over request (TOR).

e Driving case studies and scenarios on the road are defined to test and validate
the different shared control approaches given above.

e A validation and implementation of algorithms on Matlab/Simulink and on the
"SCANeR Studio" vehicle’s simulator (OKTAL) interacted with the human
in-the-loop through the " Logitech G29" steering wheel for the different driving
scenarios are presented later.

o A development of advanced Driving Assistance Systems (ADASs) (level
2, (Ly)) for the lane keeping maneuver and the vehicle’s lateral stability
enhancement is presented. The developed architectures are based on the
LPV/H. and the Super-Twisting Sliding Mode STSM control approach.
Validation and implementation of these systems on Matlab/Simulink with
a complete nonlinear vehicle model validated on the "SCANeR Studio"
simulator are also done.
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0.4 Thesis Outline

The thesis is organized in 4 chapters, see Figure [7}

e Chapter 1: deals with the global architecture of the shared lateral control.
The different tools used in this framework are evoked in this chapter.

e Chapter 2: provides a full description of a proposed shared lateral control
to manage control authority between both agents (level 3, (L3)) in case of
autonomous system failure. A Fuzzy Logic Controller (F'LC') and a situation-
based analysis block are developed for decision-making process, to determine
the fusion parameter.

e Chapter 3: investigates a new shared lateral control approach to deal with the
transition management between the human driver and the autonomous system
in the Take Over Request (TOR) context (level 3, (L3)). A coordinator based
on a decision algorithm is developed for the driving modes and the fusion
parameter determination.

e Chapter 4: develops an Advanced Driving Assistance Systems (ADASs)
involving Active Front Steering (AFS) and Direct Yaw Control (DY C)
(level 2, (Ls)) for the lane keeping maneuver while guaranteeing vehicle’s
lateral stability. The LPV/H, (respectively the Super-Twisting Sliding Mode
STSM) control technique is applied to develop the control layer of the
centralized (respectively decentralized) architecture, while weighting param-
eters are calculated in the decision layer of both architectures to coordinate
different controllers and objectives. Finally, a comparison is done between the
centralized and decentralized control architectures.

Finally, the thesis concludes with a summary about the obtained results and an
outlook about future work.

Developed
Architectures
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Figure 7 — Block Diagram of the Developed Architectures of the present work
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0.5 Conclusion

In this chapter, the motivation of this work and a state of the art on the automation
driving, the shared control and the transition management are exposed. Next chapter
presents the global proposed architecture of the shared lateral control including
the vehicle model, human Driver and the Autonomous System to prepare the
environment work.



Part 1

Shared Lateral Control
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Chapter 1 __

Architecture

This chapter presents the global architecture of the shared lateral control. The
different components are detailed later to deal with this topic.

1.1 Introduction

This chapter introduces the different tools used in the framework of the shared lateral
control. The global shared lateral control architecture is given in the Figure [I.1] Its
main components are: the Vehicle Model, the Human Driver and the Autonomous
system (detailed in this chapter); and the shared lateral control (detailed in chapter 2
and . A vehicle model representing the vertical, longitudinal and lateral dynamics,
is given. The human driver can be presented in-the-loop by two ways: through a
driver model or a steering wheel (human in-the-loop). Finally, an autonomous system
controller is developed to realize a path following for a desired trajectory.

—*L"%—ISSW‘“
Human Output
Driver Shared Lateral 8¢otat State
A — —tp
< N Control @
Environment - Vehicle
—»((mé»)_1 Model
> SW—as
Autonomous
System

Figure 1.1 — The global shared lateral control architecture.

1.2 Vehicle Model

The vehicle is a group of interconnected mechanical and electrical systems and
subsystems. The global vehicle’s dynamics are influenced by these systems. Modeling
and simulating vehicle dynamics are essential for a good understanding of the
vehicle’s behavior. Several methods have been developed in the literature to model
the vehicle kinematics and dynamics. Some models depend on the physical laws

25
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called the closed-form models. For example, authors in [Villagra et al., 2007|,
|[Rajamani, 2012] have developed the vehicle planner dynamics in the longitudinal
and lateral directions using the Newton’s laws. Vertical dynamics are presented
in [Kiencke and Nielsen, 2000|, |[Rajamani, 2012] by developing vertical models to
deal with automotive suspensions, tires/road friction, etc. On the other hand, the
multi-body models have been developed to model the vehicle. These models are
more accurate with respect to the closed-form models. Several approaches are used
to develop a multi-body model (|[Khalil and Kleinfinger, 1986|), such as Newton-
Euler (|[Khalil and Kleinfinger, 1987]), Lagrange, Appell’s method, etc. Moreover,
the literature is rich in vehicle models, less or more complex depending on the use
objective. A full vehicle model is used for the validation purpose while a vehicle
bicycle model is dedicated for the control synthesis.

In this section, we will present briefly the vehicle’s dynamics based on the closed-form
models. A complete vehicle model is developed, including vehicle vertical model.
Then, the longitudinal and lateral motion planner are given in the following. Finally,
a simplified bicycle model is presented.

1.2.1 Complete Vehicle Model

From our point of view, the vehicle model could be presented as four sub-models
combined together to develop a full vehicle model. These sub-models are:

e the vehicle vertical model which describes the suspension deflection, the tire
deflection, and the sprung mass roll, pitch and heave motions;

e the vehicle longitudinal and lateral model (in the horizontal plan) which
describes the longitudinal acceleration, the lateral acceleration and the vehicle
yaw rate;

e the tire/road contact model;

e the wheels dynamics model.

1.2.1.1 Vehicle Vertical Model

The vehicle vertical model is a part of the vehicle dynamics. Therefore, to better
understand and analyze vehicle’s behavior, the modeling and the representation of
the vertical model is important. This model describes the automotive suspension
deflection, the tire deflections, and the sprung mass roll, pitch and heave motions.
The automotive suspension system is composed of a spring and a damper that
rely the sprung masses (chassis) to the unsprung masses (wheels). The aim of the
suspension system is to improve passenger’s comfort by isolating the vehicle chassis
from an irregular ground. In addition, the suspension system ensures passenger’s
safety by providing a good-holding properties. Indeed, the suspensions help the
wheels to maintain a sufficient contact with the road in presence of irregularities of
the road and load transfer. Many types of suspension systems have been developed,
like the passive suspension system model, the semi-active and the active suspension
(ASus) systems |Rajamani, 2012|. A quarter vehicle vertical model is represented
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Figure 1.2 — Quarter vehicle vertical model |[Chokor, 2019|

in this section, which is a combination between the active suspension model and the
vertical tire model.

Quarter Vehicle Vertical Model

The quarter vehicle vertical model is given in the Figure It represents the motion
of the axle and of the vehicle body at each wheel. The suspension system and the
tire are subjected to a dynamical motions/vibrations, while the vehicle moves. The
equations that describe the system dynamics at the ij (¢ = {f : front,r : rear} and
j ={r:right,l:left}) corner of the vehicle are:

Fyij = —Ksii(2si5 — 2us,ij) — Cs,ij (3545 — Zus,ij) + Uij, (1.1)
1

”usi': in‘_Fsi'7 1.2

Rus,ij mus,ij( i ij) (1.2)

Fz,ij = _Kt,ij<zus,ij - Zm'j) - Ot,ij(zus,ij - Zr,ij)a (1-3)

where mg, mys, Kiij, Crij, Ksij, Cs,ij, Uij, Fsij, and F,,;, are respectively, the
quarter vehicle suspended mass, unsuspended mass, the tire stiffness coefficient,
the tire damping coefficient, the suspension stiffness coefficient, the suspension
damping coefficient, the actuator force of the ASus system (active force), the total
(passive+active) suspension force, and the vertical force on the tire of the ij corner.
2545 and zys; are respectively the vertical displacement of the sprung mass and the
unsprung mass (wheel bounce). z,;; and g are respectively the vertical profile of the
road and the gravitational constant.

Full Vehicle Vertical Model

In order to express the vertical displacement of each corner, and the roll, pitch and
heave motions of the sprung mass at the center of gravity, the full vehicle vertical
model is developed (see Figure [L.3).

Let 0, ¢ and z, be respectively the roll, pitch and heave of the sprung mass. Geomet-
rically, the vertical displacements of the vehicle corners z,,;; can be approximated
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Zs tr = 25 — tysint — lysing,
Zs 1 = Zs + tysinb — lysing,
Zopr = 25 — tp8100 + 5100,
2oyl = Zs + tpsind + 1,s1ng,

P
—_ = = =
~ O Ot
~— e S S

where ¢, t,, [y and [, are respectively half front track, half rear track, wheelbase to
the front and wheelbase to the rear.

The vertical velocities of the vehicle corners Z, ;; are the time derivatives of the four
above equations, such that:

bafr = 2o — tpfcosh — lyocosd, (1.8)
ol = 2s + tplcost — lydcosd, (1.9)
Zowr = 25 — t,0cost + Zrécw(b, (1.10)
Zorl = Zs + t,0cos0 + l,@co&b. (1.11)

Figure 1.3 — Full vehicle vertical model [Chokor, 2019|
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The dynamic equations of the sprung mass i.e. the roll, pitch and heave (angular)
accelerations (0, ¢, and %) can be modeled as:

1
0:— _Fs 7-+Fs t +_Fsrr+Fsr tr
I, + M, (Fogr+ Fop)tr + (=F ) (1.12)
+ M (hg cos (8) + z5) ay + M (hg sin (0) + z) 9],
Cb: —[_(P’s7 7”+F8, l)l +(Fs,7‘r+Fs,rl)lr
I+ M2 eI (1.13)
+ M (hg cos (@) + 2z5) az + M (hy sin (@) + 25) gl
1
és - _(Fs,fr+Fs,fl+Fs,M'+Fs,rl)a (114)

MS

where, M, hg and hy are respectively the mass of the sprung mass, the distance
between the center of gravity of the sprung mass and the roll rotation center, and
the distance between the center of gravity of the sprung mass and the pitch rotation
center. [, and I, are respectively the moment of inertia of the sprung mass around
x axis and y axis. a, and a, are considered as exogenous inputs to this model,
they are calculated in the lateral and longitudinal vehicle model. They represent the
longitudinal and lateral accelerations respectively.

1.2.1.2 Longitudinal-Lateral Model

To develop the longitudinal and lateral vehicle models, the second Newton law is
applied to the horizontal vehicle scheme shown in Figure[I.4] The governed equations
are given by:

Ma, :(Fx,fl cos 5fl + Fx,fr COS 5fr - Fy,fl sin (Sfl — Fy,fr sin 5]07, + nyrl + Fx,m«),

(1.15)
May, =(Fy pisindp + Fy ppsindy, — Fy prcosdp + Fy prcosdp + Fy i+ Fy v,
(1.16)
Igﬁ =—tp(Fypcosdp — Fyprcosdp — Fy_psindp + F frsindy,)
+ 1 (Fyppsindy + Fy grsindg, + Fy grcosdp + Fy g cos0yy) (1.17)
— L (Fypi+ Fyrr)) = U (Fopt + Fogr)),

where a,, a,, and @D are respectively the longitudinal acceleration, the lateral
acceleration, and the yaw acceleration. M is the total vehicle mass and I, is the
moment of inertia of the vehicle around z, axis. F,;; and F,;; are respectively
the longitudinal and lateral forces applied to the tire ij as shown in Figure [1.5
These forces are determined (in the next sub-section) based on the tire/road contact
properties and the vertical force F, ;; applied to the tire.

1.2.1.3 Tire/Road Contact Model

In order to enhance vehicle’s control, a Tire/Road contact model is needed. The
interaction between the vehicle and the road is determined by the tire. It has
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Figure 1.5 — Tire forces |[Chokor, 2019|

an important role in the vehicle’s movement determination through the lateral
and longitudinal forces generated with the road. In addition, the tire can handle
the vehicle mass taking into account the vehicle vertical dynamics and road
perturbations. These two aspects can be described by the tire vertical model and
tire/road contact model.

In literature, there are many different tire vertical models. Some researchers present
the tire as a spring and a damper with constant stiffness and damper coefficients,
while others neglect the damping coefficients. Automotive industry and vehicle
dynamics simulators as "SCANeR Studio" (OKtal) model the tire as a spring and
a damper with passive variable stiffness and damping coefficients, depending on the
suspension deflection and its velocity. In this thesis, the tire is supposed a punctual
mass at its center of gravity and modeled as a spring and a damper with constant
stiffness and damping coefficients (see Figure .

On the same time, the literature is rich in tire/road contact forces models which
aim at describing the lateral and longitudinal tire forces as nonlinear functions of
the vertical load, tire properties, and road properties. Here, we cite the well-known
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Figure 1.6 — Tire vertical model [Chokor, 2019|

models:

e analytical models which are developed from the basic theory of sliding and
adherence constraints, taking into account tire parameters (material, pressure,
rigidity) and the environment (temperature, road nature);

e Pacejka-Baker model known by the magic formula [Pacejka and Besselink,
1997|;

e LuGrue model or Carlos Canudas-de-Wit model [Canudas-de Wit et al., 2003];
e DUGOFF model |[Dugoff et al., 1970|;
e Burckhardt/Kiencke model [Kiencke, 1993];

In this thesis, the DUGOFF’s model is presented because of its simplicity and
computational implementation. The tire longitudinal and lateral forces can be given
as:

O s
Frij = Co—2—f(\ij), 1.1
= o gy 19
tan(a;;)
2—)\1))\1 fOT >\1<1
F; :{ (2= 2N ) 1.20
( ]) 1 fO'f’ >\ij > 1, ( )

PF. (1 — 0445)

79 \/(Cgamﬁij)Q + (C, tan(ay;))?

(1.21)

As these equations show, the lateral and longitudinal tire forces (F), ;; and F, ;;) only
depend on three parameters i.e. the longitudinal tire stiffness C,, the lateral tire
stiffness (cornering stiffness) C,, and the road adherence p. From DUGOFF model,
F,;; and F,;; are nonlinear functions of the tire variables i.e. the longitudinal tire
slipping o, ;;, the side slip angle of the tire «;;, and the vertical load applied on the
tire I, ;;. 05,5 and «y; are calculated in the wheels dynamics model.
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1.2.1.4 'Wheels Dynamics Model

The wheel side slip angle «;; represents the deviated angle between the wheel speed
vector and the wheel orientation as shown in Figure [.7] ;; of each wheel can be
obtained based on the speed vector of the vehicle at its center of gravity and the
vehicle geometry, as given in the following equations:

-
oy = 0y, — arctan M , (1.22)
Ve +1t50
V, + 1
ap = dp — arctan M : (1.23)
Ve =t
o,y = — arctan M , (1.24)
(Ve + 19
—1, i
o, = — arctan u . (1.25)
Vx - tr'@D

The longitudinal tire slipping represents the difference between the actual linear

longitudinal axis of the
vehicle

Figure 1.7 — Tire side-slip [Chokor, 2019

Motion direction
~

Figure 1.8 — Actual vs expected wheel speed |Chokor, 2019|

wheel speed in the longitudinal direction V,;; at its center of gravity and the
expected one 7;€2;; due to its rotation (see Figure|1.8). The longitudinal tire slipping
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of the tire 75 is given by the following equation:

i (1.26)

i Qi Vi is .
SR Twi o geceleration
Ogij = .
! braking

z,1j

where 7;; is the effective tire radius and ();; is its angular velocity. (2;; has the
dynamics given in the following equation:

IrQij = —1iiFyii + Chij — Ctijs (1.27)

where I, is the moment of inertia around the wheel axis of rotation. C,, ;; and C};
are respectively the motor and braking torques applied to the wheel as shown in
Figure Cyn,ij 1s transmitted from the motor to the wheels through the power
transmission system, and Cf;; is generated by the braking system.

Figure 1.9 — Wheel dynamics [Chokor, 2019

1.2.2 Bicycle Model

The vehicle bicycle model is a simplified version of the full vehicle model. It is usually
used as a reference model to represent the lateral vehicle’s behavior. As shown in
the Figure the bicycle model consists of merging each two wheels of the same
axle at the center of the axle. The bicycle model expresses the lateral acceleration
and the yaw rate of the vehicle at its center of gravity as the following
2011],JAckermann et al., 1995

— _N(Cf+cr) . (/J(lfo*err) + Vv )1/]

y= mVs . mVy

) T (1.28)

R |
U,

where y and 1 are respectively the lateral position and the yaw angle of the vehicle;
V, is the vehicle longitudinal speed at the center of gravity C'G; d; is the steering
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Figure 1.10 — Bicycle model |[Chokor, 2019

wheel angle. The remaining notations of these equations are given in Tables|[I|[3] This
model is widely used considering a satisfied behavior of the vehicle in normal driving
situations. Note that this bicycle model does not consider any of the vehicle roll and
pitch motion, and is valid only for small angles of 6; and 3. Moreover, this model
considers linear tire forces. It is usually used for model-based control synthesis.

1.3 Human Driver
The human driver is presented in-the-loop through:

o A steering wheel "Logitech G29", given as in Figure [1.11] connected to the
simulator "SCANeR Studio" (Human-in-the-loop).

e A driver model, given as in Figure [L.16]

1.3.1 The Steering Wheel " Logitech G29"

A real human driver acts on the vehicle’s lateral control through a steering wheel.
The "Logitech G29" (Figure is the steering wheel that permits the interaction
between a real driver and the vehicle’s simulator ("SCANeR Studio" for example).
The wheel can rotate up to 900°, corresponding to 60° on the wheels. It has three
pedals and a dual motor force feedback with a overheat safe guard. All these features
make the driving more realistic for the users.

1.3.2 Driver Model

A state of art on the driver model is done. Then, the proposed driver model is
developed to represent the driver’s behavior in the loop. Validation of the developed
model is done in Matlab/Simulink.
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Figure 1.11 — The steering wheel hardware, Logitech G209.

1.3.2.1 State of Art on Driver Model

The way to compensate the errors and failures of automated systems is to keep the
driver in the loop. The shared control between human and autonomous system has
many advantages:

e interaction between the driver and the automated system.

e supervision of the driving situation by the driver when he intervenes if
necessary.

e enhancement of the overall performance of the driving tasks.
e reducing the workload of human driver.

e cooperation of two agents to realize a shared goal and understand the driver’s
behaviors and intentions by the automated systems.

The driver model is important in the autonomous driving system. It expresses the
description, evaluation, understanding and prediction of the driver. This model
allows the prediction of driver’s intention in order to enhance the cooperation tasks
between the two systems. In addition, the driver’s model detects the inappropriate
driving behaviors, and it can precise the action of the driver on the vehicle: steering,
accelerate /decelerate. Tasks needed by the diver are the situation awareness and
workload [Zou et al., 2018]. Many driver’s models have been presented in the
literature that module the driver in the loop. In [Salvucci and Gray, 2004], a steering
model is developed based on the definition of the near and far point. The aim of
the near point is to maintain a lane centerline while the far point is to anticipate
the upcoming roadway. This model is based on the perceptual features of the near
and far points using the visual features. The near point is fixed on the center of the
road at a distance in front of the vehicle. The far point is situated at a distance
of the vehicle and it depends on the nature of the road. Then a PI controller feeds
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the steering angle to handle the curve negotiation, corrective steering after a lateral
drift, lane changing, and individual differences. For the validation of this model, the
data in |[Land and Horwood, 1995 is used in order to test the proposed model for
the fourth cases study. The authors in [Ungoren and Peng, 2005] have developed an
adaptive lateral human driver model to predict the driver’s behavior. An adaptive
predictive control (APC') is used to develop this model which aims to minimize a
cost function depending on the lateral position and yaw errors. This model has a
similar cost function as McAdam’s driver model [MacAdam, 1980] with different
assumptions related to the cost function that makes the proposed driver model a
generalized version of McAdam’s driver model. In [Edelmann et al., 2007, a driver
model for higher lateral accelerations is developed based on analytical method. The
driver’s steering angle depends on the demanded trajectory, where the driver’s action
is composed of two-layers: leading and compensation action. For the leading control,
an anticipatory feedforward control is derived to cover the previewed curvature and
its changes. The second layer is predictive closed-loop control to compensate the
shifting of the vehicle from the desired trajectory. An estimation module is needed
in this layer to calculate the deviation error between the previous and estimated
positions. In addition, the use of assistance system for the vehicle to realize a driving
task needs to modulate the driver’s behavior. According to |[Rajamani, 2011] the
steering assistance control systems are divided into two categories: lane keeping and
lane departure warning, where a driver model is developed to take into account the
driver’s cognitive and intention about the driver situation. All models presented in
the literature have the same idea presented in the Figure [1.12

Disturhance
N . S
Road N i Auto-aligning |
geom m—p Anticipatory E feedback :
: || Vehiclef
0 Steering ||  Route
- Driver control | command }
0 g e Eosstny characteristics -:r
. T narl.
Path |
Position

Figure 1.12 — General structure of driver steering model [Saleh et al., 2011].

