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Summary

Cooperative Adaptive Cruise Control in a
Heterogeneous Vehicle Platoon

What could solve the world’s traffic congestion problem and reduce emission of greenhouse gasses
at the same time? Cooperative Adaptive Cruise Control (CACC). Cruise Control (CC) and its
successor Adaptive Cruise Control (ACC) are two well-known types of automated driving. Both
systems aim to increase driver comfort and, therefore, operate at large inter-vehicle distances.
In addition to the measurements used in ACC, CACC employs wireless communication between
vehicles to realize significantly smaller inter-vehicle distances. This increases road throughput
and, due to aerodynamics effects, decreases fuel consumption and emission of greenhouse gasses.
Moreover, if string stability is guaranteed, disturbances are attenuated in upstream direction,
preventing ghost traffic jams.

As a consequence of its high potential, CACC is well studied. The desired acceleration is
commonly communicated between vehicles. To obtain the response of a preceding vehicle to
this desired acceleration, a model describing its dynamic behaviour is required. The necessary
knowledge to acquire an accurate model may not be available for various, e.g., reluctance of vehicle
manufacturers to share information. To overcome this problem, homogeneity of vehicles is often
assumed. However, this assumption is not accurate if vehicles have, for instance, different driveline
dynamics, acceleration limits, or masses. Therefore, this thesis proposes a novel alternative CACC
approach, where instead of the desired acceleration, the realized acceleration is communicated
between platoon vehicles. As a result, this approach achieves string stability at close inter-vehicle
distances in a heterogeneous platoon, without requiring knowledge of the dynamic behaviour or
the limitations of a predecessor. Additionally, to allow for platooning in a scenario where vehicles
have different and possibly unknown masses, both approaches are extended with an adaptive mass
estimation.

Throughout this thesis, the two CACC approaches are compared using three scenarios: The
first scenario shows that the alternative approach can guarantee string stability at slightly smal-
ler inter-vehicle distances in a scenario of regular platooning, which means that the platoon is
homogeneous and all vehicle parameters are a priori known. The second scenario illustrates the
main advantage of the alternative approach in a platoon where vehicles have different drivelines
or acceleration limitations. Due to this heterogeneity, the platoon becomes string unstable if the
common approach is utilized, which may result in unsafe behaviour. However, if the alternative
approach is adopted, the platoon remains string stable and safety is guaranteed. The third scen-
ario compares the two approaches with the assumption of unknown vehicle masses, to illustrate
the effectiveness of the mass estimation laws.

Finally, to validate the theoretical results and test the merit of the conclusions in a realistic
environment, both approaches are implemented experimentally on a platoon of mobile robots.
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Nomenclature

Acronyms and abbreviations

ADAS Advanced Driver Assistance Systems

ASP

Adaptive Spacing Policy

(C)ACC (Cooperative) Adaptive Cruise Control
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GAS

Cruise Control
Global Asymptotic Stability

MRAC  Model Reference Adaptive Control

PF
PLF

Predecessor Following
Predecessor Leader Following

Roman symbols

RS QR TR PRI IONTXSTIOQNO AQWS

system matrix

acceleration

input matrix

output matrix

delay transfer function
distance; drag coefficient

error

force

vehicle transfer function
spacing policy transfer function
time gap

imaginary number

feedback controller transfer function; Air resistance coefficient
gain

length

output dimension

platoon length; vehicle mass
number of states

position; number of inputs
radius

standstill distance

sensitivity transfer function
Laplace variable

time

vehicle input

Lyapunov candidate function
velocity

state vector; position coordinate
position coordinate
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Subscripts
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Chapter 1

Introduction

Cooperative automated driving is a promising field of research, that strives to fulfil the social
demand for clean, safe and efficient traffic systems, driven by technological innovation. Cooper-
ative Adaptive Cruise Control (CACC) is a form of cooperative driving, which automates the
longitudinal control of vehicles strings. Wireless inter-vehicle communication is utilized to realize
small distances between the vehicles, while guaranteeing safe driving behaviour. This chapter first
presents a background of cooperative automated driving and gives an overview of the development
towards CACC in Section 1.1. Subsequently, Section 1.2 discusses the main challenges existing in
this field of research. Thereafter, Section 1.3 addresses the research objectives and contributions,
which are specified based on the presented challenges. Finally, Section 1.4 presents the outline of
this thesis.

