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Abstract

The ever-increasing road transport demand in the developing and the developed world has
resulted in road-traffic networks nearing maximum capacity. Traditional approaches to this
problem, such as increasing road capacity, do not offer long-term solutions. Combined with
rising environmental concerns, the demand for smarter solutions has never been higher. One
such solution, which has gained significant ground in the past decades, is automated vehicle
platooning.

A vehicle platoon is an interconnected dynamical system consisting of automated vehicles
driving in close proximity, coordinating their movement through measurements and sometimes
inter-vehicular communication. By allowing driving in close proximity, platoons have the
potential to increase road capacity, whilst reducing fuel consumption. Platoons are subject
to safety and performance requirements. In order to meet these requirements the vehicle
platoon needs be string stable, such that effects of disturbances are not amplified in the
upstream direction of the string of vehicles. String-stable platoons also help preventing ghost
traffic jams, typically caused by human driver behaviour. Advancements in vehicle platooning
research have mostly been concerned with longitudinal automation, and consequently with
longitudinal string stability. However, driving at small inter-vehicular gaps also requires
lateral automation. Naturally, this means that string stability in the lateral sense is required.

Therefore, the objective of this MSc thesis is to develop a lateral control method for automated
vehicle platoons that yield string-stable behaviour. In the first part, an error model based on
a vehicle-following control strategy, which uses vehicle path following, is derived. This model
is then used to describe the path-following problem within a platoon. In the second part, a
control strategy is proposed using the Ho, framework, such that path following and lateral
string stability are guaranteed a-priori.

The robustness properties and the performance of the designed controller are analysed by
means of frequency-domain analysis and time-domain simulations. Finally, path following
and the string-stability properties of the controller have been validated experimentally. The
experiments performed confirm the theoretical analysis, thereby showing that lateral string
stability is obtainable using the proposed method.
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Chapter 1

Introduction

1-1 Cooperative driving

The rise of developing countries in the world economy, and the continuing economical growth
of the developed world has led to an increase in traffic demand. As a result, the existing
road-traffic networks are nearing maximum capacity. Since this demand is expected to keep
increasing, the existing infrastructure will not be able to provide sufficient capacity [3]. The
traditional approach of increasing physical road capacity does not offer a long-term solution
[4]. With this knowledge in mind, combined with rising environmental concerns and the desire
to increase traffic safety, the demand for smarter solutions has never been higher.

A smart solution would be to better utilise the existing road capacity through the increase of
road throughput. It is possible to increase road throughput by reducing inter-vehicular dis-
tances without reducing operating speeds, whilst also maintaining equal accelerations, thereby
avoiding phenomena such as ghost traffic jams. Unfortunately, these requirements can not
be met by the human driver; the “human controller” is simply not fast nor accurate enough.
Hence automation is required, which has led to the emergence of Intelligent Transportation
Systems (ITS) in the past decades.

The added benefit of automating vehicles, is the increase in safety on the road. It was reported
that the majority of traffic accidents are due to preventable human errors [5]. Casualties
caused by inattentive, fatigued, and reckless drivers could be eliminated through full vehicle
automation. The market-ready vehicles equipped with automated systems, are mostly still
at level 1 with a few exceptions at level 2 of automation [6]. These systems can take over
longitudinal and lateral control within predefined driving conditions. A promising level 2 ITS
application, which has gained significant ground in the past decades, is vehicle platooning.

A vehicle platoon is best described as an interconnected dynamical system consisting of a
group of vehicles driving in close proximity, coordinating their movement through measure-
ments and sometimes inter-vehicular communication. Within a platoon, one can distinguish
two types of platoon members, the leading vehicle and the following vehicles. Typically, the
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2 Introduction

leading vehicle is human driven and the following vehicles are automated in longitudinal direc-
tion. Platooning is often facilitated using inter-vehicular communication, however, it should
also be possible without, e.g., in case of communication failure. Platooning not only increases
road throughput but also has the potential to increase fuel efficiency, truck platooning being
a good example thereof [7, 8].

Several research projects [1, 9, 10, 11, 12, 13] have been able to achieve safe platooning, albeit
that most projects were concerned with longitudinal automation only, i.e., manual steering is
still required. Commonly, platooning is facilitated by Cooperative Adaptive Cruise Control
(CACC). CACC is an extension to Adaptive Cruise Control (ACC), widely implemented in
consumer cars, that uses Vehicle-to-Vehicle (V2V) communication to maintain operational
safety whilst allowing for smaller gaps/ headways on the road.