However, these models differ in the way of how to define mathematically the sub-
models of driver’s action presented in [[.12] A driver’s model is presented in [Saleh
et al., 2011] for the steering assistance system purpose (Lane keeping). This model
is characterized by its simplicity in the framework of automation for shared lateral
control. The architecture of the model is given in the Figure According to the
Figure the driver uses the visual information to anticipate with the upcoming
road changing, and the state’s information (velocity, position, heading, etc.) about
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the positioning of the vehicle on the road. Then, the desired steering angle feeds the
Neuromuscular system (NMS) that gives the steering torque. The concept of the
Onear and Oy, illustrated in the Figure is used to maintain a centerline position
of the vehicle and to compensate the lateral positioning errors through 6,,..., where
0 fqr takes into account the changing of the upcoming road curvature.
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Figure 1.13 — Proposed cybernetic driver model for lane keeping maneuver [Saleh et al.,
2011).

Figure 1.14 — 0ycqr and 6,4, angles [Mars et al., 2011].

The near angle represents the vehicle’s position with respect to the road, and the
far angle is the difference between the vehicle’s heading and the tangent point. The
time delay of the driver’s reaction is figured 7,. A neuromuscular module system
(NMS) inspired from |Hoult and Cole, 2008| is incorporated in this model to
represent the internal steering system compliance muscle co-activation by « and
v signals and the stretch reflex. Finally, the transfer function Gy,s reflects the
dynamics of the neuromuscular system including the passive damping and stiffness
of neuromuscular driver’s arm. Then, a Prediction Error Method (PEM) is used
to identify the different parameters of the model. To conclude, this model will be
used to illustrate the driver’s behaviors in the simulation based on the visual and
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haptic aspect of the driver. This model is simple to use for the intelligent steering
assistance system and can be adapted to capture various characteristics of the driver
(driver’s state, attention, etc.). In [Sentouh et al., 2009], the authors have developed
a new driver model that generates the driver’s steering torque applied to the vehicle
by taking into account the interaction between the driver and the vehicle. The new
structure of this model is given in the Figure The different parameters and
gains of model are determined using the Prediction Error Method (PEM). The
visual and the kinesthetic perception are taken into account by the integration of
anticipatory and compensatory process in this model.
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Figure 1.15 — The new structure of the driver model [Sentouh et al., 2009].

1.3.2.2 Driver Model-1 Reformulation [Saleh et al., 2011]

The proposed human driver model for the lane keeping purpose in [Saleh et al.,
2011], [Mars et al., 2011] is used to represent the human’s behavior in the loop.
This model is based on the hypothesis that the driver uses the visual information
to anticipate with the upcoming road changing, and the vehicle state’s information
(velocity, position, heading, etc.) to position the vehicle on the road (Anticipatory
and Compensatory action). The structure of the adopted driver model, used in this
work, is given in Figure [I.16] The calculation of angles’ block that gives 6., and
6. angles is based on the definition in [Mars et al., 2011]. 6., is calculated at
a distance [, in front of the vehicle to maintain the vehicle’s lateral position. It is
function of the vehicle’s heading error ey, (ey= 1¥-10*) and the lateral error e, (e,=
y-y*), where ¢* and y* are the desired heading angle and the lateral coordinate of
the road respectively. The errors e, and e, are calculated by a Map Matching block
(see Figure that aims to localize the vehicle on the reference map extracted from
a "SCANeR Studio" scenario. 0y, is calculated as a tangent point (Figure at
a far distance Dy,, that depends on the curvature of the road. The far distance
becomes constant when the driver drives on a curve road (usually between 10 and
20m according to the radius of the road curvature). It depends on the vehicle’s
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Figure 1.16 — Structure of the driver steering model.

velocity V, and the heading velocity of the road 1/)* Onear and O, (see Figure |1.14)
are given as:

Onear = <~ — e, (1.29)
lp
Dfar ;
0 — * 1.30
! 7t (0 (1.30)

Dy, is function of V,, given as:

Dfar,mz’n fOT Vx < 20
Dy =< axVy+b for 20<V, <50, (1.31)
Dtormaz  for Vi > 50

(1.32)

where a and b are two constants calculated depending on V., and on the minimum
and the maximum value of Dy,,. The driver reaction is composed of two parts: A
compensatory part Gy, that depends on 0,., to maintain a centerline position
of the vehicle, and anticipatory part Gg,; which acts upon 0y, to consider the
upcoming road curvature. G,y and Geonp are given as:

Ganti = kp; (133)

]{?c TLS + 1
Gromp = =22 T~ 1.34
P ‘/m T[S+ 1 ( )

where k), is a positive constant parameter and k. represents the driver’s cautiousness
when he drives close to the lanes markers. 77, and 717 define the compensation fre-
quency band and the compensation rate respectively. s is the Laplace transformation
variable. Finally, the visual processing delay module is represented by e~ ™°. An
approximation of the visual processing delay is given as:
1—0.57,s
e = P (1.35)
14 0.57,s
where 7, represents the time delay. Thus, the output of the adopted driver model
is the steering wheel angle d,,. Noting that the relation between the steering wheel
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angle dg, and the real angle of rotation of the front wheels dg,_j (for Zoe vehicle)
is given as a proportional function:

B
63w— _ sw
1404

The values of the different parameters are given in Table [1.1] [Saleh et al., 2011].

(1.36)

Table 1.1 — Driver Model-1 Parameters

Parameters Values
lp;Dfar,min;Dfar,maz 2;15;20
ke; kp 20;2.5

Ty : Ty 2:0.5

™ 0.04

1.3.2.3 Driver Model-2 Reformulation

Another driver model given in Figure is developed in this section by adding
an integral term for d; component. This model is similar to the proposed driver
model-1 given in It is based on the same hypothesis, that the driver uses the
visual system for the positioning of the vehicle on the road. 0., and 60y, angles
are calculated in the same way presented in [1.3.2.2] The total steering angle dg,, is
given as:

(st = (51 -+ (52) * €_Tp5, (137)

where the visual processing delay e~ is similar to the one presented in ((1.35). A
simple constant gain b; is used to generate the §; component of d,,. d; is given as:

81 = by % Osar, (1.38)
l‘p*,y*,l'p*
Road
0 by .
far Information
8,
Angles | 4 oS O L85,
Calculation 3 '
2
Vehicle
Onearlu(p,+ 2+ H () Model
Wy, V|

Figure 1.17 — Structure of the second driver model.

A Proportional-integral controller with 6,.,. as input, is used to generate the 0,
component. dy is given as:

8= ((bs - 2)  H(5)) # B (1.39)
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where by and b3 are the proportional and integral gains respectively. And finally,
H(s) is a transfer function related to the compensation part of the driver model,
given by: - X
hS +

H(s) =7 51
where T}, and T,, define the compensation frequency band and the compensation
rate respectively. For the following of this thesis, the proposed driver model-1 given
in is validated on Matlab/Simulink and "SCANeR Studio" simulator. This
model will be used to represent the human driver in-the-loop.

(1.40)

1.3.2.4 Validation of the Driver Model-1 on Matlab/Simulink

The proposed driver model-1 given in is validated on Matlab/Simulink.
The test track represented in the Figure is used in the validation simulation.
The driver is asked to take in charge the vehicle’s lateral control, while the
longitudinal control of the vehicle is provided by a super-twisting sliding mode
(STSM) algorithm detailed in As shown in the Figure the driver is
able to drive the vehicle in order to follow the desired trajectory.

- - -reference-map
—star-map f
—vehilce model-map|,
100 | * start point .
° end point

-300 -200 -100 0 100 200 300 400 500
X [m]

Figure 1.18 — The trajectory on the map

The lateral error is given in the Figure It shows that the lateral error is
bounded between 10cm as minimum and 30cm as maximum. This lateral error is
small for a manual driving when the driver aims to keep the vehicle on the center line
and to anticipate with the changing of the road curvature. Figure [I.20] and Figure
show the driving/braking torque generated by the ST SM controller and the
driver steering wheel angle given by the driver model, as control inputs applied
to the vehicle. The longitudinal speed in the Figure [1.22| converges to the desired
one through the STSM controller with a good tracking performance. Figure [1.22
shows also the road curvature of the desired track and the longitudinal and lateral
accelerations. The driving is comfortable, because the lateral acceleration does
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Lateral error
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Figure 1.19 — Driver model lateral error
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Figure 1.20 — The driving/braking torque
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Figure 1.21 — The driver steering wheel angle
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Figure 1.22 — Vehicle dynamic variables

not exceed +3m/s?. In addition, the longitudinal acceleration is limited between
+3m/s*, which confirm the passenger’s comfort.

To conclude, the driver model-1 is simple to apply. It is valid for the prediction
of the driver’s behaviors and intentions. It will be used in the framework of the
shared lateral control to represent the human driver in-the-loop, cooperating with
an autonomous system.

1.4 Autonomous System Control

Several control techniques are presented in the literature to deal with the lon-
gitudinal and the lateral control of the vehicle. Some techniques are developed
independently to control the longitudinal and lateral vehicle dynamics. Others are
designed based on the coupled control notion. The longitudinal control aims to
provide the desired velocity profile. An example of the longitudinal controller is the
active cruise control (ACC). The lateral control is used to realize a lane keeping and
lane changing maneuvers, by acting on the steering wheel system.

1.4.1 State of Art on the Longitudinal and Lateral Con-
trollers for Autonomous System

The vehicle is a non-linear system subjected to disturbances and uncertainties
(variation of road, effect of wind, etc). This non-linearity creates a new challenge in
the vehicle’s control field, in order to develop robust and optimal controllers taking
into account these uncertainties and perturbations. To design these controllers, a
vehicle model is represented to express the vehicle dynamics. The dynamic bicycle
model is the most commonly used model in the literature |[Li and Wang, 2007].
It is formed with simple equations representing the behavior of the vehicle. Other
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models are developed by linearizing the vehicle model to reduce its complexity. Some
examples of linear models are: the Linear time Invariant (L7T) model, the Linear
Parameter Varying (LPV') model and the Linear Time Varying(LT'V') model [White
et al., 2013].

For the lateral control, there are many control techniques to guide the vehicle on a
desired trajectory. A Proportional (P), Integral (I) and Derivative (D) controllers
or a combination between the three controllers are widely used in the literature
[Marino et al., 2011]. A path tracking system is presented in [Zhao et al., 2012|
using the adaptive PID controller. In [Rajamani, 2011|, a state feedback has been
developed to steer the vehicle keeping a lane. An optimal model predictive control
has been designed in [Falcone et al., 2008 to select the control inputs by optimizing
a cost function related to the lateral and heading errors. Authors in [Lin et al., 2021]
have proposed a model predictive controller to track the desired trajectory regarding
the roll stability using a Fuzzy PID controller. A combined model predictive with
a PID feedback controllers are developed in |[Chu et al., 2022] to track a planned
trajectory. In [Hingwe and Tomizuka, 1997|, a robust controller based on the sliding
mode approach is developed to deal with the lateral vehicle control, etc.
Considering the longitudinal control, several control laws have been developed in
the literature, to deal with the speed tracking control objective. The most widely
used is the PID controllers |[Hima et al., 2011]. Another example is a second order
sliding mode controller given in |Ferrara and Vecchio, 2009).

Finally, there are many approaches that treat the longitudinal and the lateral control
as coupled control problem. In [Lim, 1998], a coupled longitudinal and lateral control
based on the sliding mode technique is presented. Another approach based on the
backstepping technique is developed in [Nehaoua and Nouveliére, 2012].

In the following, we will present the designing of the longitudinal and lateral
controllers for autonomous system based on the super-twisting sliding mode
(STSM) control technique.

1.4.2 Design of Longitudinal and Lateral Controllers for
Autonomous System

The autonomous system consists of longitudinal and lateral controllers based on the
super-twisting sliding mode (STSM) algorithm [Shtessel et al., 2014, to realize a
trajectory following at the desired velocity. The main idea of the ST.SM is to define
a sliding surface, representing the desired behavior of the system, where the dynamic
states are forced to reach this surface during a finite time and remain on it. Consider
the second order system given as:

X = f(X,t) + g(X, t)u(t) (1.41)

where X = [z, 2|7 € R? is the state vector, u is the control input, and f, g are
continuous non-linear functions. X* is the desired state of X with X* = [z* i*]T €
R2. The error vector is given by E = X — X* = [e,¢é]7 € R? where e = 2 — 2* and
¢ = & —2*. Therefore, a sliding variable s with relative degree » = 1 w.r.t the control
input, is defined as:
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s=e+Ae. (1.42)

The second order derivative of s can be written in the form:
S(s,t) = (s, t) + &(s, t)u(t) (1.43)

where ®(s,t) and £(s,t) are unknown bounded functions.

The goal of the Super-Twisting algorithm is to enforce the sliding variable s to
converge to zero (s = 0) in finite time. Assume that there exist positive constants
S0, bmins Omazs Co, Unas verifying for all X € R™ and |s(X, )| < So:

|u(t ‘ S Umax
|D(s, )| < Cy (1.44)
0< bmin S |£(Sat)| S bm(w

Thus, the control input based on the Super-Twisting Sliding Mode algorithm |Rivera
et al., 2011|, is given as:

B uy = —aq|s|"sign(s), 7 €]0, 0.5]
u(t) = U1 + Uz { ﬂg _ —O./QSigIl(S) (145)

a1 and ap are positive gains. The following conditions guarantee the finite time
convergence:

b2, (bminaz—Co) (1.46)
Qi > Lo

ani'rL

{ O{l > 4CO(bmama2+CO)

The convergence analysis is shown in [Utkin, 2013].

The controller synthesis is based on a robotic formalism model presented in |[Chebly
et al., 2019, [Chebly, 2017] (more details in Appendix [I)), that represents the
coupling between the longitudinal and lateral dynamics. Based on this model, we
choose the two sliding variables for the longitudinal and lateral controllers as follows:

S1 = 6'\/,75 + A\ fevm, Az >0 (1.47)
S9 = €y + A\yey, Ay >0

where A, and A, are positive constants, and, ey, (ey,= V,-V;*) and e, are the vehicle
longitudinal speed error and the lateral error respectively. The sliding variables
s; and s, have a relative degree equal to one w.r.t the inputs respectively, the
driving/braking torque I, for the longitudinal dynamics and the steering angle 4, 45
for the lateral dynamics. Thus, in order to converge these variables to zero and the
controlled states follow the desired ones, and based on the above discussion, the
torque and the steering angle control applied to the vehicle, are given by:

I'. = —ar,1|s1|Tesign(s1) — ar, 2 f(f sign(sy)dr,
Uy = —ag1|se| ™ sign(ss),
' 1.48
5sw—as =u; +u + 0" Uy = —Qs2 f(f Sign(SQ)dTa ( )

0* is the equivalent control input,
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where a5, and ar,; with i = [1, 2], are positive constants satisfying the conditions
in (1.46). -, and 75 are constants in |0, 0.5]. The function sign is smoothed by the
approximation sign(s;) = e and sign(sg) = i Where &, and ¢, are positive
small values. Finally, 6* is the equivalent control input, corresponding to the steering

wheels angle at the equilibrium when s, = 0.

1.4.2.1 Validation of ST'SM controller on Matlab/Simulink

The developed longitudinal and lateral super-twisting sliding mode (STSM)
controllers are validated on Matlab/Simulink for the test track given in the Figure
[[.18] Then, a comparison is done between the ST'SM controller and a P1D controller
in order to show the effectiveness of the developed controller in terms of performance.
Numerical values of the controller parameters used in the simulation are given in

Table

Table 1.2 — Controllers’ Parameters for Simulation

Parameters Values
Azs Ay 0.01;8
Q51578052 0.1;0.5;0.01
Qr.,1; T 0,2 500;0.5;5
Ex; €y 0.1;1

Lateral error

—Lateral error-STSM
03 I | | | ||—Lateral error-PID

0 10 20 30 40 50 60 70 80 90
Time [s]

Figure 1.23 — The lateral error

The Figure [1.23| shows the ST'SM and PID lateral error. As we can see in the
Figure the lateral error is bounded between —10cm and +10cm for the STSM
controller, while —30cm and 4+30cm for the PID controller. The ST'SM controller
is capable to reduce more the lateral error to zero compared to the PID controller
that is less performant. The different steering wheel angles are given in the Figure
[1.24] For the longitudinal movement, the driving/braking torques are given in the
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Figure 1.24 — The steering wheel angles
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Figure 1.26 — The vehicle dynamic variables



48 CHAPTER 1. ARCHITECTURE

Figurdl.25] Finally, the Figure [1.26] shows the different dynamic variables such as
the longitudinal speed, the road curvature and the actual lateral and longitudinal
accelerations respectively. Figure shows that the longitudinal speed tracks the
reference speed and both controllers have almost the same behavior. In addition,
the road curvature of the desired trajectory is given in this figure. The actual
lateral and longitudinal accelerations do not exceed +2.5m/s® which correspond
to a comfortable driving zone that guarantees the passenger’s comfort.

1.5 Conclusion

In this chapter, the global architecture of the shared lateral control is presented. The
different tools needed to realize a shared lateral control are detailed. The used vehicle
models are presented. Then, the human driver in-the-loop is given by developing
a driver model or by using a steering wheel. Finally, an autonomous controller
based on the super-twisting sliding mode (ST'SM) control technique is developed.
The proposed controller is validated by simulation using Matlab/Simulink, and a
comparison is done with a PID controller that has been developed in order to show
the difference in behavior and performance of both techniques of control. In the
next chapter, we will develop the first shared lateral control approach to manage
the control authority between the driver and the autonomous system.



Chapter 2 __

A Fuzzy Logic Shared Steering
Control Approach

This chapter provides a full description of the first proposed shared lateral control.
The different driving modes are defined. The shared lateral control authority is
detailed. Then, the fusion approach based on the Fuzzy Logic Controller (F LC) and
the situation-based analysis block are developed in the following for decision-making.
Finally, the proposed shared control is validated on" SCANeR Studio" simulator and
on Matlab/Simulink with a complete nonlinear model of the vehicle validated on
"SCANeR Studio" (OKtal) professional simulator.

2.1 Introduction

Driving on the road is the resulting of multi-tasks: perception of surrounding
environment, trajectory planning and vehicle control. The challenge now is to
realize an autonomous vehicle that imitates the human driver and acts like him
to accomplish a driving maneuver: obstacle avoidance, lane keeping, overtaking, etc.
By this way, the driver is eliminated from the loop. However, until now the act of
replacing the human by an autonomous system is still under study, in order to cover
all the possible driving situations. A full autonomous system needs more time to
be accessible on the public road for many reasons: high cost, trust of user on this
system, security road, etc. Thus, a shared lateral control that keeps the driver in the
loop is defined to compensate the gap between the two aspects of driving: Manual
and Auto driving. In addition, keeping the driver in loop to supervise the scene,
monitor the vehicle’s control and react if needed, is necessary to ensure road safety
and compensate the limitation and problems of autonomous system. So, this chapter
deals with the shared lateral control between the driver and the autonomous system
for the lane keeping purpose (see Figure . The objective of this shared control is
to manage the control authority between the driver and the autonomous system in
order to prevent a dangerous situation and promote road safety. Adaptation of this
shared control is possible to overcome another complex maneuvers. Therefore, in the
present work, the autonomous system is in charge of controlling the vehicle while the
driver still in the loop, monitors and analyzes the scene. The confidence on the driver
is considered as full or low. An error or failure occurs on the autonomous system and
the intervention of the driver is needed to take the control action. To do that, many
criteria should be taken into consideration before managing the control authority .

49
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Considering this management, many cases are identified based on the driver’s status
and autonomous system behavior. For example, if the driver’s confidence is full, a
control authority is given to him to drive the vehicle. Otherwise, an emergency mode
is defined in order to stop the vehicle because the driver is not able to be the leader
during the autonomous system failures. More information about all cases are given
in this chapter. The different driving modes are defined as: 1) The driver model
developed in Section is used to represent the human in-the-loop; 2) The
vehicle longitudinal and lateral movements are performed by using the autonomous
system based on Super-Twisting Sliding Mode (STSM) control approach, given
in Section Then, the control authority is realized using the blended shared
control that permits the fusion of two inputs via a fusion parameter. The novelty of
this work is illustrated in the computation of the fusion parameter. A Fuzzy Logic
Controller (FLC') associated to a situation-based Analysis Block for the decision-
making process are developed to determine the fusion parameter, according to many
criteria: the lateral deviation error and the confidence on each agent. Finally, the
proposed shared control is validated on "SCANeR Studio" and on Matlab/Simulink
for two defined case-studies with a complete nonlinear model of the vehicle validated
on "SCANeR Studio" (OKtal) professional simulator.

Driving modes xy,¥
Map ey, PV AUtONOMOUS 8s,—as Fusion Block: _
Matching System 5 Nonlinear
8total= W*8sw—n + total Vehicle
(1-0)* 851y —as Model
ey, ey, s
%% . Driver Model -{-sw=h
Ja
| Analysis
st—as,ref—»}'( Block
!
‘ o
e 6conflictf I .
y Fuzzy Logic

Driver’s confidence——  Controller

Figure 2.1 — Architecture of the shared lateral control.