1.1 Cooperative automated driving

This section presents a background overview of Advanced Driver Assistance Systems (ADAS) and
introduces the main forces driving the development of ADAS. Thereafter, starting from regular
Cruise Control (CC), the development towards Cooperative Adaptive Cruise Control (CACC) is
explained, following several literature landmarks in the field of cooperative automated driving.

1.1.1 The background of advanced driver assistance systems

The urge to fulfil the social demand for clean, safe and efficient transportation, has created a
surge of interest in the concept of automated driving in recent years. The demand for clean traffic
systems has The Paris Agreement (UN, 2015) as one of the driving forces. Based on this agreement,
the European Union has acceded to achieve a significant reduction of greenhouse emission gasses
by 2030 (Rijksoverheid, 2017). Road vehicles are an important factor contributing to the emission
of greenhouse emission gasses. It is well known that CACC, which is a type of advanced driver
assistance systems, has the potential to significantly reduce fuel consumption (especially for heavy
duty vehicles) through aerodynamic effects and, therewith, reduce the emission of greenhouse
emission gasses. This was, for instance, shown by Ramakers et al. (2009). Moreover, both Browand
et al. (2004) and Lammert et al. (2014) have experimentally shown a decrease in fuel consumption
for both the leading and the following truck in a platoon of up to 10%. Bonnet and Fritz (2000)
achieved a fuel consumption reduction of 20% in their experiments.

The desire for safe driving behaviour is obvious. It is known that many car accidents occur due
to human errors when they are performing certain driving tasks. ADAS can relieve drivers from
some of these tasks, giving ADAS the great potential of reducing car accidents and, thereupon,
increasing road safety (Vahidi and Eskandarian, 2003).

Finally, in the European Union, road transport continues to have the largest share of inland
freight transport, which has shown an increasing trend over recent years. Moreover, passenger cars
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CHAPTER 1. INTRODUCTION

accounted for 83.4% of inland passenger transport in 2014 (Publications Office of the European
Union, 2017). Because of this significance, road capacity has to be increased to an adequate level
to create efficient traffic systems. Currently, the limited capacity of the road network results
in congestion, which leads to severe traffic jams. If this problem is not dealt with, the large
economic and environmental costs that are caused by traffic jams will drastically increase (Centre
for Economics and Business Research, 2014). Schakel et al. (2010) and Netten et al. (2010)
have demonstrated by means of simulations and experiments, respectively, that ADAS improve
shockwave suppression and throughput. Arem et al. (2006) used simulations to investigate ADAS
for a multiple-lane case with lane closure. With these simulations, an improved shock wave
suppression was shown, thereby improving the traffic throughput.

In summary, ADAS show great potential to attain the social demand to have clean, safe and
efficient traffic systems and to improve these systems to an adequate capacity level. There are
many aspects to ADAS, e.g., environmental perception, human-machine interfacing, and functional
safety. The focus of this study, however, is on control. Starting from regular cruise control (CC),
the development towards cooperative adaptive cruise control (CACC) is explained in the following
section.