A phenomenon that does not occur in “regular” dynamic systems, which has to be accounted
for in interconnected systems, is the propagation of disturbances in upstream direction of the
string of interconnected subsystems. The amplification of these disturbances in the case of a
vehicle string, may compromise safety or cause traffic flow instability, which is the reason for
ghost traffic jams on motorways. Preventing the amplification of these disturbances up the
string of vehicles is therefore a prerequisite for vehicle platooning. The stability of platoons
against disturbances, is described by the notion of string stability, and is arguably the most
important property of a platoon.

In contrast to the progress made in platooning with only longitudinal automation, advance-
ments in platooning with lateral automation have been slow. At lower speeds, it is still
possible to perform lateral manoeuvres within a platoon using a human operator. However,
at higher velocities and at small time gaps, manual operation becomes unsafe [14]; the time
gap refers to the time required to bridge the distance to the preceding vehicle. Naturally, the
next evolutionary step would be the development of control methods for lateral automation
within a platoon. Several research projects have devised methods for lateral automated driv-
ing [11, 12, 13, 15, 16, 17], successfully achieving lateral automation for a single vehicle. The
implementation for platooning applications, however, has not been as heavily researched.

For lateral control, the objective is for the vehicle to follow a desired path by means of steering.
There exist two main approaches to generate a reference for lateral control, those being
lanekeeping and vehicle-following methods. Lanekeeping methods rely on the detection of lane
markings to calculate the position of the lane’s centerline, yielding an absolute reference for
lateral control. As a result, the platoon members are not interconnected in the lateral sense.
However, not all roads have clear road markings, and for smaller inter-vehicular distances it
is not possible to detect the lane-markings reliably [13], thus, leaving vehicle following as the
only viable option for lateral automation within a platoon. By using this approach, the lateral
dynamics of the platoon members become interconnected. Meaning that any disturbances in
the lateral motion of the leading vehicles will be amplified in the upstream direction of the
platoon. This could lead to the following vehicles ending up in neighbouring lanes, potentially
causing collisions with neighbouring traffic. To guarantee safe platooning, it is required that
this system is string stable in the lateral sense.
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Figure 1-1: An illustration of a vehicle platoon [1].

1-2 Background for lateral control for cooperative driving

Whilst many strategies exist for lateral control, the majority of those have been developed
for autonomous driving and are not suitable for platooning applications. Phenomenona that
occur in an interconnected system, such as string (in-)stability, have to be accounted for during
the design process. Furthermore, the deployed control strategy will dictate the behaviour of
the following vehicles, e.g., the occurrence of the corner cutting phenomenon [18]. This section
will therefore highlight the most important aspects with regards to the lateral control problem
within a platoon, and attempts to quantify them. First, Section 1-2-1 will give a description
of the motorway platooning scenario. Next, Section 1-2-2 will provide the approaches to
the vehicle-following problem and argue their applicability for the set objective. Finally,
in Section 1-2-3, the notion of string stability in both the general and lateral sense will be
introduced.

1-2-1 Motorway platooning

This section aims to provide a comprehensive description of the motorway platooning scenario.
Generally, a platoon consists of a group of vehicles that travel in a coordinated manner, with
close proximity to each other. When all the vehicles in a platoon are identical, i.e., have
same dynamics and controller, the platoon is said to be homogeneous. For platooning to be
possible, system states of platoon members are used to determine an appropriate following
strategy. States that could possibly be of interest may include a platoon member’s steering
input, their acceleration and velocity. The collection of these states is usually facilitated by
on-board sensors and wireless inter-vehicular communication.

The objective of the follower vehicles is to follow the path driven by the leading vehicle whilst
maintaining a predefined inter-vehicular separation distance. Figure 1-1 serves to illustrate
what a vehicle platoon looks like. In this figure, the leading platoon member is illustrated as
vehicle ¢ — 1. The inter-vehicular distance that separates the vehicles is given by d;.

1-2-2 The vehicle following problem

The method deployed for vehicle following determines the general behaviour of the platoon
members. In this section, the most commonly deployed methods for vehicle following used to
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Reference path

A

Driven path

//

Direct vehicle following Path following

Figure 1-2: An illustration of the direct vehicle-following method (left) and the path-following
method (right).

achieve lateral automation will be highlighted. Based on the system requirements, it will be
argued why deploying one method over the other would be more beneficial.