2.2 DESIGN OF SHARED LATERAL CONTROL

2.2.1 Driving Modes

Figure shows the global shared lateral control architecture. It is composed of
two parts: the driving modes and the shared lateral control. The different driving
modes are detailed in the following.
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2.2.1.1 Human Driver

The human driver is represented in-the-loop by using the driver model-1 developed
in Section [1.3.2.2] His steering input will be noted as d,_.

2.2.1.2 Autonomous System

The autonomous system consists of longitudinal and lateral controllers developed
based on Super-Twisting Sliding Mode (ST'SM) control approach given in Section
The control inputs are the driving/braking torque I'. for the longitudinal
dynamics and the steering wheel angle d,,_,s for the lateral dynamics. Note that
the longitudinal control is common for both modes: the Human Driver and the
Autonomous System.

2.2.2 Shared lateral control

This section details the proposed shared lateral control (see Figure . The control
authority between the two agents is presented. Then, the decision-making process is
done through a Fuzzy Logic Controller (F'LC') followed by a situation-based analysis
block are developed to determine the fusion parameter.

2.2.2.1 Shared Lateral Control Authority

The shared control authority between the driver and the autonomous system is
performed by using the blended shared control [Borroni and Tanelli, 2018| which
allows the fusion of two inputs from each agent. This type of shared control is used
for the systems where there is no mechanical connection between both inputs such
as the steer-by-wire system. The familiar form of blending shared control is the
blending using weight parameters (see. [Li et al., 2020|, |Li et al., 2018|). The total
blending control input is given as:

6total = Q% 5sw—h + (1 - Oé) * 5sw—asy (21)

where Osota1, Osw—n and dg,_qs are the total control input, inputs of human driver and
autonomous system respectively. « is the fusion parameter representing the influence
proportion of each agent on the total input. « is bounded in [0,1]. The blending
shared control permits a direct interaction between human driver and autonomous
system. The fusion parameter « is calculated based on Fuzzy Logic Controller and
a situation-based analysis block (Figure detailed later.

2.2.2.2 Fuzzy Logic Controller (FLC)

An intermediate fusion parameter o’ is determined by a Fuzzy Logic Controller
(FLC) as in Figure 2.1] The situation-based analysis block analyzes the driving
situation and gives the final value of fusion parameter « in order to promote driving
safety and avoid dangerous situations. The Fuzzy Logic structure is given by the
Figure The lateral error e,, the conflict of the automated steering angle dcon fiict
and the driver’s confidence are applied to the Fuzzy Logic Controller (FLC) as
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Figure 2.2 — The structure of Fuzzy Logic Controller.

inputs, and the fuzzy parameter o is the output. Two scenarios are discussed
and later addressed to demonstrate the effectiveness of this approach against
different driving conditions. Using the F'LC for the decision-making process for the
cooperative control, makes the determination of the intermediate fusion parameter
o/ simple, depending on the lateral error, the conflict of the automated steering
angle Oconfiice and the driver’s confidence. Note that the conflict of the automated
steering angle Ocon iice is the difference between the steering wheel angle applied by
the autonomous system (ds,_,s) and the reference steering angle (dsy—asrer) On the
desired trajectory given as:

5conflict = |5sw7as,ref - (stfas‘- (22)

The Oconfiice represents the confidence on the autonomous system that could
be given by a diagnosis module. On the other hand, the driver’s confidence
can be determined in different ways depending on: driver’s eyes observation,
environment conditions, trajectory prediction, etc. However, the calculation of
driver’s confidence is not in the scope of this thesis and it is considered as an
input to the FLC fusion block. Three fuzzy sets are defined for the lateral error
ey: {S(Small), M(Medium), B(Big)}. Two fuzzy sets are defined for the conflict
automated steering angle dconfiice: {S(Small), B(Big))}. Note that dcon i and the
autonomous system’s confidence are directly dependent. A small 0.0, 1ic+ coOrresponds
to a high autonomous system’s confidence and a big dconfiict corresponds to a
low autonomous system’s confidence. Three fuzzy sets are defined for the driver’s
confidence: {S (Small), M(Medium), B(Big)}. And finally, three fuzzy sets are
defined for the output parameter o’: {S(Small), M(Medium), B(Big)}. o/ is Small
corresponds to the autonomous system driving mode, o' is Big corresponds to the
human driver and finally o is Medium corresponds to a shared driving mode (50/50).
By default, the driving mode is autonomous.

The normalized Membership Functions (MFs) of fuzzification of the controller inputs
and defuzzification of the controller output are respectively given in Figures
and The values and the types of these fuzzy sets are chosen depending
on the feedback and observation of simulation for different scenarios and a lot of
experiments.

To determine the fuzzy controller output o’ for the given fuzzy controller inputs
€y, Oconflict and the driver’s confidence, the decision matrix of the linguistic control
rules is used. There are 18 rules (in total) where 15 are determined in the FLC to
give the value of o/, and the 3 remaining rules are detailed in the analysis block (see
Figure . So, the analysis block receives o’ and modifies it if necessary, depending
on the driving situation. The final output of the analysis block is «. Noting that «
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is equal to the output of FILC, ¢/, if no check needed. The goal of using the analysis
block with the F'LC' is to cover all the possibilities of driving situations that can
occur while driving on the road, and that cannot be covered by the F'LC alone.
The rules of FLC are designed and presented in the Table and Table for
Oconflice dSmall or Big respectively. These fuzzy sets, membership functions, and the
linguistic rules are usually determined based on an expert knowledge of the system
by performing several simulations for different driving conditions. Refer to Table
the rules of FLC are determined as:

Table 2.1 — Rules of F'LC when 6con frict s S

/ €y
@ S| M B
. S S S M
9,
(:Dor“f’iedres ce M|S S M
nhden B S B check case

e If the lateral error is Small (S) and whatever the value of driver’s confidence
(Small, Medium or Big) and 6confiiet is Small (S), then o is Small (S). So, the
control is given to the autonomous system.

o If the lateral error is Medium (M) and the value of driver’s confidence is Small
(S) or Medium (M) and con frice 18 Small (S), then o' is Small (S).

o If the lateral error is Medium (M) and the driver’s confidence is Big (B) and
dconfiict 18 Small (S), then o/ is Big (B). So, the control is given to the human.

e If the lateral error is Big (B) and the driver’s confidence is Small (S) or Medium
(M) and Oonfiice is Small (S), then o is Medium (M). A shared-control is
applied.

o If the lateral error is Big (B) and the driver’s confidence is Big (B) and dcon fiict
is Small (S), then the case will be checked in the analysis block (detailed in
the following).

Table 2.2 — Rules of F'ILC' when dcon frict is B

/ €y
@ S M B
Driver’s S check case | M | check case
confidence M B B B
B B B B

Similar to the Table the rules of FLC' in the Table for the case of dconfiict 19
Big (B), are given as:

e If the lateral error is Small (S) and the driver’s confidence is Small (S) and
Sconflict 18 Big (B), then the case will be checked in the analysis block (detailed
in the following).



2.2. DESIGN OF SHARED LATERAL CONTROL 95

o If the lateral error is Small (S) and the value of driver’s confidence is Medium
(M) or Big (B) and 6confiict is Big (B), then o' is Big (B). The human takes
the control.

o If the lateral error is Medium (M) and the driver’s confidence is Small (S) and
Scongflict 15 Big (B), then o/ is Medium (M).

e If the lateral error is Medium (M) and the driver’s confidence is Medium (M)
or Big (B) and 0oniict is Big (B), then o is Big (B).

o If the lateral error is Big (B) and the driver’s confidence is Small (S) and
dconflict 18 Big (B), then the case will be checked in the analysis block (detailed
in the following).

o If the lateral error is Big (B) and the driver’s confidence is Medium (M) or
Big (B) and coniict is Big (B), then o is Big (B).

Finally, to defuzzify the result/output, the “Mamdani centroid fuzzy inference
method" is used |[Reznik, 1997].

2.2.2.3 Situation-Based Analysis Block

In order to check the remaining 3 cases, an algorithm (given below) is developed in
the analysis block to cover the possible driving situations that cannot be resolved
appropriately by the F'LC approach.

Algorithm 1 checked cases in the analysis block

if (lateral error is S) and (driver’s confidence is S) and (Jconfiict 18 B) then
retain the previous input

else if (lateral error is B) and (driver’s confidence is B) and (dconfiict is S) then
a =1 (human driver) and brake the vehicle

else if (lateral error is B) and (driver’s confidence is S) and (dconfiict is B) then
Emergency mode until driver will be attentive

else
Keep the fusion parameter o/ from FLC

end if

Based on the algorithm, three cases are defined considering all possible driving
situations. For example, if the lateral error is Small (S) at the same time where
there is no confidence on two agents (driver’s confidence is Small (S) and 0o frict 15
Big (B), the algorithm retain the previous input that leads to a small lateral error. In
addition, for the driving situation where the lateral error is Big (B) and the agent’s
confidence is Big (B), it will be better to give the authority of control to the driver,
decelerate and brake the vehicle. Finally, an emergency mode is defined in the case
where the confidence on both agents is Small (S) and the lateral error is Big (B).
The vehicle starts to decelerate in order to reduce its velocity to O.
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2.3 Validation of the Proposed Approach

In this section, the developed shared lateral control is validated on Matlab /Simulink
with a complete nonlinear model of the vehicle, validated on "SCANeR Studio"
(OKtal) simulator. The vehicle is asked to follow the desired trajectory given in
the Figure 2.7] of a track extracted from a "SCANeR Studio" scenario. A control
authority decision is generated by the FLC' and the analysis block in order to
determine the fusion parameter and then the leader of the vehicle for each case. The
results are presented to show the adaptation and functionality of the F'LC and the
analysis block in each case.

-300 |
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) ) . ° end point
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Figure 2.7 — Scaner Studio: Map of the test track

2.3.1 Case Study Definition

In this subsection, the case studies are detailed to test and validate the proposed
shared lateral control for different driving situations. Indeed, two case studies are
presented for the same scenario to show the adaptation and functionality of the
proposed approach in each case:

e Case 1: This case is defined to show functionalities managed by the FLC.
The developed controller aims to follow the desired trajectory by reducing
the lateral error, at a desired velocity. It is addressed to assist the driver
and help him in a shared control mode (an example of Advanced Driving
Assistance System ADAS). A human driver (presented by the driver model-1
in the simulation) is kept in the loop to supervise the scene and interact if
necessary. Sudden failures occur in the autonomous system’s behavior at 9s
and 40s respectively (see Figure . The vehicle deviates from the centerline
of the road and the driving situation is considered dangerous. A driving mode
is defined in a way to give the total authority of control to the driver at 9s
even when the driver’s confidence is Medium (0.5)(Figure [2.10)). In addition,
at 40s, the driver takes the control action to compensate the second failure of
the automated system and retain the driving stability. Noting that the driver
is aware and attentive about the scene at 40s to the rest of the trajectory
(full Driver’s confidence=1, see Figure [2.10). The importance of this case is
to illustrate the effectiveness of our method in terms of smooth switching
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between the two agents and failure’s detection on the autonomous system.
So, the control authority is determined through the Fuzzy Logic Controller to
manage the driving situation.

e Case 2: This case is defined to show the functionality of the analysis block with
the FLC'. Two functionalities of the analysis block are tested in this case: An
emergency mode (EM) situation where the confidence on the driver is lost
(Figure and a failure occurs on the autonomous system at a defined
time (Figure [2.13). The vehicle decelerates to stop. The ON/OFF conditions
of emergency mode are given in the Figure 2.8) The ON/OFF conditions are
defined as:

¢ If the lateral error is higher than e, , and the driver’s confidence is low
and Ocon frict 1s higher than dspresnoid, then the emergency mode is activated.

o If the lateral error is lower than e, , and the value of driver’s confidence
is high, or if longitudinal speed V, is lower than V, . , and the value of
driver’s confidence is high, then the emergency mode is deactivated.

Note that e, . and V, . are the lower limits of the lateral error and the
longitudinal speed respectively, that define a no critical driving situation.
Othreshola 18 @ threshold from which we consider that there is an error on
the autonomous system and the conflict on the automated steering angle
is big, that means the autonomous system’s confidence is low. The second
functionality keeps the previous input that realizes a small lateral error when
there is no driver’s confidence (driver’s confidence=0) at the same time of
autonomous system’s failure (Figure [2.13). The driver’s confidence varies in
[0.1] (Figure [2.14)).

Results will be addressed in the next section, including the fusion parameter
a to show the shared control authority between the two agents for each case

given above.
\ Yes \

ey > €Ymin
(Driver’s confidence is high) & driver’s confidence is low
& (Ey < eYmin I | V <V Xmm / & 8ctmflzct> 8threshold
?
‘ Emergency

mode /OFF

Figure 2.8 — Emergency mode ON/OFF
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2.3.2 Simulation Results

For the case 1, errors are injected between 9s and 23s and between 40s and 70s
respectively on the automated system (see Figure . Remember that the human
(presented by the driver model-1) is the supervisor of the scene, who compensates
the errors that occurred in the behavior of the autonomous system.

The Figure 2.9 shows the lateral error of: autonomous system with failure, manual
driving mode and shared mode. As we can see, the shared mode diminishes the
lateral error (1.5 m) caused by the autonomous system failure on the curvy road
(see Figure [2.12), by penalizing the last one and giving the authority of control to
the driver. So, the driver takes the action of control at the beginning of the failure
9s, that is the decision of the F'LC, until 23s, even though his confidence is medium
(Figure [2.10). The curve of the lateral error in the shared mode is the same as
the manual curve between [9s;23s| (Figure 2.9). Similar to the second failure, the
driver acts on the vehicle at 40s to 70s in order to diminish the lateral error of
the autonomous system. A smooth switching is done between the two agents that
makes the system stable. The shared control is done thanks to the fusion parameter
a (Figure delivered by the F'LC' and analysis block modules. As shown in the
Figure , the value of « is equal to 0 expect the two intervals of time: [9s;23s| and
[40s;70s]. For the region where o = 0, the autonomous system is able to control the
vehicle. However, for the two intervals of time: [9s;23s| and [40s;70s|, an unexpected
error occurred on the autonomous system, illustrated by a conflict in the Figure
[2.11] At this time, the driver interacts by taking the action of driving to reduce the
conflict of the autonomous system, and « increases from 0 to 1. The ST'SM steering
angle, the driver steering angle, the shared steering angle calculated by the fusion
system and donfiicte are given in the Figure 2.11} And finally, Figure shows the
longitudinal speed converging to the desired one through the ST'SM controller, the
road curvature of the desired trajectory and finally, the actual lateral acceleration
in the shared mode that shows a stable and comfortable driving.

Lateral error
0.5

o

-0.5

=3 Start of failure End of failure
‘_‘>~
(0]
-1
150 ey—autosys—with failure
—ey—manual
—e_-shared
2 | | I I I I I y
0 10 20 30 40 50 60 70 80 90 100
Time [s]

Figure 2.9 — The lateral error - case 1
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Fusion parameter vs driver's confidence
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Figure 2.11 — The different steering wheel angles - case 1

Concerning case 2 the failure of the autonomous system is injected at 40s until 70s
(see Figure where there is no driver’s confidence between 40s and 50s (driver’s
confidence= 0; see Figure . An emergency mode is activated corresponding to
a=1 (Manual steering mode) while braking the vehicle, that means the driver takes
the driving task in the emergency mode situation until the vehicle is stopped or the
conditions of deactivation of this mode are realized (Figure [2.14). Then, the driver
is more attentive and careful to take the action of control between 50s until 60s
(driver’s confidence= 1; see Figure [2.14). He is still acting on the vehicle’s control
between 60s and 70s even though his confidence decreased again to 0 (Figure [2.14)).
Therefore, this mode is defined in the algorithm above which retains the previous
input if it leads to a small lateral error, even if the confidence is small on this input.
Figure shows the different lateral errors. The different values of fusion parameter
a are given in Figure 2.14] and Figure shows the different steering angles. The
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Figure 2.12 — The vehicle dynamic variables - case 1
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Figure 2.13 — The lateral error - case 2

longitudinal speed, the road curvature of the desired trajectory, the driving/braking
torque and the longitudinal and lateral acceleration of the shared mode are given in
Figure As we can see in Figure[2.16] when the emergency mode is activated, the
vehicle starts decreasing its velocity until the driver will be more attentive and will
be able to drive the vehicle. And finally, the longitudinal speed starts to increase
at 50s, ending the emergency mode. Noting that driving is comfortable for the
overall trajectory including the emergency situation, what ensures a stable driving
situation. Moreover, many different tests are done for several driving situations to
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Fusion parameter vs driver's confidence
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Figure 2.15 — The different steering wheel angles - case 2

validate the proposed approach based on the decision making of the FLC and the
different functionalities of the block analysis.
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Figure 2.16 — The vehicle dynamic variables - case 2

2.3.3 SCANeR Studio Simulator Results

In this section, the proposed shared lateral control is validated on the "SCANeR
Studio" (OKtal) simulator with a co-simulation with Matlab/Simulink, to show the
results of the two case studies with a complete nonlinear "SCANeR" vehicle model.

2.3.3.1 Case 1:

The lateral errors of the manual, autonomous mode with failures and the shared
mode are given in the Figure [2.17] Similar to the simulation results on Matlab
the lateral error had the same behaviors in the Figure 2.9] The shared mode is able
to reduce the lateral error caused by the autonomous system and give the right to
drive the vehicle to the driver. The driver drives the vehicle from 9s to 23s where

Lateral error
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Figure 2.17 — The lateral error - case 1, on SCANeR Studio simulator
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Fusion parameter vs driver's confidence
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Figure 2.18 — The fusion parameter « - case 1, on SCANeR Studio simulator
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Figure 2.20 — The vehicle dynamic variables - case 1, on SCANeR Studio simulator
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there is a failure on the autonomous system. Noting that the driver had the right
to take vehicle’s control in case of autonomous system’s failure even though his
confidence is medium (see Figure [2.18)), that is the decision of the FLC block. In
addition, between 40s and 70s, the driving mode is manual and the driving is safe
thanks to the F'LC block that determines the leader of the vehicle depending on the
driving situation. The fusion parameter « is given in the Figure 2.18] Figure [2.19
shows that the switching between the two agents is safe and smooth. The different
steering angles are given in Figure [2.19, Finally, the longitudinal tracking speed,
road curvature of the desired trajectory and the actual lateral acceleration are given
in Figure The results show that the driving is comfortable and safe for the
overall trajectory regarding the change of driving situation.

2.3.3.2 Case 2:

Similar to case 1, the curves of the case 2 had the same behavior as on Matlab
The lateral error is given in the Figure [2.21, However, there is no driver’s confidence
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Figure 2.21 — The lateral error - case 2, on SCANeR Studio simulator
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Figure 2.22 — The fusion parameter « - case 2, on SCANeR Studio simulator
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between 40s and 50s (driver’s confidence= 0; see Figure at the same time
of autonomous system’s failures (see Figure . An emergency mode is activated
corresponding to a=1 (Manual steering mode) while braking the vehicle, because the
conditions of activation of emergency mode are realized. The driver takes vehicel’s
control in the emergency mode situation until the conditions of deactivation of this
mode are realized (Figure . Between 50s until 60s, the driver’s confidence is
equal to 1 (see Figure and the driver is able to control his vehicle. He still acting
on vehicle’s lateral control even though his confidence decreased again to 0 between
60s and 70s (see Figure [2.22). Moreover, this mode is defined in the analysis block to
conserve the previous driving mode that causes a small lateral error even though the
agent’s confidence is small in this mode. The different values of the fusion parameter
« are given in Figure[2.22] and Figure 2.23|shows the different steering angles. Figure
shows the longitudinal speed, the road curvature of the desired trajectory, the
driving/braking torque and the longitudinal and lateral accelerations of the shared
mode respectively. As we can see in Figure [2.24] the vehicle decreases its velocity,
when the emergency mode is ON, until the driver will be more attentive and will be
able to control the vehicle. And finally, the longitudinal speed starts to increase at
50s and the emergency mode is switched-off. Noting that driving is comfortable for
the overall trajectory including the emergency situation, what ensures a safe driving
situation.
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Figure 2.23 — The different steering wheel angles - case 2, on SCANeR Studio simulator
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2.4 Conclusion and Perspectives

To conclude, in this chapter a shared lateral control has been developed to improve
the system’s performance and enhance driving safety, where the different driving
modes are detailed. This cooperative control is done by using blended shared
control, where a Fuzzy Logic Controller and a situation-based analysis block are
presented to determine the decision making authority. The proposed shared control
is validated on Matlab/Simulink with a complete nonlinear model of the vehicle,
validated on "SCANeR Studio" (OKtal) simulator. The validation of this shared
control under different possible critical driving situations is done in this work. In
addition, the results show the effectiveness of the proposed approach to compensate
the errors of autonomous system and prevent an undesirable driving situation. The
validation of the proposed shared lateral control on the "SCANeR Studio" (OKtal)
simulator confirms the validation on Matlab/Simulink where the results have the
same behavior. In the next chapter, we will consider another shared lateral control
approach to manage the transition between the human driver and the autonomous
system.