1.1.2 History and development of cooperative adaptive cruise control

Cruise Control (CC) is a well-known vehicle speed-control mechanism that has been implemented
in commercially available vehicles since 1948 (Teetor, 1948). Also, its successor, the Adaptive
Cruise Control (ACC) functionality, is widespread and available in numerous commercially avail-
able vehicles. ACC automatically regulates the inter-vehicle distance to a desired value if there
is a preceding vehicle. To this end, ACC employs data about the preceding vehicle, which is
obtained by radar, lidar, or camera. However, ACC is primarily intended as a comfort system
and, consequently, adopts relatively large inter-vehicle distances (Vahidi and Eskandarian, 2003).
Cooperative Adaptive Cruise Control (CACC) is an automatic vehicle-following system, which
employs inter-vehicle wireless communication in addition to the data obtained by radar, lidar,
or camera and was originally introduced by the California PATH program (Shladover, 1978).
CACC is known to allow time gaps significantly smaller than 0.8 second, as is the standardized
minimum value for current available ACC systems (International Organization for Standardization,
2010). Therefore, CACC exploits the benefits discussed in the previous section to a greater extent.
Besides, Naus et al. (2010) have shown that ACC amplifies disturbances in upstream direction at
small time gaps, similar to the disturbance amplification seen in the case of human drivers. These
disturbances may, for instance, be induced by velocity variations of the first vehicle in a string of
vehicles. As a result, fuel consumption and emissions increase. Moreover, so-called ghost traffic
jams may occur, negatively influencing throughput, whereas safety might be compromised as well
(Ploeg, 2014). As a consequence, string stability, roughly described as disturbance attenuation in
upstream direction, is of the utmost importance and well studied. Swaroop and Hedrick (1996),
for instance, have presented a comprehensively formalized definition of string stability based on
Lyapunov stability with the focus on initial condition perturbations. Ploeg et al. (2014b) have
presented an overview of the wide spectrum of different definitions of string stability and propose
a novel definition for nonlinear cascaded systems. Then, they applied this definition to a case
study considering homogeneous vehicle platoons, in which string stability is guaranteed.
Throughout the development process of ADAS towards CACC, heterogeneity within a vehicle
platoon has always been one of the main challenges. This was for example illustrated by Sheik-
holeslam and Desoer (1992), who consider a heterogeneous vehicle platoon. They achieved string
stability, with respect to a disturbance imposed by the platoon leader, in spite of variations in:
vehicles masses; communication delays; and measurement noise. Another landmark study that
considers a heterogeneous vehicle platoon was presented by Shaw and Hedrick (2007). Here, res-
ults from heterogeneous string stability analyses were presented and used to construct a controller
design procedure that gives string stability and robustness to external disturbances. A more
extensive literature overview of string stability and heterogeneity is presented in Chapter 2.
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CHAPTER 1. INTRODUCTION

1.2 Challenges in cooperative adaptive cruise control

In the previous section, longitudinal vehicle automation, such as CACC, was introduced as a high
potential solution to some of today’s precessing issues in road transportation. As explained, CACC
can contribute to reducing fuel consumption and emissions, safer and more comfortable driving
behaviour and increasing road throughput. However, string stability of the vehicle platoon is
a prerequisite for safety and driver comfort, as was shown by Ploeg (2014). String stability
also increases the road throughput compared to human drivers or ACC and prevents ghost traffic
jams (Arem et al., 2006). Moreover, reducing traffic congestion also decreases fuel consumption and
greenhouse emissions (Barth and Boriboonsomsin, 2008). One of the main challenges in achieving
string stable vehicle platoons originates in the nature of wireless communication. Complications
in wireless communication occur due to impairments such as, (varying) latency and packet loss
(Ploeg, 2014). Research in the field of networked control systems, focusing on the effects of varying
latency, e.g. Oncii (2014), contributes to rigorous knowledge regarding the maximum allowable
latency resulting in a string stable vehicle platoon.

Due to importance of the notion, string stability is well studied, see, e.g., Swaroop and Hedrick
(1996); Desjardins and Chaib-draa (2011); Bayezit et al. (2012); Kianfar et al. (2012); Ploeg (2014);
Ploeg et al. (2014a, 2015). All these studies use the desired acceleration of the preceding vehicle
as input to the cooperative adaptive cruise controller. As a direct consequence of using the desired
acceleration, knowledge about the dynamics and limitations of the preceding vehicle is required
to understand how it reacts. To obtain this knowledge, the aforementioned studies assume a
homogeneous vehicle platoon, i.e, there are no differences between the vehicles in the platoon.
However, the practical relevance of studies considering homogeneous is limited to platoons with
identical vehicles and loads, or to vehicles that have a low-level acceleration controller so that the
dynamics of the acceleration-controlled vehicles are (nearly) identical (Arem et al., 2006).