Two main approaches to vehicle following can be distinguished, being direct vehicle-following
and the path-based vehicle-following approaches. In Figure 1-2, both approaches have been
illustrated. The direct-following approach is the simplest solution to the vehicle following
problem. As a result thereof, it is also the most encountered one in literature [11, 19, 13, 20].
The objective for this concept is to steer towards a reference located on the preceding vehicle.
This reference is the relative position of the preceding vehicle as measured from the trailing
vehicle. Often this reference is chosen to be a point on the rear bumper of the preceding
vehicle. The problems that arise with this approach is that the path driven by the following
vehicle will not be equal to the one driven by the preceding vehicle. This could lead to corner-
cutting phenomena, which are undesirable for platooning, especially when the platoons are
long, as it would lead to potentially hazardous situations.

The second strategy is the path-based vehicle-following method [21, 17]. In this approach,
measurements of the relative position and states of the preceding vehicle are obtained. These
measurements, are used to construct an estimate of the path driven by the preceding vehi-
cle, which is typically done using interpolation techniques. The drawback of this approach,
however, is that it increases the complexity of the system. But when deployed properly, this
approach does not suffer from the same corner-cutting phenomenon as in the vehicle following
approach.

1.O.M.A.E.E. Hassanain Master of Science Thesis



1-2 Background for lateral control for cooperative driving 5

1-2-3 String Stability: A comprehensive Overview

When dealing with interconnected dynamical systems, string stability becomes a matter of
concern. String stability differs from conventional stability, in that it is concerned with the
propagation of system responses along a string of interconnected systems, instead of with
the dynamics of individual systems. String stability is the primary performance criterion
for platooning, as a string-stable platoon guarantees that initially bounded spacing errors
will remain bounded, thereby enabling safe platooning. Moreover, string-stable platoons
are desired to prevent ghost traffic jams on motorways. The stability of an individual sub-
system does not necessarily warrant the string stability of the interconnected system, even
if the system consists of identical sub-systems. In regular motorway traflic, string instability
is often encountered, also with human operated vehicles. The “human controller” can be
described as a stabilising controller, however, applying this “controller” yields a string unstable
interconnected system. This often results in so-called ghost traffic jams, which are congestions
that appear on the motorway for no apparent reason. The upcoming paragraphs will attempt
to summarise the most prevalent definitions encountered in literature.

String stability has been studied from as early as 1974 [22]. In an informal approach, [23] ar-
gued that string stability, within the context of platooning, should ensure that, “disturbances
in all frequency ranges are attenuated along the platoon to ensure that they do not became
unreasonably large by the end”. Accordingly, [23] referred to (asymptotic) string stability as
the “monotonic decrease along the platoon”. This (asymptotic) stability, is not a by-product
of a “good” controller, but should be accounted for during controller design. Later on, in their
work on Autonomous Intelligent Cruise Control (AICC), [24] referred to this phenomenon as
the “slinky effect”. Within the context of autonomous driving, this referred to the “amplifi-
cation of disturbances in the values of deviation, velocities and accelerations of the following
vehicles” [24].

Having established the most prevalent descriptions of string stability, as they have been
encountered in literature, one can formulate a general definition for string stability. Fun-
damentally, the different definitions that have been discussed attempt to describe a system
property that prevents the propagation of variations in system states through the string of
interconnected systems. This definition will be maintained when “string stability” is referred
to in the remainder of this report.

A mathematical definition for string stability

In this section, the mathematical definition for string stability will be introduced, such that the
string-stability criterion can be quantified. In [25], a general definition for the string stability
of interconnected systems was formulated. This definition was based on the propagation of
initial conditions perturbations, in which they consider systems of the following form:

& = f(@i, Tim1, 0 Timrg1), (1-1)
where i € Z, 2; =0Vi <0,z € R", f: R" x--- xR" — R"™ and f(0,---,0) = 0, with Z
—_—
r times

being the set of all integers and R™ the real vector space of size n. For systems of the form
(1-1), the following definition for string stability is derived.
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Definition 1. [25] The origin x; = 0, i € Z of the system (1-1) is L, string stable if for all
€ > 030 > 0 such that,

=) 1
(0, < & = sup (S lei)l)” <«

i=1

where for all p < oo, [f;]|, denotes ([~ \fi(t)\pdt)% and || £;(0)[|, denotes (372, \fZ(O)\p)%
Definition 1 presents the so-called £, string stability condition. This definition implies that
for bounded initial states smaller than §, of the interconnected system, the states remain
bounded with a value smaller than €, for all times . This definition, however, does not
take the directionality of the error propagation into account. Moreover, the input-output
behaviour of the interconnected system is not included in the system description.