Chapter 8 __

Transition Management Between
Autonomous System and Human
Driver In a Take Over Request

Context (I'OR)

This chapter investigates a new shared lateral control approach to deal with the
transition management between the human driver and the autonomous system. The
different driving modes are described. Then, the proposed shared lateral control is
developed including a coordinator and a fusion block. Finally, the proposed shared
lateral control is designed, tested and validated on the "SCANeR Studio" (OKtal)
professional simulator with the human in-the-loop through the "Logitech G29"
steering wheel for many different tests and scenarios.

3.1 Introduction

This introduction answers the question of why to manage the transition between the
human driver and the autonomous system. The answer is simple because there are
many driving situations where a transition is required between both agents in order
to prevent a critical situation. This transition is needed especially in the level 3 and
4 of automation, where the presence of the driver in the loop interacting with an
autonomous system is necessary to ensure road safety. For example, in the level 3,
the human may be asked to take the control of the vehicle if a problem occurs on the
autonomous system behavior. In addition, in the higher level of automation (level
4), the driver is able to retain vehicle’s control if he is available. Moreover, the shared
control is the aspect of control where both agents cooperate together to accomplish
a common goal. During this collaboration, a smooth switching can occur to realize
the goal. To deal with this topic, a new shared lateral control approach is presented
in this chapter to address the transition management between the human driver
and the autonomous system (see Figure . The objective of this shared control
is to realize a smooth and safe switching between the two agents steering inputs
during a lane keeping maneuver. However, this method can be adapted to cover more
complex maneuvers. In the present work, the driving is considered as autonomous
by default while the driver can demand a take over request anytime to be in charge
of vehicle’s control. Many conditions and criteria related to the driver are considered

67
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before initiating this transition. If all conditions are satisfied, a switching from Auto
to Manual takes place. Otherwise, the autonomous system intervenes to penalize
the driver and retake the control, that means a return to Auto mode is realized
if an error occurs on the driver’s behavior. Thus, our contribution is illustrated in
the development of the different driving modes including the transition system. Two
transition modes are defined, that ensure the shifting from auto to manual mode and
vice-versa, according to many criteria: the Driver’s availability, the conflict on the
driver’s behavior, and the take over request. The human driver acts on the vehicle’s
lateral control. The autonomous system consists of longitudinal and lateral controller
developed based on Super-Twisting Sliding Mode (ST'SM) control approach given in
Section [I.4.2] Then, the control authority allocation is performed using the blended
shared control that permits the fusion of two inputs via a fusion parameter. To do
that, a coordinator based on a decision algorithm is developed for the driving modes
and the fusion parameter determination. Finally, validation of the proposed shared
control is done on the "SCANeR Studio" (OKtal) professional simulator with the
human in-the-loop through the "Logitech G29" steering wheel for many different
scenarios and set of tests. Two scenarios are chosen and integrated in this work to
sum up the effectiveness and the performance of the transition system in terms of
driving safety enhancing and vehicle’s stability keeping.

Shared lateral control:

Driver’s availability !
| Coordinator ( decision algorlthm)l Take over request '

S A 8“ ________ .

Driving modes:
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Figure 3.1 — Architecture of the shared lateral control.

3.2 DESIGN OF SHARED LATERAL CONTROL

3.2.1 Driving Modes

Figure [3.1|shows the global shared lateral control architecture. It is composed of two
parts: the Driving modes and the shared lateral control. The different components
of the driving modes block (see Figure are detailed in the following.
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3.2.1.1 Human Driver

A real human driver acts on the vehicle’s lateral control through a steering wheel
(human in-the-loop). His steering input will be noted as d4,_p.

3.2.1.2 Autonomous System

The autonomous system consists of longitudinal and lateral controller developed
based on Super-Twisting Sliding Mode (ST'SM) control approach given in Section

The control inputs are the driving/braking torque I'. for the longitudinal
dynamics and the steering wheel angle d,_,s for the lateral dynamics.

3.2.1.3 Transition System

The transition system defines the way to switch from the auto to manual mode
or from manual to auto mode. For that, two modes are defined to realize these
transitions. The transition system structure is given in the Figure [3.2(a). The two

(@) (b) ——® Auto mode
Mode
2
Transition Uges==1Trye
&TOR=1 ;
system Mode
1
Auto Falsey i
mode Mode True
2 L
TTrue Uaes==0
_ False{}ManuaI
»/ Mode _ Ades==0 =Y 1\oqe
1
LEalse

Figure 3.2 — The structure of the transition system

modes are given as:

e Transition mode 1: This mode is defined to switch from the auto mode to the
manual mode after a take over request demanded by the driver (Figure [3.2|b)).
We define ages function of the driver’s availability (DA) and the conflict on
the driver’s behaviors (dconfiict). The role of ages is to determine the direction
of transition (from auto to manual mode or vice-versa, auto mode corresponds
to ages = 0, and manual mode corresponds to ags = 1), depending on the
driver’s availability and behaviors. ayg. is the desired reference for the fusion
parameter «, given as:

Qdes = DA x (1 - 5conflict) (31)

The driver’s availability (DA) is a dynamic variable related to the driver, and
can be calculated based on different factors: driver’s eyes movement, driver’s
head position, level of driver’s sleepiness, etc. Therefore, the calculation of
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diver’s availability is not in the scope of this work and it is considered as an
input to the transition system.

On the other hand, the conflict on the driver’s behaviors dconfiic: is the
difference between the steering wheel angle applied by the driver (0, ) and
the approximate steering angle (0gppror) On the desired trajectory given as:

5conflict = Béthreshold(|5app7‘om - 581,U7h’> (32)

5app7”ox =p"* (lf + lr) (33)

with p* the curvature of the desired trajectory, Iy and [, the distances from
the center of the vehicle to the front and rear wheels respectively. The conflict
of the driver’s behavior, dcon it is @ Boolean value, equal to 0 or 1 depending
on Opreshola & threshold from which we consider that there is a conflict on the
driver’s behavior.
This transition is done, if the driver demands a take over request (TOR = 1)
and ag.s = 1, that means the driver is available to take the action of vehicle’s
control (DA = 1), and there is no conflict on his behavior (dconiict = 0). So,
the transition mode 1 is activated in order to switch to the manual mode and
a increases from 0 to 1 in a time T, = 1.5s. o is the fusion parameter varying
between 0 and 1 to blend the two agents steering inputs. « is equal to 0 in
auto mode and to 1 in manual mode.

e Transition mode 2: The aim of this mode is to assure the transition from the
manual mode to the auto mode, in the case when the human driver is totally
engaged in the driving tasks (manual mode) and suddenly the value of e is
equal to 0 because the driver is no more available to take control (DA = 0), or
there is a conflict occurs on his behaviors while driving (dconfiicc = 1)(Figure
3.2(b)). So, the transition mode 2 is activated to realize the transition from
manual mode to auto mode and « decreases from 1 to 0 in a time Ty,,, =
0.2s. In this case, the transition mode 2 is an example of Advanced Driving
Assistance System (ADAS) application. In addition, the transition mode 2 is
activated if during the transition from auto to manual mode (transition mode
1), suddenly the value of ag.s returns to 0, that happens if a conflict occurs
on the driver’s behaviors, or the driver is no more available during this phase
(Figure[3.2(b)). Thus, the transition to the auto mode is done and « decreases
from g (ap < 1) to 0, respecting the same decrease rate.

3.2.2 Shared lateral control

This section details the proposed shared lateral control (see Figure . The shared
control authority allocation between the two agents is presented. Then a coordinator
based on a decision algorithm is developed to determine the way of switching between
the different driving modes.

3.2.2.1 Shared Lateral Control Authority

The shared control authority allocation between the driver and the autonomous
system is performed by using the blended shared control given in Section [2.2.2.1
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The total blending control input is given as:

5total = O * 6sw—h + (1 - Oé) * 6sw—asa (34)

where dsotar, Osw—n and dg,—qs are the total steering wheel angle, steering wheel angles
of human driver and autonomous system respectively. « is the fusion parameter
representing the influence proportion of each agent on the total steering angle. « is
bounded in [0,1], calculated depending on the decision algorithm in the coordinator.

3.2.2.2 Coordinator

In order to determine the driving mode and the value of the fusion parameter, a
coordinator is needed to switch between the different driving modes: Auto mode,

Manual mode and finally the modes 1 and 2 of the transition system (see Figure
. These modes are defined as:

fa

Coordinator

Auto

Figure 3.3 — The structure of the coordinator

e Auto mode: an autonomous controller provides the vehicle with the appropri-
ate torque for the longitudinal movement. For the lateral dynamics, a robust
controller generates the steering angle to follow the desired trajectory and
keep the lane. Noting that, in this mode the steering wheel and the wheels are
mechanically disconnected corresponding to a steer-by-wire system.

e Manual mode: the human driver acts on the vehicle’s lateral control by
using the steering wheel, "Logitech G29" (Figure [3.6), while the longitudinal
controller is realized by the same autonomous longitudinal controller used in
the Auto mode. The driver can demand a take over action by pressing the
button R2 and he can turn off the manual driving by using the button L2 on
the "Logitech G29" steering wheel (see Figure [3.6(b)).

e Transition system’s modes: transition mode 1 and 2 are detailed above to
describe the switch from Auto mode to the Manual mode and vice-versa.
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Then, a decision algorithm (given below) is developed in this layer for the switching
between the different modes, and the determination of the final value of the fusion
parameter a.

Algorithm 2 A decision algorithm for the switching purpose (Mode 1 & 2)

if (Take over request equal to 0 (TOR=0)) then
Auto mode is activated (o = 0)
else
if (ages = 0) then
if (a1 =0) then
Auto mode is activated

else
Transition mode 2 is activated (Manual to Auto)(Figure.
end if
else

if (a,_; < 1) then
Transition mode 1 is activated (Auto to Manual)(Figure.
else
Manual mode is activated (o = 1)
end if
end if
end if

The inputs of the algorithm are: the take over request TOR, the desired reference
of the fusion parameter oy, and the fusion parameter o;_; at ¢ — 1. The output is
the fusion parameter o. Based on the algorithm, « is calculated as:

e If there is no take over request demanded by the driver (TOR = 0), then keep
the Auto mode.

e If there is a take over request demanded by the driver (TOR = 1) and ages = 0,
two cases are defined, depends on «;_1, given as:

o If the driving was Auto mode (a;_; = 0), then keep this previous mode
(Auto).

o If the driving was not Auto mode (o1 < 1): Manual or Transition mode
1, then activate the Transition mode 2 to switch from Manual to Auto
mode.

e If there is a take over request demanded by the driver (TOR = 1) and ages = 1,
two cases are defined, depends on «;_1, given as:

o If the driving was not Manual mode (ay—; < 1), then activate the
Transition mode 1 to switch from Auto to Manual mode.

o If the driving was Manual mode (a1 = 1), then keep the previous mode
(Manual).



3.3. SYSTEM’S VALIDATION 73

3.3 System’s Validation

The simulation tools used in the validation are presented in this section. Validation
is done on the "SCANeR Studio" (OKtal) simulator by co-simulation between the
later and Matlab/Simulink. Then, the simulation results of two chosen scenarios are
presented latter to show the effectiveness and performance of the proposed shared
lateral control including the transition system.

3.3.1 Simulation Tools
3.3.1.1 SCANeR Studio stmulator:

"SCANeR Studio" simulator is a simulation platform answering the demand
of researches and engineers. This simulator allows user to create a safe and
controllable environment for the validation of different scenarios with the different
driving conditions (Figure [3.4). The main modules are: Models (dynamic vehicle,
autonomous traffic, pedestrians, etc.), Restitutors (visual, sound, dynamic platform,
etc.) and Acquisitions (virtual or real pilot, tracking systems , physiological data,
etc.). The idea of this software is to be used around the operational processes of
driving simulators, structured of five dedicated modes:

Terrain mode: Road network creator RoadXML tool allowing the rapid
creation of realistic road networks-useable directly in the simulation.

Vehicle mode: Tool for the vehicle’s models preparation and modeling.

Scenario mode: Driving simulator scenario editing tool.

Simulation mode: Simulation supervision tool.

Analysis mode: Detailed graphical and recorded data analysis tool.

The co-simulation between the "SCANeR Studio" (OKtal) simulator and Mat-
lab/Simulink is done by using the library Application Programming Interfaces
(SCANeR APIs). A Simulink S-function developed by OKTAL allows interfacing a
Simulink model with SCANeR communication protocols. It is based on the SCANeR
API. This S-function reads the network and the shared memory, and sends data
to the Simulink model. Similarly, it writes on the network and the shared memory
data computed by the Simulink model.

A "SCANeR" vehicle model is used on this software, with the different driving
modes: Autonomous and Manual modes and the 2 modes of transition system. Thus,
the "SCANeR Studio" simulator is used in this work to validate the proposed shared
control that interacts with the human driver through a "Logitech G29" steering
wheel (see Figure . Note that, the steering wheel and the wheels are decoupled
corresponding to a steer-by-wire system.. There is no haptic feedback torque from
the "SCANeR Studio" simulator on the steering wheel.
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Figure 3.4 — The SCANeR Studio environment.

3.3.1.2 Matlab/Stmulink:

The co-simulation is done on Matlab/Simulink, by developing the different Simulink
blocks in Figure The "Logitech G29" (Figure is the steering wheel
that permits the interaction between the driver input and the "SCANeR Studio"
simulator. The wheel can rotate up to 900°, corresponding to 60° on the wheels.
It has three pedals and a dual motor force feedback with a overheat safe guard.
All these features make the driving more realistic for the user. In addition, the
different blocks for the autonomous controller, localization, etc., are developed on
Matlab/Simulink.

Matlab/Simulink SCANeR
Studio
Localization Environment =

A4

Autonomous _’Shared latera|| —-
Controller input control
-

; _ SCANer
r Driver input Vehicle model [

Logitech G29

Figure 3.5 — Co-simulation between Matlab/Simulink and SCANeR Studio.

3.3.2 Scenarios Definition

In this subsection, two scenarios are chosen between a set of scenarios to test and
validate the proposed shared lateral control for different driving situations. Indeed,
two scenarios are detailed to show the effectiveness and the performance of the
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Figure 3.6 — The steering wheel hardware, Logitech G29. R2: take over ON and L2 take
over OFF.

developed shared lateral control including the transition system against the variation
of different driving conditions.

e Scenario 1: This scenario is defined to show the adaptation and performance
of the transition system. This scenario shows the transition between the auto
and manual modes depending on the driving situations. For the beginning of
scenario, the driving mode is autonomous where the autonomous controller
keeps the lane of the test track given in the Figure by reducing the
lateral error at a desired velocity. The driver who interacts with "SCANeR
Studio" simulator through a " Logitech G29" steering wheel, demands a take
over request at t==8.5s. The transition system 1 is activated to switch from
Auto to Manual mode because all the conditions of activation of this mode are
realized. The transition is done by ensuring road safety and enhancing driving
performance and the driver controls his vehicle until t=32s. The driver’s
availability is considered full (DA = 1) for the overall trajectory (see Figure
. In addition, at t=32s, the driver is penalized and the transition mode 2
is activated to switch to the Auto mode. This activation is occurred after a
conflict detected on the driver’s behaviors caused by the inappropriate steering
wheel angle by the driver on the vehicle (see. Figure . Again the transition
mode 1 is switched-on at t=50s to give the authority of driving to the driver
after verification of all conditions of activation of this mode. Finally, the driver
decides to switch-off the Manual mode at t=70s through the button L2 on the
"Logitech G29 steering wheel. The driving will be Auto until the end of the
scenario according to the transition mode 2. To conclude, this scenario shows
a safe switching between both agents at each phase while ensure road safety.

e Scenario 2: This scenario is defined to deal with the variation of different
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variables: DA, dconfiict, Qdes, TOR. The transition system is adapted against
these variations to show the functionalities of this system. The management
between the different modes under varying driving conditions is presented here.
The driver’s availability is considered as variable in this scenario. DA is equal
to 1 except the 3 intervals of time: [0s; 10s], [25s; 40s] and [60s; 70s] (see Figure
. Many phases are presented in this scenario to show the adaptation of
the transition system against the variation of variables, given as:

¢ Phase 1: corresponds to the case where the driver demands a take over
request while he is not available at t=5s, then the transition system 1 is
not activated until t=10s when the driver will be available (see Figure
3.11)).

o Phase 2: represents the case where the driving is Manual (between 10s
and 25s) and suddenly the driver is no more available at t=25s that leads
to the activation of the transition mode 2 to switch to the Auto mode

(see Figure [3.11)).

¢ Phase 3: illustrates the case where the driver is ready and available to take
control. However, during the switching to the Manual mode, a conflict is
detected on his behavior caused by an inadequate driver steering angle
(see Figure [3.12), then transition mode 2 is switched-on at t=40s and
t=>b0s respectively to switch to the Auto mode.

o Phase 4: treats the case where the conflict on the driver behavior
decreases, but the driver is no more available, so a switching to the Auto
mode is required at t=60s (see Figure |3.11])).

¢ Phase 5: describes the case where the conditions of activation of transition
mode 1 are realized to give the control authority to the driver at t=70s,
while the latter decides to switch-on the Auto mode at t—83s.

Simulation results will be addressed in the next section, including the different
variables: DA, dconfiict, @ and TOR, to show the performance of the proposed
shared lateral control and the transition system.

3.3.3 Simulation Results

After preparing the simulation environment to validate the proposed shared control,
and after definition of two different scenarios, validation is done on "SCANeR
Studio" simulator, by using the test track given in the Figure[3.7] The vehicle realizes
the path following maneuver while cooperating with the human in 2 scenarios. The
simulations results are presented in the following. Note that 0, esnoq=1.2 rad on
the steering wheel for the 2 scenarios, that corresponds to 4.6° on the wheels.

3.3.3.1 Scenario 1:

As said before, this scenario shows the transition between the auto and manual
modes depending on the driving situations. Remember that the human driver is
available for the overall trajectory (see Figure [3.8). He demands a take over request
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Figure 3.7 — Map of the test track.
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Figure 3.8 — The lateral error - Scenario 1

(TOR = 1 at t=8.5s) by pressing the R2 button, so ags = 1 (eq3.1) because the
driver’s availability is equal to 1, and there is no conflict on the driver’s behaviors
(Oconfiicc = 0). For that, a increases from 0 to 1 in 1.5s at t=10s according to
the transition mode 1 of transition system. The driver takes the action of vehicle’s
control until t=32s. At t=32s, there is a conflict on driver’s behaviors (dcon frict =
1) illustrated by a higher human driver steering angle (see. Figure and ges
becomes 0. For that, a decreases again to 0 in 0.2s to penalize the driver, and
the driving will be fully autonomous, according to the transition mode 2. Again
at t=50s the driver still asking a take over action (TOR = 1) and a = 1 because
the conditions of activation of transition mode 1 are realized. The driver acts on
the vehicle’s control until t=70s and finally he decides to switch-off the manual
mode by pressing the L2 button, so =0 at t=70s. The different values of a are
given in the Figure |3.8] which shows that the lateral error is between —40cm and
+40cm, that means the cooperation of the driver with the autonomous system leads
to an acceptable and accurate lane keeping with an acceptable lateral error. The
steering angles on the wheels of Auto, Manual and shared modes are given in the
Figure As we can see in Figure [3.9) a smooth switching is done between the
two agents to ensure the transition between them and compensate the conflict of
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Figure 3.9 — The different steering wheels angles - Scenario 1
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Figure 3.10 — Vehicle dynamic variables - Scenario 1

driver’s behaviors, what makes the system stable. Finally, the Figure|3.10|shows the
longitudinal speed which tracks the desired one using the ST'SM controller, the road
curvature of the desired track and finally the lateral and longitudinal accelerations.
The actual lateral acceleration does not exceed the +5m/s? which corresponds
to a comfortable driving zone. In addition, the actual longitudinal acceleration is
pertinent (< +3m/s?) for a comfortable maneuver. To conclude, the Scenario 1
proves that the transition between the two agents is possible while maintaining a
comfortable and smooth driving, despite the switching between the different modes,
and enhancing safety on the road.
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3.3.3.2 Scenario 2:

As said before, this scenario shows the adaptation of the transition system against
the variation of different variables (DA, dconfiict, Qaes, TOR). Refer to Figure [3.11]
the driver asks the take over action permission (TOR = 1) at t=bs, however this
action is not approved until t=10s where the driver’s availability is full (see Figure
and ages = 1 because DA = 1 and Oeonfrier = 0. «v starts to increase and the
driver takes totally control at t=11.5s, according to the transition mode 1 (phase 1).
He is still acting on the vehicle’s control until t=25s, where the DA is lost (DA = 0)
and g =0 (eq.. Thus, the auto mode is switched-on to drive the vehicle until
t=40s (phase 2), according to the transition mode 2.