In a realistic scenario of ad hoc platooning', the platoon consists of different vehicle types.
This results in heterogeneity of the platoon with respect to the individual vehicle dynamics.
Another cause of heterogeneity within a platoon can be different vehicle masses. This can, for
instance, occur if platoon vehicles have varying loads, which account for a significant percentage
of the total vehicle mass, e.g., trucks or buses. Due to the heterogeneity in these two examples,
differences between the realizable accelerations of platoon vehicles may occur. Consequently, a
platoon vehicle may not realize its desired acceleration. Moreover, the knowledge about a preceding
vehicle required to anticipate these differences, might not be available due to, e.g., reluctance of
vehicle manufacturers to share information. Hence, heterogeneity poses a serious challenge in the
field of cooperative automated driving. Different vehicle types or loads are only two of the many
possible causes of heterogeneity in a platoon. Many other differences between platoon vehicles,
like differences in communication topology, spacing policies, controllers and definitions of the error
signal can be thought of (Wang and Nijmeijer, 2015). In the development towards effective CACC
approaches, heterogeneity has already been recognized as one of the main challenges by Shladover
(1978). However, due to its many aspects, heterogeneity yet remains a challenge. Two landmark
studies that consider a heterogeneous vehicle platoon were already mentioned in the previous
section (Sheikholeslam and Desoer, 1992; Shaw and Hedrick, 2007). A more extensive literature
overview of heterogeneity in vehicle platoons is presented in Chapter 2.

1.3 Research objectives and contributions

In line with the previously discussed challenges, the objective of this thesis is to develop a CACC
approach that effectively achieves close vehicle following in a heterogeneous vehicle platoon,
without requiring knowledge of the dynamics and limitations of the preceding vehicles. In or-
der to maximize the benefits discussed in Section 1.1, string stability of the CACC approach is
required. In addition, validation of the developed CACC approach is desired. Consequently, the

1 Ad hoc platooning is vehicle following, which is characterized by a cluster of cooperative vehicle followers that
are not necessarily aware of all members and do not rely on a leader (Ploeg, 2014).
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CHAPTER 1. INTRODUCTION

following contributions are defined:

1. A commonly used CACC approach, which uses the desired acceleration of its predecessor
as input, is extended with a dynamically updated mass estimation. This extension enables
platooning in a scenario where vehicles carry (possibly varying) unknown loads that account
for a significant percentage of the vehicle mass and is particularly relevant if vehicles have
changing masses at every stop, such as buses or trucks.

2. To allow for platooning in heterogeneous vehicle platoons, without requiring knowledge of
the dynamic behaviour and limitations of a predecessor, a novel alternative CACC approach
is proposed. This alternative CACC approach uses the realized acceleration instead of the
desired acceleration of its predecessor as input. Therefore, no knowledge of the dynamics
of its predecessor is required to guarantee string stability. Moreover, differences between
the desired and realized accelerations of a predecessor due to, e.g., power limitations of the
driveline do not compromise safe driving behaviour.

3. The effectiveness of both CACC approaches is illustrated and their performance is compared
by means of simulations. Additionally, both approaches are implemented experimentally on
unicycle mobile robots, to validate the controller design and simulations in the presence of
model uncertainties, delays, and sensor noise.

1.4 Outline

The organisation of this thesis is as follows: Chapter 2 presents a literature overview of the main
subjects treated in this thesis, which are: the vehicle model and control objective utilized for the
CACC design; string stability; heterogeneity; and parameter uncertainty. Chapter 3 presents a
CACC approach that is commonly used in literature to achieve the control objectives and extends
this approach with a dynamically updated mass estimation. The effectiveness of this common
CACC approach, including mass estimation, is illustrated by means of simulations. Chapter 4
proposes a novel alternative to the common CACC approach, which does not require knowledge of
the dynamics and limitations of its predecessor and, therefore, can achieve the control objectives in
a heterogeneous platoon. The effectiveness of the proposed approach, including mass estimation,
is again illustrated by means of simulations. Chapter 5 discusses the implementation of both
approaches on mobile robots, to validate the controller design and simulations in the presence of
model uncertainties, delays, and sensor noise. Finally, Chapter 6 summarizes the main conclusions
and presents recommendations for future research.