In [1] a novel definition of string stability, based on L), string stability, is presented, which
addresses the shortcomings of the definition in [25]. First the following cascaded system is
defined

&0 = fr(xo,ur)
& = fi(zi, xiz1), i € Sy, (1-2)
Y; = h({L‘@), 1€ Sm,

describing a general interconnected (cascaded) system. Herein S, = {i € Z |1 < i < m}
is the set of all vehicles in a platoon of length m € Z, u, € R? denotes the external input,
r; € R", i € S, U{0}, is the state vector, and y; € R!, i € S,,, is the output. Furthermore,
fr:R"xRZ+— R™, f; : R" x R" = R™, i € S,,, and h : R" +— R'. For the model in (1-2) the
following string stability condition is proposed.

Definition 2. [1] Consider the interconnected system (1-2). Let x1 = (28, 2T,...,2L) be
the lumped state vector and let z1 = (z},...,xL) denote a constant equilibrium solution of

(1-2) for u, = 0. The system of (1-2) is L, string stable if there exist class K functions o
and B, such that, for any initial state 2(0) € RO and any u, € L,

lyi(t) — h(Zo)lz, < alllur(t)llz,) + B([x(0) — Z), Vi € Spy andV m € Z.
If, in addition, with x(0) = z, it also holds that

lyi(t) — h(Zo)llz, < llyi-1(t) = h(Zo)llz, , Vi€ Sm|{1} and¥Vm € Z|{1},
then the system (1-2) is strictly L, string stable with respect to its input u,(t).

Here, [|-[| denotes any vector norm, |[-[|, ~denotes the signal p-norm [26], and L] is the
g-dimensional space of vector signals that are bounded in the £, sense. Furthermore, a
continuous function o : R>g — R>¢ is said to belong to class K if it is strictly increasing and
a(0) =0.

Through the class K function a(||lur(t)[/; ), Definition 2 takes external disturbances into
account. Furthermore, by including the class K function 5(||z(0) — Z||), initial condition
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1-2 Background for lateral control for cooperative driving 7

perturbations are considered. This notion is applicable to both linear and non-linear systems,
and has been applied for string stability analysis of platooning in automated highway systems
in [1].

When linear systems are considered, it is more convenient to analyse string stability in the
frequency domain. Definition 2, can be used to obtain a frequency domain representation of
the string stability condition. For this condition to be valid, however, one has to assume that
the sub-systems describe linear homogeneous systems. The formal derivations and conditions
are further explained in [27]. In [28], a similar approach was used to assess string stability of
a platoon. In this work, it was proposed to describe the platoon dynamics using a transfer
function H;(s) that describes the relation from FE;_1(s) to E;(s), with the signal F denoting
the error in the Laplace domain. This error could, for instance, represent the deviation in
nominal separation between vehicles. For a homogeneous platoon H;(s) = H(s)Vi. In order
to ensure string stability, the following condition should hold,

|H(s)l <1, VseC. (1-3)

The string-stability notions presented in the previous section provide a generic description of
string stability. To incorporate the notion of string stability for lateral automation, one has
to determine the states required to do so. The next section briefly discusses the attempts
made in literature to extend the notion of string stability in the lateral sense.

Lateral string stability

As has been noted in Section 1-1, there still is significant ground to be gained in lateral
control for platooning. Although several studies for lateral automation exist, the majority
does not consider string stability in the lateral sense; this yields these studies impractical for
the application at hand, since lateral string stability is sought after to ensure safe platooning.
When lateral string stability is of concern, one often refers to the propagation of lateral
displacement errors along the platoon of vehicles. Different attempts have been made to
define the notion of string stability in the lateral sense. This section will attempt to summarise
those.

In [18], an attempt was made to quantify a definition for lateral string stability. In this
approach, the propagation of lateral errors was investigated such that the following definition
could be given.