At t—40s, the driver retains the vehicle’s control because the DA is equal to 1 again,
that means ags = 1 and « starts to increase. During this phase (phase 3), there
is a conflict that occurs on the driver’s behavior (deonfiicc = 1) and ges returns
to 0, then the value 1 for « is not reached. o will decrease again to 0 to give the
control authority to the autonomous system in case the driver is not able to drive
the vehicle. For the same reasons, o has the same behavior around t=>50s and the
transition mode 2 is activated to switch to the Auto mode (phase 3).

In addition, a=0 at t=60s even though the conflict on the driver’s behaviors starts
to decrease (dconsiice = 0) (see Figure[3.12), but the driver’s availability is equal to 0
again and ag.s = 0 (eq)3.1)) at t=60s, so the switching-on of the auto mode is done
thanks to the transition mode 2 (phase 4).

The increase of DA at t—70s (DA = 1) leads to increasing in the a value because
the conditions of activation of the transition mode 1 are realized. The driver drives
his vehicle from t=70s to t=83s when he decided to switch on the Auto mode
(TOR = 0) and take his rest (phase 5).

The parameter « is given in the Figure As shown in Figure the different
transitions in each phase lead to a small lateral error that guarantees the driving
safety in terms of vehicle’s stability during the lane keeping. Figure shows the
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Figure 3.11 — The lateral error - Scenario 2
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different steering angles on the wheels. The transition between the manual and auto
modes is smooth and safe specially during the switching (at t=25s, 40s, 70s for
example). As we can see in the Figure there is a good tracking for the desired
longitudinal speed. The actual lateral and longitudinal accelerations are limited
between +5m/s* and +3m/s? respectively, which confirm the passenger’s comfort.
Thus, the driving is safe and comfortable despite the variation of driving conditions
and the switching between the three modes: Auto, Manual and transition system’s
modes.
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3.4 Conclusion and Perspectives

To conclude, in this chapter a shared lateral control has been developed to ensure
the transition between the human driver and the automated system. The different
driving modes including the transition system are detailed in this work. Then, the
shared lateral control architecture is presented to blend the two control inputs.
A decision making algorithm is developed, using a coordinator for the control
authority allocation and driving modes determination. The proposed shared control
is validated on the "SCANeR Studio" (OKtal) professional simulator interacting
with human driver through the " Logitech G29" steering wheel. The validation is done
for two chosen scenarios of lane keeping maneuver. The results show the effectiveness
of the proposed approach to ensure a smooth transition and promote road’s safety. In
the next chapter, we will consider the development of Advanced Driving Assistance
Systems (ADASSs) (level 2) to assist and help the driver during a lane keeping
maneuver while guaranteeing vehicle’s lateral stability.
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Chapter 4 __

Development of Advanced Driving
Assistance Systems (ADAS) for
Lane Keeping Purpose

In the previous chapters, a shared lateral control between the driver and the
automated system for the lane keeping purpose has been treated in order to ensure
road’s safety (level 3). In this chapter the development of an Advanced Driving
Assistance Systems (ADASs) (level 2) are detailed to assist and help the driver
during a lane keeping maneuver while guaranteeing vehicle’s lateral stability.

4.1 Introduction

Autonomous driving has become a purposeful target for automotive companies
as well as for research institutes in the recent years. For that, in 2013, the US
Department of Transportation “National Highway Traffic Safety Administration
NHTSA” has classified the autonomy of self-driving vehicles into 5 levels to
characterize their capabilities [Favaro et al., 2017]. These levels start at having some
assistance features and end at the full-autonomous vehicle passing by the semi-
autonomous ones. Level 2 of autonomy consists of assisting the driver by several
automated functionalities especially for active safety purpose. These systems are
called advanced driving assistance systems (ADASs). They are integrated in the
vehicle to protect the passengers in case of accident. There are the Passive systems
(air bags, seat belts, etc.), and the active systems that help and assist the driver in
some driving tasks especially when he is tired or distracted (Lane keeping system,
Emergency braking, Lane departure avoidance, etc.). The lane departure avoidance
system that warns the driver when he is crossing the lane, the Lane keeping to stay
within the lane and the Emergency braking system to stop the vehicle, are integrated
in the vehicle to promote road safety. Moreover, the development of electronics and
sensors devices (LIDAR, GPS, etc.) supports the integration of these systems into
the vehicle. The authors in [Kukkala et al., 2018| classified the ADAS systems to
many categories based on their types, utilities, limitations, etc. In addition, many
advanced driving assistance systems (ADASs) have been proposed and marketed,
such as: Active Front Steering (AF'S) basically to enhance vehicle’s maneuverability
and realize a lane keeping; Direct Yaw Control (DY C) or Electronic Stability
Program (ESP) to improve vehicle’s lateral stability; (Semi-) Active Suspensions
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(AS) to improve comfort, road holding and rollover avoidance |Chokor et al., 2019].
These systems influence the vehicle’s behavior and enhance safety on the road.
Moreover, many advanced studies are presented in the literature to deal with the
development of these systems especially the Lane Keeping system. A Fuzzy Takagi-
Sugeno control method is used in |[Soualmi et al., 2011| to develop a lane keeping
assistance system where a decision algorithm is integrated to manage the authority
between the driver and the controller depending on the lateral deviation error. The
authors in [Nguyen et al., 2015], [Nguyen et al., 2016] have developed a shared
steering controller for lane keeping maneuver where the driver’s activity and behavior
are considered in the computation of the control input of assistance system, in
order to manage conflict between both agents. An assistance steer-by-wire system
is presented in [Perozzi et al., 2020|, where the fusion of two steering inputs is
done considering the driver’s availability via monitoring system. The authors in
[Sentouh et al., 2013| are applied the Hs approach to calculate the assistance torque
through a first order filter coordination variable. A weighting approach presented
in [Borroni and Tanelli, 2018| is used to blend the two control inputs by using a
fusion parameter o adjusted manually or automatically depending on the driving
situations. A similar approach is developed in [Li et al., 2020] where the computation
of a takes into consideration many factors: avoidance of lane departure, excessive
steering, etc, to deal with lane following in case of tire blowout. Note that the main
difference between the presented works cited above is how to determine the fusion
parameter « in order to realize the assistance objective. All this interesting studies
have motivated us to design an Advanced Driving Assistance System (ADAS). For
that, this chapter deals with the development of ADAS systems considering many
control objectives for different driving situations. These systems aim to :

e Assist the driver in an intuitive way with high performance and efficiency.

e Guarantee safety while driving and realize an intuitive comfort for the driver
in case of assistance.

e Keep stability of the switching when fusion of two control inputs.

Figure [4.1] summarizes the contributions of this chapter. It is composed of two sub-
blocks, given as:

e Sub-block A: Design of an Advanced Driving Assistance System (ADAS)
for lane keeping purpose through the Active Front Steering (AFS) in
semi-autonomous vehicles, based on the LPV/H. and the Super-Twisting
Sliding Mode ST'SM control techniques using steer-by-wire system. Then, a
comparison is done between the two control approaches. However, this method
can be adapted to overcome more complex maneuvers (following trajectories
for overtaking, intersections, etc).

e Sub-block B: Development of centralized and decentralized multilayer Ad-
vanced Driving Assistance Systems (ADAS's) involving Active Front Steering
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Figure 4.1 — General Architecture of the proposed Advanced Driving Assistance System.

(AFS) for the lane keeping maneuver, and Direct Yaw Control (DY C) for
the lateral stability improvement by using the LPV/H. and the Super-
Twisting Sliding Mode (STSM) control techniques respectively. Therefore,
a comparison is done between the centralized and decentralized control
architectures.

Finally, The proposed Sub-block A and B are validated by using Matlab /Simulink
with a complete nonlinear model of the vehicle validated on “SCANeR Studio"
(OKtal) professional simulator.

4.2 Control Synthesis Model

The vehicle bicycle model represented in the Section is a linear vehicle model.
For a road adherence coefficient ;x = 1 and side slip angle 5 = %, this model can be
written as in the “Plant P” (equation . Note that this model is a LPV model,
with two variables being the vehicle side-slip angle and the yaw angle. It is usually
used as reference model to suit the control problem of this work and it is given by
the following system:

o C¢+Chr 1;Cr—1.Cr
B = —f%—vfc — (L4 =)
+m_‘263wfc> 4.1
& o _lfo—errB B l%Cf-i-lEOrq?b ( : )
- I I, Vy

Gy 1
+T55w—c + EMza

Plant P :

where 8 and ¢ are respectively the vehicle side-slip angle and the vehicle yaw rate.
I, is the vehicle yaw moment of inertia, V, is the vehicle longitudinal speed and
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finally d4,_. and M, are the AF'S and the DY C' inputs respectively. The remaining
notations of these equations and the vehicle parameters used for simulation are given
in Tables[I]3] Even though these equations are valid when the vehicle operates in the
stable region, they are sufficient and recommended to synthesize a robust controller.
The state space representation of the Plant P can be formalized as in , where
X =[5, w]T is the state vector, U = [0s,_c, M,]T is the control input. The elements
of the state matrix A € IR?*? and the input matrix B € IR**? are formalized in

Appendix [.2]
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Figure 4.2 — Architecture of the Advanced Driving Assistance System.

Figure shows the block diagram of the advanced driving assistance system
(ADAS) developed in the following, to realize the lane keeping (sub-block A, see
Figure . The main components are: the Fusion Block and the Driving Modes
detailed in the following.

Fusion block:

The aim of the fusion block is to calculate the final steering wheel angle to the vehicle
model. In the case of the development of ADAS system using the Super-Twisting
Sliding Mode (ST'SM) control approach, the total steering wheel angle is given as:

(Stotal = 5sw7h + o * 5;111)70, (43)
where Ootar, Osw—p and 0%, . are the total steering wheel angle, steering wheel

angles of human driver and ADAS system respectively. « is an external parameter
multiplied by the assistance steering wheel angle 0¢ It represents the percentage

sw—c*

of assistance added by the driving assistance system to the driver’s input. « is
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bounded in [0,1], calculated depending on a decision layer developed in the following.
a = 1: for full assistance and o = 0: for zero assistance.

In the case of the development of ADAS system using the LPV/H., control
approach, the total steering wheel angle is given as:

6total = 5sw—h + 5;111;_07 (44)

where « is an internal parameter implicitly expressed in 0%, . and figured by a time-

varying scheduling gain p discussed later in the decision layer.

Driving Modes:

a) Driver Model:
The Driver Model developed in Section [1.3.2.2]is used to represent the driver
in the loop (human in-the-loop). His steering input will be noted as dg,—p.

b) ADAS System:
The ADAS system is a controller developed to assist the driver and help him
during a lane keeping maneuver in order to avoid a dangerous situation. Two
control approaches are detailed in the following to develop the ADAS system:

e LPV/H control approach.
e Super-Twisting Sliding Mode (ST'SM) control approach.

4.3.1 LPV/H control approach

In this section, we present a detailed description of the development of the ADAS
system based on LPV /H, approach. The optimal H, theory based on offline Linear
Matrix Inequality (LMI) optimal solutions, in the framework of L PV systems is used
to synthesis the controller of this ADAS system. The global multilayer architecture
is shown in the Figure In the control layer, the output variable i.e the vehicle
yaw rate w is fed-back from the nonlinear vehicle model and is controlled through
an optimal SISO LPV/H., controller, in order to realize a trajectory following. For
that, a reference yaw rate generator is used to give the desired yaw rate ¢Tef.

Yaw rate generator at a look-ahead distance:

The reference yaw rate generator is developed at a look-ahead distance [, in front
of the vehicle, in order to generate a coherent yaw-rate reference ¢ref to the
SISO LPV/H4 controller for the trajectory following purpose. This controller aims
that ¢ follows bref in order to keep the lane with a high accuracy. For that, the yaw
rate generator uses the current vehicle’s speed V,, and the information from the map
matching e,_;, to calculate the yaw rate reference %ef. Refer to [Tan and Huang,
2014, z/}ref can be approximated as:

—2Vxey_ls
[2

1/‘)ref = (45)



90 CHAPTER 4. DEVELOPMENT OF ADVANCED DRIVING ASSISTANCE SYSTEMS
(ADAS) FOR LANE KEEPING PURPOSE

where e,_; is the vehicle lateral error at a look-ahead distance /.

In addition, p is a time-varying scheduling gain/parameter that schedules the
assistance objective of the SISO LPV/H., controller. p is implicitly expressed
in 6%, . which will be added to the 0y, (see Figure [£.3). Then, a decision
layer (the higher layer) is developed to monitor the driver’s behavior. It sends the
value of scheduling parameter p, based on the parameter A\ (discussed later). X is
function of the lateral error (e,) and driver’s availability (DA) (see Figure [4.3). So,
based on these information, the SISO LPV/H. controller generates the control
steering angle d4,_. as an assistance input, while considering actuators constraints

(saturation and cut-off frequencies) in the actuator layer.
A(ey, DA)

Driver’s behavior
Monitor Decision Layer

________________________ Pl ____.
]
Yaw ey SISO LPV/H,,

Control Layer

rate WYrer T —=—> " Controller
generator (p)

. st—h + Stotal )y Vx e
Drlver—>+—> Nonlinear Vehicle Mode| m——

T Disturbances

Figure 4.3 - LPV/H~ ADAS system Architecture.

4.3.1.1 Overview on LPV/H,, control approach

The LPV/H control approach is a control technique used to add robustness on
a system against disturbances. This control technique is applied to LTI and LPV
systems. The aim is to find a stabilizing controller that minimizes the effect of
an input disturbance w(t) on a (weighted) controlled output z(¢). The General
architecture of the H,, control technique is given in the Figure [4.4] Figure
shows the plant P(S) to be controlled, the input W;(.S) and output W,(S) weighting
dynamic functions, and the H., controller K3__(.S) to be developed (S is the Laplace
transformation). The open-loop system formed by the interconnection of P(S5),
W;(S), and W,(S) is called the generalized plant ¥,(S). In our present work, P(S)
represents an LT[ vehicle model, and W;(S) and W,(S) are scheduled LPV filters.
Thus, £,(5) is a LPV system. The closed-loop system formed by the interconnection
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of ¥4(5) and Ky (S) is called C;(S5).

CEg8 :
W I , _(;) _________ e S;‘: Uz
I 11
EL ___________________________ !i 0
i u(t) L ok, o — y(t) i
: C, ()

Figure 4.4 — H control Architecture (modified from [Shtessel et al., 2014])

Let’s consider the generalized system , and the controller Ky are Linear time-
invariant LT'I. The H., control design consists to find the controller Ky, that
minimizes the H., norm of the closed-loop system C;(S) as given in the following
equation:

G (S)]|oe = supuwera (Ci(jw)) <7, (4.6)
where 7 is the largest singular value, and ~ is the attenuation level. The H ., norm is
the maximal gain of the frequency response of the system. It is also called the worst
case attenuation level in the sense that it measures the maximum amplification that
the system can deliver on the whole frequency set. For STSO (respectively MIMO)
systems, it represents the maximal peak value on the Bode magnitude (respectively
singular value) plot of C)(jw); in other words, it is the largest gain if the system is
fed by harmonic input signal [Sename et al., 2013|. More information about the H,
control are presented in |[Zhou et al., 1996, [Apkarian et al., 1995|, [Apkarian and
Gahinet, 1995| and [Poussot-Vassal, 2008|.

Now, let consider a LPV system formulated by its generalized form ) g+ such as:

i Alp)  Bilp) B x
Yg(p): | 2 | = | Cilp) Dulp) Di w |, (4.7)
Y Cy Dy 0 u

where z includes all the state variables of the system, w is the exogenous input
vector, u represents the control inputs, y is the measurement vector fed-back to
the controller and z is the weighted controlled output vector. A, By, By, C;, Cs,
Dy, Do, and Doy are known matrices with finite dimensions. p is the vector of
the varying parameters, it is known and bounded. Without loss of generality, we
consider the case where p = {p1, p2}, since it is easy to understand and it will be
used in the following section.

The LPV/H problem consists in finding the controller Ky py 3. (p1, p2), scheduled
by the parameters p; and po, such that:

Kurvpe o) | 50 | = | o) B[ [ ], (45)

u
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[ A(p)X + XA(p)T + B2C(p) + C(p)"BY  (x)T B B T T
A(p) + A(p)" YA(p) + A(p)TY + B(p)Ca + CTB(p)T (T ()T | _ .
Bi(p)" B Bi(p)"Y + D3, B(p)" I (%7 ’
L C1(p)X + D12C(p) Ci1(p) Di1(p)  —1
X I
},;) v | = ©
(4.9)

which minimizes the H,, norm of the closed-loop LPV system formed by the
interconnection of equations (4.7)) and (4.8]).

Problem resolution: LMI based LPV/H..:

There are many approaches that exist in the literature to solve this problem such
as: polytopic, gridding and Linear Fractional Transformation LFT [Zin, 2005|. In
the present work, a polytopic approach (see [Scherer et al., 1997]) has been used
for controller synthesis. Thanks to the Bounded Real Lemma (BRL) extended to
LPV systems, this controller can be found. According to the system and after
a change of basis presented in [Scherer et al., 1997|, a non conservative LM I that
expresses the same problem as BRL is formulated in and a Semi-Definite
Program (SDP) has been used to solve these inequalities equations (see [Doumiati
et al., 2013]), while minimizing v for p € Q = [p1,p1] X [p2, 2.

The aim of the polytopic approach is to find the }[, B and C by using a
common Lyapunov function, i.e common X > 0 and Y > 0 at each vertex
of the polytope function of p € €. Noting that the number of vertex is
4 (2") where n is the number of parameters p;. Thus, the solution can be
obtained by the resolution of system (4.10) at each vertex of the convex hull

{wl = (p1, p2),w2 = (p1, p2), w3 = (p1,P2), ws = (,0_175)} of the convex hull €:

Ce(p) = Clp)M~"
(p) = N7'B(p) (4.10)

5 9

B
Ac(p) = N7HA(p) —YA(p)X — NB.(p)CaX
— YBy(p)Celp M T)M T

where M (p) and N(p) are defined by the user so that M (p)N(p)T =1 — X(p)Y (p).
See [Scherer et al., 1997] for more details on the computation solution. Therefore,
referring to the polytopic approach, the final controller, Kppy s (p), is the
summation of each convex controller calculated on each vertex of the polytope
[Apkarian et al., 1995] such as:

Krpv/ua (p1,p2) = Ky (1) + ap K3y, (w2) (4.11)
as Ky, (w3) + s Ky, (wa), '

where sz a;(p1,p2) = 1; ai(p1,p2) > 0. The polytopic coordinates a;(p1, p2)
weight the controllers on the vertices to construct the final controller (see Figure
4.5). a;(p1,p2) are instantly evaluated by the following equations (the Matlab
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function“polydec” (Robust Control Toolbox)

with more vertices):

is also useful to evaluate polytopes
g = BizpL p2=p2. o pizpr P2TP2.
L= 5ip1 pa—p2’ 37 Pi-pip2—p2’
(4.12)
o = PP BEmpy.,  PLTPL P2
27 Pi—pipz—p2’ 47 Pipipzp2”
P2
a
n KHOO(‘DS)
] Kipy iy Ko (604)
o
- 1K, (01) Ko (02)
5 :
- > D1
P1 P1

Figure 4.5 — Polytopic Heo controller

4.3.1.2 Control Layer synthesis: LPV/H,, controller

The control layer architecture is drawn in Figure[d.6] As a standard H, structure, it
contains the controller K7py/3.. (p) to be synthesized, and the generalized plant ) ,
where p()) is a weighted parameter calculated by the decision making monitor to
adapt the controller dynamics and performances according to the driving conditions.

(Plant P) :
|
|

|
1 I
1 . [
| — Wi, — 74
I I
I I
| — Wse) =7,
I 1
' ‘V—I F=—————=- I -
=TT | | 1
Yaw ¥ el ! I Vehicle LTI I
rate l‘ijrefl il HR Kipv/he Lswd [,  Model X!
generator_ll’+ : (p)
I
1

Figure 4.6 — Control layer Architecture.

The controller K py 5. (p) has as input, the error between the desired yaw rate on
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trajectory (given by the reference yaw rate generator) and the actual yaw rate of
the vehicle (%i%q-@- Since the H., approach is a model-based robust control
technique, the actual yaw rate is calculated based on the LTI vehicle model given
in (Plant P), while considering M, = 0 and thus reducing B to its first column
By, because we aim to develop an assistance system through 0, ..