4 Cooperative Adaptive Cruise Control in a Heterogeneous Vehicle Platoon



Chapter 2

Literature review

As introduced in the previous chapter, a cooperative adaptive cruise controller is an advanced
driver assistance system, which controls the longitudinal inter-vehicle distance of vehicles in a
platoon. In this thesis, the merit of two CACC approaches is illustrated using three scenarios. The
first scenario considers “regular platooning” with a focus on string stability. Regular platooning
means that the vehicle platoon is assumed to be homogeneous and all vehicle parameters are
assumed to be known. The second scenario considers a heterogeneous vehicle platoon, where the
heterogeneity is either caused by different vehicle dynamics or different acceleration limits between
the vehicles, and the third scenario assumes that the vehicle masses are unknown.

This chapter presents a literature overview of the topics treated in the three aforementioned
scenarios and is organized as follows: Section 2.1 presents a longitudinal vehicle model and the
control objectives, which are commonly used in literature. Section 2.2 discusses various string
stability definitions available in literature and elaborates on the definition which is adopted in
this work. Section 2.3 provides an overview of various types of heterogeneity and explains the
focus of this thesis based on the provided overview. Section 2.4 briefly discusses adaptive and
robust control, which are two well-known solutions to overcome the problem of unknown system
parameters. Finally, the main conclusions are summarized in Section 2.5.

2.1 Cooperative adaptive cruise control

This section presents two neccessities underlying the development of a CACC approach. Sec-
tion 2.1.1 introduces the longitudinal vehicle model, which is adopted from Stankovic et al. (2000).
Thereafter, Section 2.1.2 defines the control objectives that must be achieved by the designed con-
troller, based on Ploeg (2014).

2.1.1 Longitudinal vehicle model

It is assumed that the road surface is horizontal, there is no wind gust, and the vehicles travel in
the same direction at all times. Consequently, the nonlinear dynamics of the i*" platoon vehicle
are described by:

msa; = F; — Kdvz‘Q - dm (21&)
: Fi ni .
Fr=—2ty i € S (2.1b)
T T

Here, S,, = {i € N|1 < i < m} is the set of all vehicles in a platoon of length m € N.
Equation (2.1a) represents Newton’s second law for the i'" vehicle, where a; and v; denote the
acceleration and velocity of the vehicle, respectively, and m; > 0 denotes the mass of the vehicle.
The driving force produced by the engine is denoted by F;, the constant d, denotes the mech-
anical drag, and the force due to the air resistance is specified by Kqv?, where Ky is a constant

7
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CHAPTER 2. LITERATURE REVIEW

coefficient. Equation (2.1b) models the i** vehicle’s engine dynamics, where 7; > 0 denotes the
engine time constant, which is assumed to be constant, and 7; denotes the throttle input to the
it" vehicle’s engine. Note that conventional or hybrid vehicles have complex nonlinear braking
system dynamics, which are not captured by the engine dynamics (2.1b). These systems are for
example studied in Kalberlah (1991); Gillespic (1992); Powell et al. (1998). However, in case of
electric engines, which are for instance studied by Hori (2004); Khatun et al. (2003); Zheng et al.
(2006) and in this thesis, the engine dynamics (2.1b) also represent the braking dynamics.

The model (2.1) can be expressed in kinematic variables. Substitute to this end the expression
for F; from (2.1a) into (2.1b), which gives

. 1 i .
Fi=—— [miai + Kdviz + dm] + 777, i € S (2:2)

3 7

Then, differentiating (2.1a) with respect to time and substituting (2.2) results in

2K 1 K d ;
a; = — dviai—[ai—k dv$+m]+ T e S (2.3)
m; Ti m; m; m;T;
The complete model of the i*" vehicle is then given by
¢ =v;
V; = a5
. 2K, 1 Kq,.2 d, i . (24)
ai:—Tiviai—; ai+ﬁivi+ﬁ: —‘rm, 1€ S,
K3

where ¢; is the rear bumper position of vehicle . Note that the time argument is often omitted
throughout this thesis to increase readability.