Definition 3. [18] A group of n vehicles is said to be laterally platoon stable in the L, sense
o (4) (i—1)

ifVi € [2,n 7 (t < ||lyr t .

fvi ezl [P0, <[00,

Here y,(,i_l) (t) and yﬁi) (t) are the lateral deviations with respect to a reference path of the

(i — 1)-th and é-th vehicle at time ¢, respectively. The author argued that since lateral error
propagation is analysed, it is preferred to use the Lo, stability condition, which is concerned
with the amplification of the maximum lateral deviation. If yq(f) is a scalar, the L., conditions
become,

ma [y (5] < max [y (1)) (1-4)

Master of Science Thesis 1.O.M.A.E.E. Hassanain



8 Introduction

This condition can be represented in the frequency domain when linear systems are considered,
yielding the following condition:

v (50)

—r oy, (1-5)
vV (o)

and the impulse response should not change sign. These conditions imply that the impulse
response of YT(i) should be smaller than or equal to that of Yr(ifl), moreover the impulse
response not changing signs entails that the system has negative real poles, yielding a damped
response. This approach is inspired by the work of [25] and is analogous to the longitudinal
case.

Recently, [29] conducted a study on vehicle following control for highly actuated vehicles in a
platoon. In this case, lateral string stability was assessed by investigating the ratio between the
reference curvature (that of the leading vehicle’s path), and the following vehicle’s curvature.
This means that for the system to be Lq string stable, the curvature of the preceding vehicle’s
path should not be amplified, for which the following condition can be expressed,

Here Np;, + 1 denotes the number of vehicles in the platoon including the platoon leader, and
p; the curvature of vehicle i. Appendix A provides a definition for the H,, norm, which will
be adopted in the remainder of this report when the H,, norm is considered.

pi(jw)

le(Jw)HHw <1, 7€{l,...,Npp}. (1-6)

In this section, different approaches to describe the notion of string stability were reviewed.
In the remainder of this thesis, the definition given by [1] will be used for further analysis, as
this definition takes both the initial condition perturbations, and disturbances into account.
For adopting this string-stability definition in the lateral sense, a condition inspired by the one
defined in [29] is chosen, i.e., the curvature of the preceding vehicle should not be amplified.

1-3 Problem statement

Having established the theoretical framework in which most aspects regarding (cooperative)
lateral control have been introduced, it is now possible to formulate the most important
challenges. The aim of this master thesis is to develop a lateral controller which renders the
set of interconnected vehicles in a platoon string stable. In doing so, the notion of string
stability in the lateral sense needs to be defined.

The development of said controller will be based on a vehicle-following approach, such that
platooning with small time gaps is possible. To ensure safety, path following will be the means
of generating a control reference as opposed to direct vehicle following. This choice was made
to prevent the occurrence of the corner-cutting phenomenon, and also to implicitly warrant a
certain degree of safety. The interconnection between the vehicles’ state is not obvious when
using a path-following method, as opposed to direct vehicle-following. Hence, it is desired to
obtain a means of quantifying this dynamic interconnection of vehicles, for this approach.

1.O.M.A.E.E. Hassanain Master of Science Thesis



1-4 Report outline 9

Furthermore, most control approaches treat the string stability condition as an afterthought,
as the string stability requirement is never explicitly taken into account. This work will
explicitly take this statement into account, such that string stability can be guaranteed a-
priori. Moreover, the theoretical results will be validated experimentally using platooning-
ready vehicles provided by TNO.

Platooning mostly limits itself to regular driving conditions, i.e., the absence of limit handling
behaviour. As a result, the decoupling of the longitudinal and lateral dynamics becomes
possible. In this work, only homogeneous platoons are considered, where all platoon members
are identical.

1-4 Report outline

This section aims to present the approach to the challenges presented previously, which relates
to the layout of the report. First in Chapter 2 a system model will be developed, which
describes the lateral dynamics of the vehicle. The model of the system will be based on
a control-oriented approach for regular driving scenarios, such that certain simplifications
can be made. This will be followed by the development of an error model that describes
the relation between a vehicle’s position and orientation with respect to a predefined path.
Furthermore, a system model will be developed such that the interconnection between the
vehicles is quantified. Next in Chapter 3, the string stability conditions will be given and a
control method will be designed such that the path-following and string stability objectives
can be guaranteed a-priori. Moreover, the controller should ensure the (internal) stability of
the individual systems. In Chapter 4, the designed controller will be analysed in both time and
frequency domain, such that a conclusion can be drawn about its stability and performance
properties. Chapter 5, focusses on the practical implementation of the controller, and presents
test results. Finally, Chapter 6 summarises the main conclusions of this thesis and presents
recommendations regarding future works in this field.
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Chapter 2