The state representation of the Plant P of the generalized plant ) , is expressed

in . It has d4,_. as control input; and the actual yaw rate 1, as output to be
controlled. The elements of the state matrix A € IR?>*? and the input matrix B; €
IR**! are formalized in Appendix

- 5 (a1 ap ﬁ b1y
X = Lﬁ] N <a21 a22> LA + (b21> Osw—e (4.13)
A Bi

The remaining subsystems of »_ i.e. the weighting functions W;(p) and W;(p)
of Figure [4.6| are defined to characterize the performance objective Z; and the
actuators’ constraint Zs (the dynamics of the steering wheel actuator, given in
Subsection [£.3.1.4] are neglected during the controller design process). The general
form of these weights [Doumiati et al., 2014| is given by the following (numerical
values are given in Section since they depend on the simulated vehicle and
integrated actuators):

- W, (p) weights the yaw rate control objective:

_ s/Mi+2nf

4.14
P onfid (4.14)

W, (p)
where M, is sufficiently high for a large robustness margin, and A; is the tolerated
tracking error on e;. W;(p) is shaped to reduce the yaw rate error in the range
of frequencies below a roll-off frequency f; where the vehicle operates |[Heibing and
Ersoy, 2010]. W (p) is linearly parametrized by the varying parameter p, where
p € {B <p< ,5} (p and p are constants representing the lower and higher values
of p). When p = p, the performance objective e is prioritized (ADAS system is
switched-on), on the contrary, when p = p, e is relaxed (driver navigates correctly),
and the assistance is deactivated.

- Ws(p) weights the steering control input, dg,_.:

1ls + 27Tf2/M2

W5(p) P €u8+27Tf2 )

(4.15)

where M, is sufficiently high for a large robustness margin, ¢, is concerned with the
noise rejection at high frequencies and fs is the filter’s frequency. This filter forces
the steering system to act at this frequency in order to avoid driver annoyance. This
filter design is inspired from [Atoui et al., 2021]. The novelty here is the dependency
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of Ws(p) on p, which allows to promote or penalize (relax) the steering depending
on all possible situations. For instance, when p = p, the driver’s behaviors is not
adequate, and the AF'S is promoted to maintain the lane keeping. When p = p,
that means the driver acts appropriately, and the AFS is penalized (relaxed). In
this case, the driver is the only responsible of driving.

After determining the subsystems of the Figure [4.6] the H. control technique is
applied in order to minimize the controlled outputs Z; and Z, for any exogenous
input. Z; and Z; become the output of the plant Z_q to be controlled. For more
information about the robust LPV /H, theory, see [Sename et al., 2013| and |Gu
et al., 2005].

Interconnection between , subsystems is done using “sysic” Matlab function
(Robust Control Toolbox). Since the generalized plant 3 is LPV [Apkarian et al.,
1995, it can be formulated as:

a Alp)  Bilp) Ba(p) x
Yg(p): | 2 | = | Cilp) Dulp) Diz(p) w |, (4.16)
Yy Cy Doy 0 U

where p is time-varying scheduling parameter, = includes the state variables of Plant
P and of the weighting functions, w = [z/}ref]T is the exogenous input vector that
contains the reference state, U = [d,,_.]’ represents the control inputs, y = [w]T is
the measurement vector fed-back to the controller, and z = [Z1, Z]7 is the weighted
controlled output vector of the generalized plant » .

Note that the matrices By, and Dis depend on p, which is not compatible with H
requirements for polytopic systems. However, this issue is relaxed using some filter

on the control input [Apkarian and Gahinet, 1995|.

Problem resolution: LM based LPV /H..:
The LM based LPV /H, problem consists in finding the controller Ky py/x_(p),
scheduled by the parameter p, such that:

Kurvpep): | e | = | o) B0 | 2], (1.17

This controller aims to minimize the H., norm of the closed-loop LPV system
formed by the equations (4.16)) and (4.17). This controller can be found using the de-
velopment in the Section [4.3.1.1f A Semi-Definite Program (SDP) (Yalmip/Sedumi
solver) has been used to solve the inequalities equations given in (4.9) (see [Doumiati
et al., 2013|), while minimizing ~ for p = {B,ﬁ} (Yoptimar = 1.15).

According to the polytopic approach, the final controller, Kppy/u. (p), is the
summation of each convex controller calculated at the vertices {B,ﬁ} |[Apkarian
et al., 1995] such as:
5 (-0 (=
Ky, (p) = Eg_g Ky, (p) + P K. (D), (4.18)

(p—p)

where Ky (p) and K3 (p) are the solutions of the polytopic problem at each vertex.
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4.3.1.3 Decision Layer: p calculation

The decision layer is developed to adjust the controller according to the driver’s
behavior. This layer delivers the scheduling parameter p depending on the parameter
A

Let us introduce the parameter A function of the lateral error (e,) with respect to the
trajectory at the center of gravity of the vehicle (CG) and the driver’s availability
(DA). DA is a dynamic variable related to the driver, and can be calculated based
on different factors: driver’s eyes analysis, driver’s head position, level of driver’s
sleepiness, etc. Therefore, the calculation of diver’s availability is not in the scope
of this work and it is considered as an input to this layer. X is expressed as:

A= ley,| + (1 — DA) (4.19)

As shown in the equation A depends on e, and DA. Two rules for A are defined
as follows:

e If the driver is in normal driving situation, A < A, that means |e,| < e, and
DA=1, then no need to assist the driver during this driving maneuver, and
the assistance system should be switched-off. The driver is in normal driving
situation and he is available.

e If the driver operates wrong, A > ), that means |e,| > €, and/or DA simply
low, then the ADAS System should be switched-on in order to compensate
the driver’s error and unavailability.

Referring to this analysis, the scheduled gain p feeds the LPV/H, controller with
the sufficient information about the weights to be pushed or attenuated. The relation
between p and ) is presented by a “sigmoid” function (4.20) (see Figure [4.7).
p—p
p=p+ 5 .

- 25 0=

14e 73

(4.20)

4.3.1.4 Actuator Layer

The actuator layer includes the AF'S actuator used to generate the physical input
of the system. The AF'S is an electrical motor which provides the added steering
angle 0¢ In order to ensure that the AF'S actuator is able to provide the added

steering a_ngle demanded by the controller d4,_., the AF'S is modeled as follows:
08y = 27 f3(Oau—e — 0%, ) (4.21)

where §¢ follows d4,_c, f3 is the actuator cut-off frequency. This actuator is

sSw—c

bounded between [—§¢ +6§w_c’mam}, with ¢ the maximum amount of

sw—c,max’ sSw—c,max

steering angle that can be added by the AF'S actuator for assistance purpose.
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Figure 4.7 — Scheduling parameter p function of the decision parameter A

4.3.2 Super-Twisting Sliding Mode (ST'SM) control approach

)\(eyiDA)

Driver’s behavior
Monitor Decision Layer

SISO

Map €y-ig Control Layer
Matching STSM

controller

— 6total Lp,
—> X I—» Nonlinear Vehicle Mode| =—————p

Driver 1 Disturbances
8sw—h

Figure 4.8 — Super-Twisting Sliding Mode (STSM) ADAS system Architecture.

In this section, the ADAS system is developed based on the Super-Twisting
Sliding Mode (ST'SM) control approach. By using this approach, we facilitate the
controller development complexity and benefit from the robustness of the super-
twisting algorithm. The global multilayer architecture is shown in the Figure 4.8
The main difference w.r.t the above approach is in the control layer, where the AF'S
control input dg,_. is dedicated to control the lateral error at a look-ahead distance
in order to realize a lane following. The decision layer is similar to the one of the
first approach, where this layer generates the percentage of assistance figured by the
parameter « based on A. A depends on two criteria: lateral error (e,) and driver’s
availability (DA). Finally, the actuator layer is developed to consider the actuators
constraints.
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4.3.2.1 Control Layer synthesis: Super-Twisting Sliding Mode controller

The control layer consists of a SISO ST'SM controller that controls the lateral error
at a look-ahead distance [, to realize a lane keeping. Thus, the AF'S is responsible of
the control of the lateral error e,. For that, the ST'SM control technique developed
in Section is used to develop this controller. The control input is the steering
wheel angle d,,_. for the lateral dynamics, it has the same form as g, s given
in Section [I.4.2] Note that the ST'SM control technique is one of the most robust
control techniques that suit our control problem. Finally, the Map Matching bloc
aims to localize the vehicle position on the reference map by calculating the value
of the lateral error on a look-ahead distance [, w.r.t the trajectory.

4.3.2.2 Decision Layer: o calculation

Similar to the decision layer in Section the decision layer of the ST SM
control approach monitors the driver’s behaviors through A (function of the lateral
error (e,) and the driver’s availability (DA)). This layer calculates the value of «
depending on the parameter \ given in It sends instantly the value of « to
the actuator layer in order to promote/attenuate the intervention of ADAS system
in the driving maneuver.

e When A\ > ), the driver is no more available and distracted, then an assistance
input is needed to be switched-on to compensate the driver’s error, and « is
equal to 1.

e When A < A, «a is equal to 0 and the ADAS System is attenuated because
the driver operates without any errors.

A “sigmoid” function (4.22)) (see Figure [4.9) governs the relation between o and A,
to ensure a smooth and continuous variation of a.

1

o= ——5 (4.22)
1+ e_ﬁ(/\_%)
alk
L e — —
0 L — >
A A1 A

Figure 4.9 — Scheduling parameter «
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4.3.2.3 Actuator Layer

The actuator layer developed in the Section [4.3.1.4] is used to generate the physical
input 02, . of the system.

sSw—c

4.3.3 Controllers’ validation (A)

The proposed SISO LPV/Hs and SISO Super-Twisting Sliding Mode (ST SM)
controllers are validated in this section. Validation is done by simulation using
Matlab/Simulink with a complete nonlinear model of the vehicle, validated on
"SCANeR Studio" (OKtal) simulator. Then, a comparison is done between the two
controllers in order to show the difference in terms of performance and effectiveness
of each control technique. The driver follows the track given in the Figure[d.10|trying
to keep the lane. An ADAS system is applied to assist and help the driver in the lane
keeping process. The different parameters’ numerical values of the two controllers
used during the simulation are given in the Table

200

100 -

‘E-100}

-200 |

-300 |

—map
* start point
) ) : ° end point
-200 0 200 400

X[m]

-400 -

Figure 4.10 — Map of the tracked trajectory

Table 4.1 — Controller’s Parameters for Simulation

Parameters Values
My; Ma; Ay 2;1;0.1 = 10%
f15 f25 f3 5 Hz;10 Hz;15 Hz
PP 0.01;0.2
ey g A A 0.3;0.5;0.3; 0.5
s cews s 5°:0.01;3

sw—c,max’

4.3.3.1 Simulation results

As mentioned before, this section is dedicated to validate and compare the proposed
SISO LPV/H and the SISO Super-Twisting Sliding Mode (ST'SM) controllers
for a given scenario by using Matlab/Simulink. The scenario is defined in the way
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that the driver realizes a path following maneuver at speed 60 K'm/h (see Figure
for the track given in the Figure [4.10] However, during this maneuver, sudden
errors are injected on the driver’s behavior between 35s and 50s and between 70s
and 85s respectively, where the driver is no more available. The vehicle is deviated
from the centerline of the road. Thus, an ADAS system, represented by one of
the two proposed controllers, is switched-on in order to compensate the driver’s
errors and avoid a dangerous situation. In this scenario, the comparison is done
when the driver drives without ADAS his vehicle (alone) and by integrating the
proposed controllers i.e the LPV/H,, controller and the ST'SM controller into the
vehicle (driving with ADAS system). This scenario shows the advantage of having
an ADAS system implemented in the vehicle for the lane keeping maneuver. The two
proposed ADAS system architectures monitor and supervise the vehicle situation
and interact if necessary in order to compensate the inappropriate driver’s action.
The results are presented in the following to show the effectiveness of the developed
ADAS systems to help the driver during a lane keeping maneuver.

Longitudinal speed

- - -Desired speed
| | | | |——STSM speed
0 10 20 30 40 50 60 70 80 90 100

Time [s]
Road Curvature

p[m™]

-0.02 -

0,04 | | | | | | | —Desired

|
0 10 20 30 40 50 60 70 80 90 100
Time [s]

Figure 4.11 — The vehicle dynamic variables: speed and road curvature

The Figure shows the lateral error w.r.t the trajectory of: driver without
ADAS, driving with ADAS LPV/H, and driving with ADAS STSM. As we
can see, the error is injected at 35s on the driver’s behavior and both ADAS
systems (LPV/H., and STSM controllers) diminish this error (1m) caused by
the driver on the curvy road (see Figure [4.11). Thus, they have achieved the
assistance goal with a high accuracy of lane keeping (e, between —25¢m and 20cm,
Figure @ . The two ADAS systems are switched-on until t=50s, where \; > X
(t={1: ADAS—LPV/H,2: ADAS—STSM}) because the driver is not available
(DA=0) and the lateral error is more than g, (see Figure [1.13). Remember that the
DA is assumed to be an input to our system that could be given by a diagnosis
module in order to determine the driver’s status with a delay of 0.5s. Again at
t=T0s, an ADAS system is still needed because there is a second error caused by
the driver’s behavior and DA = 0 again. The ADAS systems assist the driver until
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t=85s. At t=85s, the driver’s behavior returned normal and he is available again to
act on the vehicle’s lateral control without any help.

Lateral error

-0.8 -

n —e, — Driver — Without — ADAS
e, — With — ADAS — LPV/H

. ‘ ‘ ‘ ‘ ‘ —e, — With — ADAS — STSM

o 10 20 30 40 50 60 70 80 90 100
Time [s]
Figure 4.12 — The lateral error
Parameters
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Figure 4.13 — The different parameters

These assistance systems can be explained by observing the decision layer of each
ADAS system architecture, in other words, the monitoring criterion A (function
of e, and DA). Figures and show the two parameters \; and o, with
the corresponding scheduling gain p and the percentage of assistance « for the
LPV/H and the STSM ADAS system architectures respectively, and, the driver’s
availability DA. For A; > X (resp. Ay > \), which means that the driver is not
available and there is an error on his behavior, both ADAS systems have switched-
on to assist and help him, and remain the vehicle stable. When A\; > X, that means
DA = 0 and e, is more than €,, (resp. Ay > ), especially between 35s and 50s
and between 70s and 85s, the scheduling gain p of the LPV/H,, ADAS system
(resp. the percentage of assistance a of the STSM ADAS system) is set to p = p
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Figure 4.15 — The different steering wheel angles

(resp. a = 1), which activates the assistance. For the region, when A\; < A (resp.
Ay < A), the scheduling gain p (resp. the percentage of assistance «) is set to p = p
(resp. o = 0), which means the driver is available and acts correctly and the ADAS
system is Switched-off (see Fig. |4.14]).

Based on this discussion, one can conclude that the ADAS system is switched-on
when it is needed in order to assist the driver depending on the driver’s behavior.
Refer to the Figures and [4.14] the two ADAS systems have almost the same
behavior and they are able to help the driver by compensating his errors.

Figure shows the driver steering angle d4,_ 5, and the assistance AF'S steering
angles g, . of both ADAS system LPV/H. and STSM respectively on the
steering wheels. Refer to this figure, both controllers are in conflict with the human
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Figure 4.16 — The different total steering wheel angles

driver between 35s and 50s and between 70s and 85s in order to compensate his
errors. In addition, we can notice that both controllers provide almost the similar
steering angle (the green and blue curve have the same behavior), with some
additional oscillations of ST'SM controller compared to the LPV/H, controller.
However, dsy—crpv/u.. and 6sw—csTsm have an opposite behavior w.r.t ds,—p (the
red curve, Figure 4.15). To show the difference between the two controllers, both
total steering angles, dtotairpv/m.. and OutaisTsa, are presented in Figure The
oscillations appear more with the STSM than the LPV/H., controller, which
correspond to the main known drawback of the STSM approach. However, there
are some oscillations in the LPV/H., but with small peak values (see Figure [£.16]).
Figure [4.17]shows the different control inputs: the longitudinal ST'S M motor torque
in case of ADAS LPV/H. and ADAS STSM; and the steering angle for the
lateral STSM and the LPV/H., controllers for lateral displacement. Noting that
the longitudinal displacement is achieved by a STSM controller for both ADAS
system architectures. In addition, the d;orairpv/m., and diorasTsy are compared with
the approximate steering angle d4pr0, On the desired trajectory (Figure . Oapprox
is given as:

Oapproz = P~ * (Iy + 1) (4.23)

with p* the curvature of the desired trajectory, [ and [, the distances from the center
of the vehicle to the front and rear wheels respectively. Finally, Figure |4.11] shows
the longitudinal speed tracking of the desired one through the ST'SM controller,
the road curvature of the desired trajectory. Finally, Figure shows the lateral
and longitudinal accelerations. The lateral acceleration does not exceed the +4m/s?,
which demonstrate a comfortable and stable driving zone, compared to the driving
without ADAS. In addition, the actual longitudinal acceleration is pertinent (<
+2m/s?) for a comfortable maneuver.
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Figure 4.18 — The vehicle dynamic variables: lateral and longitudinal accelerations

4.4 Centralized vs Decentralized Advanced Driving
Assistance (ADAS) System (B)

This section deals with the development of Centralized and Decentralized Advanced
Driving assistance (ADAS) system involving the Active Front Steering (AF'S) and
the Direct Yaw Control (DY C') to assist the driver and help him, while guaranteeing
the vehicle’s stability during a lane keeping driving situation. Two ADAS systems
architectures are presented where a centralized and decentralized controllers are
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developed. These controllers aim to realize the path following and improve the
vehicle’s stability in different driving situations.

4.4.1 Centralized Approach

In the centralized approach, a multi-input multi-output (MIMO) optimal single
controller is developed to realize the two objectives: trajectory tracking and vehicle’s
stability improvement. The optimal corrective steering angle provided by the AFS
and the optimal Active Differential Braking (ADB) provided by the Direct Yaw
Control (DY C) are generated by the developed controller, to minimize the vehicle
state errors (yaw rate and side slip angle). The optimal LPV/H, control technique
presented in is used to develop our controller. The global centralized
multilayer control architecture is given in the Figure In the control layer, the
output variables i.e the vehicle yaw rate ¢ and the side-slip angle 3 are fed-back
from the nonlinear Vehicle Model and are controlled /optimized together through an
optimal MIMO LPV/H. controller, in order to realize a lane following trajectory
while guaranteeing vehicle’s lateral stability. A yaw rate generator is used to generate
the desired yaw rate ¢ref; and the desired side slip angle is equal to 0 (5, = 0) to
enhance the lateral stability of the vehicle. In addition, two time-varying scheduling
gains/parameters p; and py schedule the two objectives of the MIMO LPV/H
controller. Then, a decision layer (the higher layer) is developed to monitor the
driver’s behavior and the lateral stability. It sends the value of the scheduling
parameters, based on two criteria: 1) driver’s behavior A, function of the lateral error
(e,) and driver’s availability (DA), and 2) the lateral stability index (SI) |[Inagaki
et al., 1994, [Rajamani, 2012|. ST is an indicator chosen in this thesis to evaluate and
monitor the lateral stability of the vehicle. So, Based on all these information, the
MIMO LPV/H controller generates the corrective control steering angle dg,_.
and the corrective yaw moment M, as the control inputs. Finally, the actuators
constraints are considered in the actuator layer.

4.4.1.1 Centralized Control Layer synthesis: LPV/H,, controller

Figure[4.20]shows the control layer architecture. The standard H., structure contains
the controller Kppy/u. (p1,p2) to be synthesized, and the generalized plant Zg,
where p;(A) and po(SI) are two weighted parameters calculated in the decision
making layer, to adapt the controller dynamics and performances according to the
driving conditions.

The errors between the desired trajectories and the actual ones of the yaw rate €,

(%:gbref—@b) and the side-slip angle eg (e3=0,cs-3) are the inputs to the controller
Krpv/u. (p1,p2). Note that the H, approach is a model-based robust control
technique, then the actual yaw rate and the side-slip angle are calculated based
on the LTI vehicle model given [4.2| (Plant P).

Remember that the state representation of the Plant P of the generalized plant Zg

can be formalized as in 4.24] where X = [3,¢]" is the state vector (the actual yaw
rate 1) and the side-slip angle 3 are the outputs to be controlled), U = 05, M.|"
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Figure 4.20 — Control layer Architecture.

is the vector of control inputs. The elements of the state matrix A € IR?*? and the
input matrix B € IR**? are formalized in Appendix

The remaining subsystems of }_ i.e. the weighting functions W (p1), Wps(p2),
Ws(p1), and Wy (p2) of Figure are defined to characterize the performance
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objectives Zi, Z,, and the actuators’ constraints Z3 and Z4. The general form of
these weights [Doumiati et al., 2014] is given by the following (numerical values are
given in Section [4.4.3)):

- W¢(ﬂl) is similar to the filter in Section 4.3.1.2] it is used to weight the yaw
rate control objective, :

S/M1 + 27Tf1
! S+ 2’7Tf1A1 ’

where M, is sufficiently high for a large robustness margin, and A; is the tolerated
tracking error on e ;. W;;(p1) is used to reduce the yaw rate error. W, (py) is linearly

Wip) = p (425)

parametrized by the varying parameter p;, where p; € {& <p1 < m} (p1 and
p1 are constants representing the lower and higher values of p;). When p; = py,
the performance objective e is prioritized (ADAS system is switched-on), on the
contrary, when p; = pi, ¢ is relaxed (driver navigates correctly and the ADAS
system for trajectory following is switched-off).