System modelling: A control oriented
approach

In this chapter, the model of a vehicle in a homogeneous platoon is derived; the aim is to
express the lateral dynamics of a path-following vehicle in terms of its own dynamics and the
dynamics of its preceding vehicle. The vehicle’s dynamics will be described using a bicycle
model [20], which will be used to obtain the error dynamics deemed necessary to design
a controller capable of fulfilling the path-following objective. Finally, the interconnection
between the current vehicle’s and the preceding vehicle’s dynamics will be defined.

This chapter is organised as follows: Section 2-1 provides the equations of motion for a
vehicle driving in motorway conditions. Afterwards, the error dynamics for the path-following
problem will derived in Section 2-2. Finally, in Section 2-3, the complete system dynamics
will be derived and posed in Linear Time-Invariant (LTI) state-space form.

2-1 The single track bicycle model

The single track bicycle model is commonly used to describe the lateral dynamics of a vehicle
for normal driving conditions [30], since it provides a relatively accurate description of the
vehicle states without having to resort to complex modelling and parametrisation efforts.
Figure 2-1 presents an illustration of the bicycle model. Here, the front and rear tyres are
represented by a single tyre on each axle. The points r and f are defined to be the imaginary
contact points where the tyre forces act on, and are located along the center of the axle.
Furthermore, it is assumed that the vehicle’s mass is concentrated at the center of gravity C,
which remains at a constant position along the longitudinal axis of the vehicle. Moreover, all
lifting, rolling, and pitching motion is neglected, and the wheel-load distribution between the
front and rear axle is assumed to be constant. Given the assumptions presented above, this
model is able to describe a vehicle’s behaviour, provided that the lateral acceleration remains

low [30], i.e., smaller than approximately 4ms~2.
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12 System modelling: A control oriented approach

Figure 2-1: The single track bicycle model.

The equations of motion for the single track model as derived in Appendix B are expressed
as

. 1 :
Op = E(Fxr + Fxf) + Yy
) 1 :
’l)y = E(Fyr -+ Fyf) — "l/JUx (2_1)
. 1
P = I—(Lnyf — LTFy,«),
4

here v, v, and w denote the longitudinal, lateral, and yaw velocity, respectively. Furthermore,
m and I, respectively represent the vehicle’s mass and its moment of inertia around the z-
axis, which is pointing outwards at the frame of reference. Moreover, F,; represents the
longitudinal forces generated at the tyres, and F,; denotes the lateral forces generated at the
tyres, with j € {r, f}. Finally, the steering angle of the front wheel is denoted by ¢, which
also acts as the input to the system.

2-1-1 Adjustments for motorway platooning conditions

The dynamics as expressed by (2-1) depend on the forces, F,; and Fy;. Since the aim is
to eventually design a lateral controller, the lateral forces are of interest. These forces are
generated by the tyres and depend on the slip angles «;, with j € {r, f}, which describe the
difference in direction of the wheel’s velocity vector and its orientation. The exact mapping
depends on the tyre model deployed to describe this relation, which can vary in complexity
depending on the required accuracy. Since only regular motorway driving conditions are con-
sidered, it is expected that the tyres will operate in their linear regime. The linear tyre model
can be deployed to describe these forces [31]. Where the lateral force depends proportionally
on the slip angle a;, with j € {r, f}, which has a proportionality constant Cy;, also known
as the cornering stiffness. As a result, these forces can be expressed as
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2-1 The single track bicycle model 13

Fyr = CarQy (2_2)
Fyy = Cagay,

where the cornering stiffnesses and the slip angles of the rear () and the front (f) tyres are
denoted by their respective subscripts. The slip angles at the front and rear tyres are defined
as,

Qp = _Br

(2-3)
af = o — B f-
Herein, §;, with j € {r, f}, is the angle that the velocity vector at the rear and front wheels
makes with the longitudinal axis of the vehicle, respectively. The angle 3; is defined as

fj = arctan (1)“) ) (2-4)