- Ws(p2) weights the side-slip angle control objective:

1 S/M2+27Tf2
p2 S+ 2mfaAy

Ms, As and f5 have similar meanings as M;, A; and fi1. Wp(ps) is similar to W¢(p1).
The main difference is that Wp(ps) is inversely dependent on the varying parameter
pe. This is because ps is inversely related to the lateral stability S7, that means the
lateral stability is prioritized when py = ps and vice-versa. This issue is explained
later in the decision layer. -

Wial(p2) = (4.26)

- Ws(p1) weights the steering control input, dg,—c, Ws(p1) is similar to Ws(p) used
in Section [4.3.1.2

1 s+ 27Tf3/M3
Ws(p1) ——

p1 EuS+ 27 f3

where M3, f3 and e, have similar meanings as the filter’s parameters presented in
the section [4.3.1.2] Ws(p1) depends on p;, which allows to promote or penalize the
steering depending on all possible situations. For instance, when driver’s behavior
is wrong, AF'S is promoted to realize the lane keeping (When p; = p;) and if the
driver acts appropriately, AF'S is penalized (relaxed) (when p; = p;) and in this
case, the driver is the only responsible of driving action.

(4.27)

- War (p2) weights the braking control input, M,:

s/(2mfy) +1

1% = pplo i TS
. (p2) P2 s/(k2mfy) + 1

(4.28)
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where f; is the braking actuator cut-off frequency and x to handle the braking
actuator limitations (see [Doumiati et al., 2013]). When py = ps, the braking control
signal is promoted, on the contrary, when p, = 73, the braking input is penalized.
This filter is designed depending on the vehicle’s lateral stability.

Then, the LPV/H. control technique described in the Section where
considering p = {p1, p2}, is applied in order to minimize the controlled outputs
Zh, Zo, Z3 and Z4 of the generalized plant Zg for any exogenous input. The
Matlab function “sysic” interconnects the subsystems of ) . Remember that }_ 1is
formulated as:

a A(p)  Bilp) Bal(p) x
Yg(p) i | | = | Cilp) Dulp) Diz(p) w |, (4.29)
Yy Coy Dy, 0 U

where p = {p1,p2}, x includes the state variables of Plant P and the weighting
functions, w = [%ef, Bres])T is the exogenous reference input vector, U = [dgp—c, M,]T
represents the control inputs, y = [1/1, B]T is the measurement vector fed-back to the
controller, and z = [Zy, Zy, Z3, Z4|T is the weighted controlled output vector.

Problem resolution: LMI based LPV /H..:

According to the development in the Section the controllerKva/Hoo(pl, p2)
can be found, in order to minimize the H., norm of the closed-loop LPV system
formed by the equations and (.30). Note that, the controller Kppy .. (p1, p2)

is given as:

| de | _ | Adlp) Belp) | | e
Kipviu.(p1:p2) : [ U } = [ Cu(p) 0 y | (4.30)
Finally using the polytopic approach detailed in section [4.3.1.1], the final controller,
Kipv/u. (p1, p2), is the weighted summation of each convex controller calculated on
each vertex of the polytope [Apkarian et al., 1995] such as:

KLPV/HOO (pla p2) - alKHoo (w1> + a2KHoo (w2) (4 31)
a3 Ky, (w3) + aaKyy (wa), '

as shown in Figure where each vertex represents an objective.

4.4.1.2 Decision Layer: p; and p, calculations

As said before, the decision layer is developed to monitor the controller according
to the driving situations. This layer delivers the scheduling parameters p; and ps
depending on the driver’s behavior (\) and the lateral stability index (S7) |Inagaki
et al., 1994], [Rajamani, 2012|. p; is similar to p given in Section p1 depends
on the driver’s behavior expressed by the parameter A\. Remember that A is function
of e, and DA, given as:

A=ley|+ (1 —DA) (4.32)

A has two rules, given as follows:
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Figure 4.21 — Polytopic Hoo controller

e When A < ), that means |e,| < e, and DA=1, the ADAS system (AFS) is
switched-off. o

e When A\ > ) that means |e,| > &, and/or DA=0, so the ADAS system
(AFS) should be switched-on, in order to compensate the driver’s errors and
unavailability.

According to this analysis, the scheduled gain p, feeds the LPV/H, controller the
sufficient information about the weights to be pushed or attenuated. p; has the
similar form of p, depending on A and presented by a “sigmoid” function (4.33)) (see

Figure 4.22)).

Pi-m

p1=p1+ Y (4.33)
Il+e 227 2
P1
p_l ______________ i i
1 1
1 1
1 1
] ]
] ]
o
P1 —~
Co
I
A1 A

Figure 4.22 — Scheduling parameter pq
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For the p, calculation, py depends on the lateral stability indicator SI. Let us
introduce the definition of the lateral stability indicator S1.

Lateral stability index SI:
The lateral stability index ST reflects the orientation of the vehicle depending on
the speed vector at the center of gravity (C'G), and its rate of change. ST is given
as (see [Hamdan et al., 2020]):

, (4.34)

ST = |18+ CQ/B

where ¢; and ¢y are estimated w.r.t the vehicle parameters and the shape of the
road. ST is between 0 and 1 in stable driving. ST determines the driving situations.
ST has two rules:

e When SI < SI (a predefined lower threshold depending on the roads
parameters and vehicle), the vehicle is in a normal driving situation (stable
region) and ADAS system for stability (DY C) is penalized .

e when SI > ST (a predefined higher threshold), the vehicle is in a critical
lateral stability region (unstable region) and a stability ADAS system (DY C)
is needed to be triggered to reestablish the lateral stability of the vehicle.

According to this discussion, p, is calculated based on the ST in order to provide
the LPV/H controller information about the weights to be pushed or attenuated.
The relation between py and ST is given through a “sigmoid" function (4.35]) (see
Fig. that guarantees a continuous and smooth variation of p,.

_ Pz—p2
P2 = P2 — : s (s7_5Lzs, (4.35)
+ e SI-SI

=
N
1
1
1
1
1
1
1
1
1
1
1
- ——————— - -

I
>

I SI 1 SI

95

Figure 4.23 — Scheduling parameter ps
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4.4.1.3 Actuator Layer:

The Actuator Layer contains the two actuators used to generate the physical control
inputs of the system. In the present work, the AF'S and the DY C have been used
to provide these inputs. The AF'S model developed in the Section [4.3.1.4] is used
to generate the corrective steering angle. Note that the total steering wheel angle is
given as:

6total = 5sw—h + 5;111)—(:7 (436)

where p; is implicitly expressed in §¢

sw—c*

Concerning the DY C actuator, the DY C' moment M, can be realized by applying
on the low-level a differential braking torque on one rear wheel (left of right) of
radius r [Hamdan et al., 2020|. The applied braking torque is given as follows:

( Tbr,,:—Q*MZ*T
{Tb _o T WMo,
Ir — Y
(4.37)
Tbr — 2x M, xr
{sz _o M0

where T'b;,. and Tb,.,. are the left and right differential braking torques respectively.
A simple model for the electro mechanical braking (EM B) actuator is used. The
EM B actuator is modeled as:

Tyy; = 21 fs (Do — Titry), (4.38)

where T}, follows T}, ., f5 is the actuator cut-off frequency. This actuator control
is bounded between [0, Ty, .|, where T is the saturation of the EM B actuator.

4.4.2 Decentralized Approach

In the decentralized approach, we decoupled the two objectives (trajectory tracking
and vehicle’s stability improvement) into two sub-control problems. The STSM
control technique is applied to provide the control inputs, such as: AF'S is responsible
on the control of the lateral error (e,); DY C is responsible on the control of
side slip angle (/3) to enhance stability. The global decentralized multilayer control
architecture is shown in Figure [£.24] The main difference w.r.t the centralized one
is in the control layer, where each controller generates his input by neglecting the
other. The inputs are: AFS control input d,,_. dedicated to minimize the lateral
error (e,) in order to follow the trajectory, and DY C control input M, is devoted
to control the side slip angle S to improve vehicle’s stability. However, the decision
and actuator layers are similar to the ones of the centralized approach, where the
decision layer generates the two weights: o and « function of A\ and ST respectively.
The aim of these gains is to promote/attenuate both ST'SM controllers depending
on driver’s behavior (A) and the lateral stability indicator (ST).
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4.4.2.1 Decentralized Control Layer synthesis: Super-twisting sliding
mode controllers

The control layer consists of two SISO STSM controllers generating the control
inputs. For that, the detailed STSM control technique given in Section [1.4.2] is
recalled here to find the control inputs: ds,_. and M,. The AFS provides the d4,_.
to minimize the lateral error e, and realize the path following. Note that, 05—, is
similar to ds,_qs given in Section [[.4.2] The DYC generates the yaw moment M, to
control the side slip angle $ and enhance the vehicle’s lateral stability.

The STSM-based AFS control synthesis model is similar to (4.24)), while
considering M, = 0, and thus, reducing B to its first column B;. The driver steering
input dg,_j is neglected in the synthesis model and it is fed-forward to the system.
The STSM-based DY C control synthesis model is similar to (4.24), while
considering d4,_. = 0, and thus, reducing B to its second column B,. The driver
steering input dg,_p is also neglected in the synthesis model.

] = (e 7]+ () o "

——— ——’
A Bs
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Let’s recall the second order system given as:
X = F(X.) + g(X, t)u(t) (4.41)

where X = [e,, 8]7, and f(X,t) = AX. In the case of the AF'S controller synthesis
g(X,t) = By and u = d4,_. as can be seen from (4.39). In the case of the DY C
controller synthesis g(X,t) = By and uw = M, as can be seen from (4.40)).

Let’s define E = [e,, eg] = [y —y*, Brey — B]” the error vector between the actual and
the desired states. y* and 3,.; = 0 are the desired lateral coordinate of the road and
the desired side slip angle respectively. e, is calculated by a Map Matching block at
a look-ahead distance [, (see Figure [1.24)), that localizes the vehicle on the reference
map.

Let’s define the two sliding variables for the two controllers as follows:

Se, = €y + Ayey, Ay >0

sg = ’}/(63 + /\56.@) /\ﬂ >0 (4.42)

where A, and A are positive constants. The sliding variable s., has a relative degree
equal to one w.r.t the control input d,_. (for the lateral dynamics) since b;; and
by are not zero as can be seen in the AF'S synthesis model of (4.39). Similarly, sg
has a relative degree of one w.r.t the control input M, since by is not zero as can be
seen in the DY C synthesis model of . Vs is a scheduling gain which varies
between 0 and 1, provided by the decision layer discussed later. When sy is equal
to 1, the DY C controller is promoted. When ~y(gy) is equal to 0, the DY C controller
is attenuated.

Thus, in order to achieve the convergence of the sliding variables to the sliding
surface defined by s = 0 and based on the Section the ST'SM control inputs
of the AF'S and the DY C are respectively given by:

Osw—e = —04571\3%9]”3@71(3%9) — Q0 fot sz’gn(%ﬁ)dﬂ
. t .
M, = —any, 1|sp|™:=sign(sg) — an. 2 [, sign(sg)dr,

(4.43)

where a1 and a2 (resp. any, 1 and ayy, o) are positive gains satisfying the conditions
of (1.46). 75 and 7, are constants in 0, 0.5]. The function sign is smoothed by the
approximation sign(s) = ‘s‘ﬁ, where ¢ is a positive small value.

The ST'SM control inputs guarantee the convergence of s., and sg in a finite time
to zero. Once s., = 0 and sg = 0, this means that y will converge to y* and the

side-slip angle 8 will converge to S,.s respectively.

4.4.2.2 Decision Layer: a and v calculation

Similar to the decision layer of the centralized approach, the decision layer of
the decentralized approach monitors all the control objectives based on some
monitoring criteria: the driver’s behavior (A) and the lateral stability index (ST).
Then, it calculates and sends instantly the values of o and 7 to relax/promote the
corresponding control objective depending on the vehicle situation.
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« is similar to the one given in 4.3.2.2] o depends on the driver’s behavior A.

e When A < ), that means |e,| < e, and DA=1, o approaches to 0 and the
ADAS system (AFS) is attenuated.

e When A > )\ that means |e,| > &, and/or DA=0, o approaches to 1 so the
ADAS system (AF'S) should be promoted.

A “sigmoid” function (4.44)) (see Figure 4.25)) governs the relation between o and A,
to ensure a continuous and smooth variation of a.

o= ! (4.44)

S(-22)

l+e 327 2

By the same way, 7 depends on the lateral stability index ST.

e When SI < SI, v approaches to 0 since no lateral stability risk and the
ADAS system (DY C) is penalized .

e When SI > SI, « approaches to 1 since the lateral stability risk is high and
the ADAS system (DY C) is promoted (activated).

A “sigmoid” function (4.45)) (see Figure [4.25)) governs the relation between ~ and
S1, to ensure a continuous and smooth variation of .

1
— _ 4.45
! 1+ eiﬁfﬂw[*%) )
“y Y
1 """"""""" : : 1 """""""" i 1
0 VA S N A
A A 1A SI SI 1 SI

Figure 4.25 — Scheduling gains a and ~
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4.4.2.3 Actuator Layer:

Similar to the actuator layer of the centralized approach, actuator layer is used in the
decentralized approach to generate the physical inputs d4,_. and M, of the system
(see Section |4.4.1.3). Remember that the final steering wheel angle is given in the

Equation

4.4.3 Centralized and decentralized architectures validation
and comparison (B)

This section is dedicated to validate and compare the centralized and decentralized
control architectures for two different scenarios, using Matlab/Simulink. The
simulation model of the full vehicle is developed and validated on "SCANeR Studio"
(OKtal) simulator. Both scenarios are defined later to solicit the two objectives: the
lane keeping and the lateral stability using the test track given in Figure 4.10] For
both scenarios, a comparison is done by integrating the proposed MIMO LPV/H,
(centralized) and the SISO Super-Twisting Sliding Mode (ST'SM)(decentralized)
controllers into the vehicle, and comparing it to a vehicle without ADAS, where the
controllers are not implemented (human driver without ADAS). Numerical values
of the controller parameters used in the simulation are provided in Table

Table 4.2 — Controllers’ Parameters for Simulation

Parameters Values
My = Ma; M3; Ay = Asgjeu;n 2;1;0.1 = 10%;0.01; 100
f1=f25fs = fa = fs; 11.15 Hz;10 Hz
C1;C2; 9.55;2.49
ey; ey A N S1; ST 0.5;0.7;0.5;0.7; 0.6; 0.7
P WPV 8;0.1;1
Qs 15785 Q5,2 0.1;0.5;0.01
QM 15 TM 5 XM, ,2 1000;0.5;0.1
P15 P15 P25 P2 0.01;1;0.45; 10
Sgw—c,mazi Thmaz 5°;1200 N.m
ls;ritr 3;0.3076;0.75

4.4.3.1 Scenario 1:

This scenario is defined to test and validate the proposed controllers which aim to
assist the driver in the lane keeping maneuver and improve the vehicle’s stability,
when needed, based on the decision monitoring. To do that, two errors are injected
between 35s and 50s and between 70s and 85s on the driver’s behavior at speed
60 km/h (see Figure [4.26), when he is no more available. The vehicle is deviated
from the lane and the ADAS system represented by the centralized or decentralized
controller, is activated to diminish the driver’s error (through AF'S) and retain
the lateral stability of the vehicle (through DY C). The simulation results show
the importance of having an ADAS system in the vehicle, compensating driver’s
error and enhancing vehicle’s stability. During this scenario, a comparison is done
between the vehicle without ADAS (where driver is alone), and with the proposed
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controllers i.e the driving with ADAS LPV/H centralized and the driving with
ADAS STSM decentralized controllers.

Longitudinal speed

80

- - -Desired speed
| | | | | |—STSM speed
0 10 20 30 40 50 60 70 80 90 100

Time [s]
Road Curvature

-0.04 ‘ L w L | | ‘ | [—Desired|
0 10 20 30 40 50 60 70 80 90 100
Time [s]

Figure 4.26 — The vehicle dynamic variables: speed and road curvature - Scenario 1

Lateral error

r —e, — Driver — Without — ADAS

ey — With — ADAS — LPV/H, — centralized
—e, — With — ADAS — STSM — decentralized
0 10 20 30 40 50 60 70 80 90 100
Time [s]

Figure 4.27 — The lateral error - Scenario 1

The Figure [£.27) shows the lateral error of: driver without ADAS, driving with
ADAS-LPV /H-centralized and driving with ADAS-ST'SM-decentralized. As we
can see, the errors are injected on the driver’s behavior between 35s and 50s and
between 70s and 85s. Both ADAS systems (LPV/H. and STSM controllers)
diminish this error (1m) caused by the driver on the curvy road (see Figure [£.26]).
Thus, the two controllers have achieved the assistance goal with acceptable accuracy
of lane keeping (e, between —60cm and 60cm, Figure [4.27)). However, Figure [£.27]
shows that the ADAS-STSM-decentralized controller is capable to diminish more
the lateral error e, to zero compared to the ADAS-LPV/H-centralized controller
that is less performant. Noting that the SISO STSM-AF'S controller realizes the
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Figure 4.29 — A; vs p and « - Scenario 1

lane keeping objective independently of SISO STSM-DY C controller that aims
to retain vehicle’s lateral stability (see Figure [£.24)), for this reason the ADAS-
STSM-decentralized controller is more performant w.r.t the ADAS-LPV/H -
centralized controller, because in the ADAS-ST S M-decentralized controller, there
is a separation between the actuators and the control objectives.

The two ADAS controllers are switched-on until t=50s, where \; > X (i = {1 :
ADAS — LPV/Hy — centralized,2 : ADAS — STSM — decentralized}) because
the driver’s availability DA is equal to 0 and the lateral error is more than €, (see
Figure [1.28). Remember that DA reflects the driver’s status (1 for available or 0 for
not available). Again at t=70s, an ADAS controller is still needed because there is
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a second error caused by the driver’s behavior and DA=0. The ADAS controllers
assist the driver until t=85s. At t—=8bs, the driver’s behavior returns normal and
DA=1, then the two ADAS controllers are switched-off.

The switching-on of the two ADAS — AF'S controllers can be explained by observing
the decision layer of each ADAS system architecture, in other words, the monitoring
criterion Ay and A,. Figure |4.29) shows the two parameters A\; and Ay, with the
corresponding scheduling parameter p; and the percentage of assistance a for the
LPV/Ho-centralized and the ST SM-decentralized ADAS system architectures
respectively. For A\; > X (resp. Ay > ), which means that the driver lost control
and the two ADAS — AFS controllers have switched-on to assist and help him.
When \; > )\, that means DA = 0 and/or e, is more than &, (resp. Ay > ),
especially between 35s and 50s and between 70s and 85s, the scheduling gain p;
of the LPV/H-centralized controller (resp. the percentage of assistance « of the
ST'SM-decentralized controller) is set to p; = p1 (resp. a = 1), which activates the
assistance. For the region, when A\; < A (resp. Ay < ), the scheduling gain p,
(resp. the percentage of assistance «) is set to p; = p; (resp. @ = 0), which means
the driver acts correctly and the ADAS — AF'S controllers are switched-off.

Based on this discussion, one can conclude that the ADAS — AFS controllers are
switched-on when needed in order to assist the driver. Refer to the Figure [£.29] the
two ADAS — AF'S controllers have almost the same behavior and they are able to
help the driver by compensating his errors.

Lateral stability index
—SI — Driver — Without — ADAS

SI — With — ADAS — LPV/H,, — centralized
—SI — With — ADAS — STSM — decentralized

Time [s]

Figure 4.30 — The lateral stability SI - Scenario 1

On the other hand, both control architectures have similar influence on the lateral
stability index ST as shown in the Figure[4.30] The vehicle’s lateral stability objective
is achieved by the two controllers in order to prevent an undesirable driving situation
(ST > 1). Noting that (STyihout—apas > 1) at t=22s for example, because the actual
longitudinal speed is higher than the desired one (see Figure [4.26).

However, refer to the Figures [4.30| and [4.27, the SI with ADAS-LPV/H.o-
centralized is less than S7 with ADAS-ST'SM-decentralized at t—22s (SILPV/HOC <
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Figure 4.32 — Weights «;-vertices controllers - Scenario 1

Slsrsa), but the lateral error with ADAS-LPV/H-centralized is bigger than
the lateral error with ADAS-STSM-decentralized (e,_rpv/n.. > ey_srsm at
t=22s). The reason is that the LPV/H., controller is a centralized controller which
compromises between the two objectives (lane keeping and stability enhancing),
but the decentralized controllers (Figure accomplish their role independently.
Another example, at t=60s, SIppy/n.. > Slsrsu due to the driving on a curvy
road (see Figure [1.26).