U‘z 7j

where v, j and v, ; with j € {r, f} denote the lateral and longitudinal velocity components
in either the rear or front wheel. The longitudinal component at both wheels is equal to the
longitudinal velocity at the center of gravity, since both wheels are located at the vehicle’s
longitudinal axis. The lateral velocity components depend on the lateral velocity at the center
of gravity and the yaw rate, which yields the following expressions for the slip angles:

vy — L/ vy — Ll
o, = — arctan ( Y Tw) ~ Y ¥
Vg Vg

(2-5)

L L
af = § — arctan <W> M;_M.
(o Vg

where v, ; is the lateral velocity and The arctangent could be omitted since the argument is
expected to remain within the (low-slip) linear region; therefore it is possible to use the small
angle approximation. By substitution of (2-2) and (2-5) into (2-1) the equations of motion
for the single track bicycle model become

1 .
E(Fxr +Fxf) +77Z”-]y

. 1 Car+Caf 1 C,M«LT—Cafo . Caf
”y—‘vx<m >+<( ) )i (S e

. L, — CyrL CorL? + Cop L2\ . oL
(gt (S (o)

Vg I, Vg I, I,

From (2-6), it can be observed that the lateral and longitudinal dynamics are coupled. Since
the focus is to develop a lateral controller for a platooning application, it may be assumed
that Fj. + F,; is such that v, remains constant at all times. This is a valid assumption
since, v, is typically held constant by a longitudinal controller in platooning applications. As
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14 System modelling: A control oriented approach

a result, v, becomes a (time-dependent) system parameter instead of a state, and the first
equation of motion in (2-6) becomes irrelevant. For this assumption to hold, however, the
longitudinal force equilibrium at the tyres should be equal to Fi, + F,p = —mv,.

Finally, the platooning-ready vehicles available at TNO are equipped with a Park Assist
System (PAS) to perform the steering input as commanded by the controller. This PAS is a
dynamic system, and has been identified to be a second-order system [32], described by the
following equation:

0 = —2¢wnd + WTZL (Oref —9), (2-7)

where ¢ denotes the damping term, w,, the natural frequency, and ;. the reference angle at
the steering wheel. Combining the previous results, yields the following equations of motion

(O (1 (Gt t) ) ()
m m

Vg Vg m

Gl (CmLT—Cafo)vy 1 (CarL%‘FCafL?c)QL_F(CO‘fo)& (2-8)

Vg

Vg

I

- I, I,
0 = —2Cwnd + w2 (8rep — 0).

2-2  Error dynamics

In this section, the error dynamics for the path-following problem will be derived. Figure 2-2
provides a schematic illustration of the path following problem, where the path is defined
as an arbitrary curve K. Here, three coordinate frames of reference can be distinguished;
the space-fixed reference frame P° = {0,&°}, the body-fixed frame P¢ = {C, &}, and the
frame PS = {S,&°}, where S is the orthogonal projection of the point O onto K. Here é’,
j € {o,c¢, s}, represents the coordinate system as described by a set of orthonormal vectors

& = (& 55’)T . (2-9)

The yaw angle 1 is defined as the angle between €° and €°. Furthermore, 6, is the angle
between €° and €°. Two errors can be distinguished: the heading error 1. and the lateral
error y.. The heading error is defined as the angular difference between the tangent to K at S,
and the heading direction of the vehicle (not to be confused with the difference in orientation)

Ye =0+t —0s. (2-10)
Here, 5 denotes the vehicle’s side-slip and is defined as [ = arctan (z—z) Furthermore, the

lateral error ., describes the shortest distance between C and K, which is defined as the
following dot product

Ye = Te/s * €y (2-11)
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2-2 Error dynamics 15

Figure 2-2: Schematic representation of the error dynamics with respect to a reference path.

where 7/, denotes the position vector from PS to P¢. To successfully perform path following,
the aim is to reduce the errors such that,

tllglo ye(t) =0
lim . (t) = 0.

t—o00

(2-12)

Hence the dynamics of these errors must be derived. First, the time derivative of the heading
error 1, follows from (2-10) as

¢e = /34—1/1 - és
Uy . Uy . ; :
- . y
<,U%_|_U321Uy U%—l—v%vx>+¢ 59

For motorway platooning conditions, v, > v, and 9, ~ 0, therefore (2-13) can be reduced to

(2-13)

Qj)e = @+¢_9S7 (2—14)

Vg

where 6, denotes the rat