Figure shows the lateral SI with the corresponding scheduling parameter py
and the scheduling gain v of both control architectures. The lateral ST of the vehicle
without ADAS (driver without ADAS) exceeds SI = 1, which means that the
vehicle has lost its stability, while both control architectures have covered back the
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ST under ST = SI, and thus, they have succeeded to remain the vehicle stable
during the overall trajectory. Therefore, p; is chosen as p, = py (resp.  is chosen as
v = 1) when ST > ST for the lateral stability enhancement through the activation
of differential braking actuator (DY C). When SI < SI, py (resp. v) deviates to
p2 = pa (resp v = 0) which means the deactivation of the differential braking
actuator (DY ('), and there is no risk of lateral stability.

Concerning the centralized LPV/H ., ADAS system control architecture, the choice
and the tuning of the parameters p; and p, (Figure is not obvious since the
LPV/H controller aims to compromise between the different control objectives in
order to give an optimal result. Many simulations with tuning of these parameters
are done to get the optimal ones. The different weights «; (Equation are given
in the Figure [4.32] They correspond to the controllers vertices of Figure [4.21

Steering wheel Angles

_6sw7h
8 6sw—CLPV/Hx7centralized
6l _6Sw*CST5]\/Ifdecentmlized

’ 0 10 20 30 40 50 60 70 80 90 100
Time [s]

Figure 4.33 — The different steering wheel angles - Scenario 1
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0 10 20 30 40 50 60 70 80 90 100
Time [s]

Figure 4.34 — The different total steering wheel angles - Scenario 1

Figure [4.33[shows the human driver steering angle d,,,_, and the AF'S steering angle
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dsw—e Of both controllers: the LPV/H.-centralized and the ST'SM-decentralized
respectively on the steering wheels. One can notice that, the both controllers provide
almost the similar steering angle, with some additional oscillations of ST'SM-
decentralized controller. The two controllers are in conflict with the driver between
35s and 50s and between 70s and 85s in order to compensate his errors. The
different total Steering ang1651 (StotalLPV/Hoo—cent'r'alized and 5totalSTSMfdecentralized are
given in the Figure As we can notice, oscillations appear more with the ST.SM-
decentralized than the LPV/H-centralized controller. Moreover, the advantage of
using STSM control technique is that it is simple and easy to implement with a
low cost. However, the point of weakness of this technique is the oscillation and
chattering. Figure [4.35] shows the braking of the FM B at the left and right rear
wheels. The L PV /H -centralized controller activates a little bit more the braking to
compromise between the different objectives of the centralized controller, on contrary
to the ST'S M-decentralized controller which activates the braking only to cover back
the lateral stability when necessary. Finally, Figure [4.26/shows the longitudinal speed
tracking to the desired one through the STSM longitudinal controller, the road
curvature of the desired trajectory. The lateral and longitudinal accelerations are
given in the Figure . The lateral acceleration does not exceed the +=5m/s?, and
the actual longitudinal acceleration is pertinent (< 4+2m/s?) which demonstrate a
comfortable and stable driving maneuver.

Braking torques
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Figure 4.35 — The braking torques - Scenario 1
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Figure 4.36 — The vehicle dynamic variables: lateral and longitudinal accelerations -
Scenario 1

4.4.3.2 Scenario 2:

Similar to the scenario 1, a second scenario is defined to treat the case of
inappropriate behavior of the human driver when he is destroyed on a curvy road,
where the lateral stability is more solicited. For that, the errors are injected on
the driver’s behavior between 9s and 23s and between 40s and 70s where the road
is curvy at a speed 60 Km/h (see Figure [4.37). The different lateral errors of:
driver without ADAS, driving with ADAS-LPV /H -centralized and driving with
ADAS-STSM-decentralized are shown in the Figure [£.3§ e, is between —45cm
and 45c¢m for the two ADAS systems (centralized and decentralized), that means
both controllers are capable to diminish the error (1.1m, without ADAS) caused by
the driver on the curvy road. However, the results show that the ADAS-STSM-
decentralized controller is more performant to follow the trajectory compared to the
LPV/H-centralized controller (e,_srsym<ey—rpv/u. for the intervals [9s; 23s| and
[40s; 70s]).

For the region of errors of the driver (|9s; 23s| and [40s; 70s]), the two ADAS
controllers are activated because A\; o > ) as given in the Figure M Figure @
shows the different parameters related to the activation of both ADAS controllers.
This activation can be decided through the decision layer of the ADAS system
architectures, that monitors the driver’s behavior A; and A, (function of e, and
DA), and calculates the corresponding scheduling parameter p; (centralized) and
the percentage of assistance a (decentralized)(see Figure [£.40)).

For the intervals [9s; 23s| and [40s; 70s|, where A; > X (resp. Ay > )), the scheduling
gain p; of the LPV/H -centralized controller (resp. the percentage of assistance «
of the ST'SM-decentralized controller) is chosen as p; = p7 (resp. « is chosen as
a = 1), in order to promote the lane keeping assistance objective (Figure . For
the region, when \; < A (resp. Ay < ), the scheduling gain p; (resp. the percentage
of assistance «) is chosen as p; = p; (resp. « is chosen as = 0), which means the
lane keeping assistance objective is attenuated and the ADAS — AFS controllers



44. CENTRALIZED VS DECENTRALIZED ADVANCED DRIVING ASSISTANCE (ADAS)
SYSTEM (B) 123

Longitudinal speed
80— g p

v, [km/h]

- - -Desired speed
0 I I I I I I I | |~—STSM speed

0 10 20 30 40 50 60 70 80 90 100
Time [s]
Road Curvature
0.02
— 0
E
S.0.02
0.04 I I I I I I I I —Desired
0 10 20 30 40 50 60 70 80 90 100
Time [s]

Figure 4.37 — The vehicle dynamic variables: speed and road curvature - Scenario 2
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Figure 4.40 — A\; vs p and « - Scenario 2

are deactivated. Based on the Figure the two ADAS — AF'S controllers have
the same behavior w.r.t the time of activation and deactivation.

Figures [4.41] and [4.42] show the lateral stability index ST with the corresponding
scheduling parameter p, and the scheduling gain v of both control architectures. The
lateral ST is covered back to SI = SI by the act of using ADAS — DY C controllers
in both control architectures. Both controllers have almost similar influence on the
S1. However, at t=60s, the ST with ADAS-LPV /H.-centralized is higher than ST
with ADAS-STSM-decentralized (SIppy/n. > Slsrsm), because the LPV/H,
controller is a centralized controller that compromises between control objectives
on a curvy road (see Figure to find the optimal solution. Therefore, when
SI > SI, py is set to py = py (resp. v = 1) in order to promote the lateral stability
through the activation of differential braking actuators (DY C). When ST < SI,
p2 (resp. ) deviates to ps = pz (resp v = 0) which means the differential braking
actuators (DY C) are switched-off, and the lateral stability objective is relaxed. The
fluctuations of the different weights «; are given in the Figure [1.43]

Figure shows the driver steering angle d4,_, and the AF'S steering angle
dsw—e Of both controllers: the LPV/H.-centralized and the ST'SM-decentralized
respectively on the steering wheels. One can notice that the both controllers provide
almost the similar steering angle, with some additional chattering of ST'SM-
decentralized controller. The two controllers are in conflict with the human driver
between 9s and 23s and between 40s and 70s in order to compensate his errors. The
different total Steering angles 5totalLPV/Hoo—cent'ralized and 6totalSTSMfdecentralized are
given in the Figure [1.45] As we can notice, oscillations and some chattering appear
more with the ST'SM-decentralized than the L PV /H -centralized controller. Thus,
that is a drawback of using STSM control technique. Figure [4.46] shows the
braking of the EM B at the left and right rear wheels. The LPV/H-centralized
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Figure 4.42 — S1 vs py and + - Scenario 2

controller activates a little bit more the braking to compromise between the
different objectives of centralized controller, compared to the ST'SM-decentralized
controller which activates the braking only when necessary. Finally, Figure
shows the longitudinal speed tracking to the desired one through the STSM
longitudinal controller, the road curvature of the desired trajectory and the lateral
and longitudinal accelerations are given in the Figure [4.47] The lateral acceleration
does not exceed the +5m/s?, and the actual longitudinal acceleration is pertinent
(< £2m/s?) which guarantee a comfortable and safe driving maneuver.

We can conclude from the results of the two scenarios discussed above that the sliding
mode control technique is a promising, simple, intuitive, robust and practical control
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Figure 4.43 — Weights «;-vertices controllers - Scenario 2
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Figure 4.44 — The different steering wheel angles - Scenario 2

technique, with high quality of performance, quick computational time and low cost.
However, its main drawback is the chattering and oscillations while guaranteeing
only the local sub-systems closed-loop stability. Concerning the LPV/H, control
technique, it is complex, optimal, applicable to problems with multivariable systems
and robust technique with very high quality of performance, slower computational
time, and high cost. Moreover, this technique is more performant in terms of reducing
chattering and oscillations, and more relevant to handle a complex system while
guaranteeing the global system closed-loop stability. However, the choice and the
tuning of the parameters p; and py (Figure is not obvious in order to give
optimal results, since the LPV/H,, controller aims to compromise between the
different control objectives, using multi-inputs. For that, many different performed
tests and scenarios are done during the tuning of these parameters for scenarios 1
and 2 treated above. Thus, the optimal and performant results for scenarios 1 and
2 are integrated and discussed in this work.
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4.5 Simulation-based evaluation and discussion

In order to discuss the evaluation of the proposed control architectures with respect
to the choosing of thresholds for the activation of ADAS systems (Active Front
Steering (AF'S)), the scenario 1 used in the Section is conducted here with
the different values of A and A (Equation . Let’s define three cases: a, b and c to
analyze the evaluation of the controllers w.r.t the variable A. Each case corresponds
to some defined values of A and X given as: a){0.25m;0.45m}, b){0.4m;0.6m} and
¢){0.5m;0.7m}. Our hypotheses are:

e Hypothesis 1: the decrease of the lower threshold A\ of A for the activation of
the ADAS system leads to an increase in the performance of the lane keeping
system.

e Hypothesis 2: the lane keeping objective and the lateral stability enhancement
are inversely dependent, that means more we increase the weight on the lane
keeping objective, the lateral stability enhancement is penalized.

The hypothesis 1 is verified for both control architectures (centralized and decen-
tralized). As we can see, in the Figures and ey(a) < ey(b) < ey(c) for both
architectures because e,(a)<e,(b)<e,(c). Thus, more the value of )\ is small (lower
threshold of activation of the_ADAgsystem), more the performance of the ADAS
lane keeping system is improved.

By observing the Figures & and Figures & respectively, we

can notice for the regions where e, is smaller, the value of SI is higher for both
centralized and decentralized architectures. For example, around t=10s;30s; 60s,
when e,(a) < e,(b) < ey(c), thus SI(a) > SI(b) > SI(c). This observation confirms
the hypothesis 2 which describes the evaluation of e, w.r.t ST in critical situations.

To summarize, many different performed tests and scenarios are done during the
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Figure 4.48 — Centralized LPV/H architecture - e, comparison
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tuning of A\ and X in order to obtain the optimal results. Noting that the optimal
results of scenarios 1 and 2 are illustrated and represented in the Section
corresponding to the case ¢){A = 0.5m; A = 0.7m}.
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Figure 4.49 — Centralized LPV/H architecture - SI comparison
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Figure 4.51 — Decentralized STSM architecture - SI comparison

4.6 Controllers performance comparison

In order to address the advantage of having a Direct Yaw Controller (DY C) in
the ADAS system that enhances the vehicle’s lateral stability, a comparison is
carried on in this work. The comparison is done between the SISO LPV/H
controller (see Figure and the MIMO LPV/H centralized controller involving
AFS and DYC (see Figure by using the same scenario 1 of Section [£.4.3]
During this study, the values of the scheduling gains (given in Tables and
remain the same. A and X are equal to 0.5m and 0.7m respectively. The
results show that the SISO LPV/H. controller is more performant in terms
of diminishing e, compared to the second controller, despite the weak lateral
stability. However, the MIMO LPV/H., centralized controller is the optimal
one because he compromises between two control objectives and realizes a lane
keeping maneuver while guaranteeing the lateral stability of the vehicle. Figure
4.52] and Figure [4.53] show the lateral error ey and the lateral stability SI of:
driver without ADAS, driving with ADAS-SISO LPV/H. and driving with
ADAS-MIMO LPV/H.-centralized. As shown in these figures, around t=22s, the
lateral error of the SISO LPV/H., controller is less than the lateral error of the
MIMO LPV/H controller, and Cy—LPV/Hoo < C€y—LPV/Heoo—centralized- HHOWeVer, the
lateral stability index ST of the SISO LPV/H controller is higher than the ST of
the MIMO LPV/H controller around t=22s (thanks to the DY C' in the ADAS-
MIMO LPV/H-centralized architecture) and SIppy/u.. > SILpv/m.. —centratized
and again the hypothesis 2 of the Section is justified.

A similar comparison is also done between the SISO Super-Twisting Sliding Mode
(STSM) controller (see Figure and the two SISO STSM controllers in the
decentralized approach involving AFS and DY C (see Figure by using the
same scenario 1 of Section This comparison shows the advantage of having a
Direct Yaw Controller (DY C) in the ADAS system architecture that stabilizes
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the vehicle. The values of the different parameters of the controllers are given
in the Table The results show that the SISO Super-Twisting Sliding Mode
(STSM) controller is more able to diminish the lateral error e, compared to
the decentralized approach without guaranteeing of the vehicle’s lateral stability.
However, the two SISO STSM controllers (ADAS-STSM decentralized approach)
are more performant where the lane keeping is done with an enhancement of the
lateral stability of the vehicle. The lateral error ey and the lateral stability S1 of:
driver without ADAS, driving with ADAS-STSM and driving with ADAS-STS M-
decentralized are given Figure and Figure Refer to these figures, around
t=255;30s, ey_apas—srsm < €y—ADAS—STSM—decentralized and the ADAS SISO
Super-Twisting Sliding Mode (ST'SM) controller is more performant compared to
the ADAS-ST'S M-decentralized. However, the AD AS-STSM-decentralized is more
performant in terms diminishing S1 compared to the ADAS SISO ST SM controller
and S]ADAS—STSM > S[ADAS—STSM—decentralized around t:258; 30s. Again the results
confirm the advantage of using a DY C' ADAS system to stabilize thee vehicle.
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4.7 Conclusion and perspectives

To conclude, a development of Advanced Driving Assistance Systems is detailed in
this chapter for the lane keeping maneuver and the vehicle’s lateral stability enhance-
ment. The different driving modes including the ADAS systems have been developed
in this work. Two control approaches: the LPV/H, and the Super-Twisting Sliding
Mode (STSM) control approaches are detailed to develop the controllers of the
lane keeping AD AS systems. Then a centralized and decentralized Advanced Driving
Assistance System (ADAS) architectures have been proposed involving Active Front
Steering (AF'S) and Direct Yaw Control (DY C), to deal with two control objectives:
the lane keeping and the vehicle’s lateral stability. The proposed controllers are
validated by using Matlab/Simulink with a complete nonlinear model of the vehicle
validated on “SCANeR Studio" (OKtal) professional simulator, and a comparison
is done between them. Results show the effectiveness and the performance of the
proposed ADAS systems, and an almost similar performance of the centralized
architecture with its decentralized equivalent. However, decentralized architecture
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is simpler and easier to tune and implement than centralized controller. Hence, the
decentralized architecture could be much more interesting from an engineering point
of view.






Conclusion and Perspectives

In this final chapter, we summarize the main contributions done during the thesis.
We then suggest some ideas for our future work and studies.

Conclusion

After reviewing the state of the art about the levels of autonomy, the shared control
and the advanced driving assistance systems (ADAS), a new shared lateral control
for lane keeping maneuver is treated in this thesis to deal with the transition
management and authority between the driver and the autonomous system (level
3) (part I). Moreover, we have developed many ADAS systems considering many
control objectives to help and assist the driver when keeping the lane (level 2)(part
I1).

In this thesis, the main contributions are:

e Development of the global shared lateral control architecture in order to
prepare the environment work. The driver model and the autonomous system
are developed and validated on Matlab/Simulink with a complete nonlinear
vehicle model validated on the "SCANeR Studio" simulator. This shared
control aims to blend the inputs of both agents (human driver and autonomous
system).

e Development of two shared lateral control architectures. Different criteria have
been defined to be integrated in the decision-making process, such as: the
degree of confidence of each input, the lateral error, the driver’s availability,
the driver’s behavior and the take over request (I'OR). Then, development
of many decision-making algorithms to determine the control authority and
shifting between the two agents, and finally to calculate the fusion parameter.
Definition of different cases studies and scenarios to test and validate our
proposed shared control approaches. The two architectures are:

¢ A shared lateral control architecture based on a Fuzzy Logic Controller
(FLC) and a situation-based analysis block for decision making and con-
trol authority allocation between the human driver and the autonomous
system. The aim of this shared control is to manage the control authority
in an autonomous system failure context.
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¢ A shared lateral control architecture based on a transition system and a
coordinator-based block for decision making and transition management
between both agents in a take over request (TOR) context.

e Validation and implementation of the proposed shared lateral control architec-
tures on Matlab/Simulink and on the "SCANeR Studio" vehicle’s simulator
(OKTAL) interacted with the human in-the-loop through the " Logitech G29"
steering wheel for the different driving situations.

e Development of many Advanced Driving Assistance System (ADAS) (level
2) involving the Active Front Steering (AFS) and Direct Yaw Control
(DY C) based on many control techniques: the LPV/H., and the Super-
Twisting Sliding Mode ST'SM. These systems aim to help the driver during
lane keeping, keep the vehicle’s lateral stability and guarantee safety and
driving comfort. Moreover, validation and implementation of these systems
on Matlab/Simulink with a complete nonlinear vehicle model validated on the
"SCANeR Studio" simulator where a comparison is done between the different
proposed ADAS systems and architectures.

To conclude, the transition and the control authority between the two agents
in the framework of shared lateral control is carried out in this thesis. The
developed decision-making algorithms proved a smooth and safe transitions between
both agents, when switching during a lane keeping maneuver. The simulation
and experiment results illustrate the safe and good performance of the different
proposed methods for shared lateral control. Finally, the lane keeping objective while
guaranteeing the vehicle’s stability is done through the different developed ADAS
systems where many comparisons are done to show the effectiveness in terms of
performance and robustness of each proposed architecture.

Perspectives
In the future works, we will:

e Consider other criteria to prove the effectiveness of the decision making process
especially during the transition phase.

e Develop a learning-based decision layer for ADAS architectures to cover
more driving situations. The learning process can be done by simulations and
experiments, what is more precise than tuned parameters.

e Consider more complex maneuvers to assist and help the driver, like overtak-
ing, collision avoidance, etc.

e Validate the different architectures of ADAS systems on the "SCANeR
Studio" simulator which help the driver acting on the vehicle’s control through
the "Logitech G29" steering wheel.
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e Integrate a Human-machine interface that permits a direct interaction between
the system and the human driver and facilitates the exchange of information
between them.

e Develop a Model Predictive Control (M PC') to predict the driver’s behavior
for some horizon. It could be useful in the shared control framework.






Appendices

.1 Robotic Formalism Model

The vehicle model is based on a robotic formalism model presented in [Chebly et al.,
2019|, [Chebly, 2017]. However, to simplify the controller design, some assumptions
are given in [Chebly et al., 2019]. With all assumptions, the reduced vehicle model
used to establish control laws, can be written as:

Tnej5 - m?/@D + L3¢2 + Faero

+0(2C,, 0 — 2Caf%) =0

mij + mit) — Lyt |

+ QCaf% a% =g (46)
I39) + 2Lfcaf%

- eroa,.% — Ly(ji+ 1) = g4

where x and y are the longitudinal and the lateral positions of the vehicle at its
center of gravity (COG). ¢ is the yaw angle. Fi.,, is the longitudinal aerodynamic
force. me, g1, g2 and g3 are given by:

me = m + 42 ,
i Rgff
g1 = Tl;fa L
gQ = (2Caf - 2R21;fx)57
Evp(y+L
g3 = Lysgo + (—%Caf%%%))d

The control inputs to the vehicle are the steering wheel angle, §, and the
Driving/Braking wheels torque 7,,. More details about the vehicle parameters are
given in |Chebly et al., 2019).
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.2 Bicycle Model

all == —(Cf + Cr)/(m * ‘/ZL‘)?

a2 = —(1+ (Iy x Cp = 1, x Cp)) [(m = V), (47)
CL21 e _(lf * Of - l'r * CT‘)/IZ7

Q9o = _(lf‘ «Cr+ 2% C) /(1 + Vy),

bin = Cy/(m*Vy),

by = (ly % Cy)/ 1L, (48)
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