The system (2.4) is feedback linearisable and in the correct form for feedback linearisation,
see Appendix A.1l, i.e., there is no coordinate transformation required for input-state linearisa-
tion. Assume that all system parameters are a priori known and consider the following input
transformation:

7; = M;U; + KdU? +dm + 2Kg1v0;, 1€ Sm, (25)

where u; is the new input signal. The input transformation is globally well defined since it was
previously assumed that m; > 0. After adopting this input transformation the longitudinal vehicle
model is given by

G =
v = ay
-1 ‘1 1 _ (2.6)
a; = ——a; + —u;, i€ Sy,.
i Ti

This linear vehicle model is adopted by many authors, see, e.g., Shladover (1978); Shaw and
Hedrick (2007); Ploeg (2014). Another option, which is for instance used by Sheikholeslam and
Desoer (1990); Toannou and Chien (1993); Godbole and Lygeros (1994), is to use a triple integrator
model, which is obtained if the following feedback linearisation is used instead of (2.5):

N = MyTiu; + mia; + Kdv? + dm + 2Kq7v;0;, 1€ Sp,. (2.7)

2.1.2 Control objectives

In order to enable vehicle following in a CACC setting, individual vehicle stability is a prerequis-
ite. This control objective is formalized hereafter. Thereto, consider a platoon of m vehicles,
schematically depicted in Figure 2.1, where d; is the distance between vehicle ¢ and its preceding
vehicle 7 — 1.

In the scope of CACC, platoon vehicles communicate information to achieve their control ob-
jectives. The communicated information can, for instance, be the desired acceleration w;_1 (Swaroop
and Hedrick, 1996; Kianfar et al., 2012; Ploeg et al., 2014b) or the realized acceleration a;_; (Naus
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Figure 2.1: CACC-equipped vehicles in a platoon.

et al., 2010; Wang and Nijmeijer, 2015) of the preceding vehicle. To this end, a wireless commu-
nication topology must be adopted. Zheng et al. (2016) discussed six types of communication
topologies: predecessor following, predecessor-leader following, bidirectional, bidirectional leader,
two-predecessor following and two-predecessor-leader following. Complications in wireless com-
munication such as (varying) latency and packet loss increase with an increasing communication
distance (Oncii, 2014). Moreover, Ploeg et al. (2014a) have shown that multiple look-ahead to-
pologies only improve the performance with respect to string stability at large communication
delays. Therefore, an often adopted communication topology is predecessor following (PF), see,
for instance, Sheikholeslam and Desoer (1990); Toannou and Chien (1993); Ploeg et al. (2014b).

The first control objective of each vehicle is to follow its predecessor at a desired distance d ;,
where the platoon leader (with index ¢ = 1) follows a so-called virtual reference vehicle (with
index 7 = 0). The desired distance d; ; is defined according to a constant time gap spacing policy,
formulated as

dr,i(t) =T; + hvi(t)a Z S Sm7 (28)

where h is the time gap and r; is the standstill distance. Then, the spacing error e;(t) is defined
as

ei(t) (t) - di,r (t) (29)

= d;
= (qi-1(t) = qi(t) — Li) — (ri + hoi(t)), i € S,

where L; is the vehicle length. The vehicle following control objective is now formulated as ensuring
that lim;—, oo €;(t) = 0, Vi € Sp,. In other words, the control strategy should make sure that no
steady state error exists. Additionally, the tracking errors should illustrate well-damped behaviour,
which is not quantified here because of its application specific nature. Platoon simulations are
presented throughout this thesis to analyze the behaviour of the tracking errors.

The constant time gap spacing policy (2.8) is known to improve string stability character-
istics (Swaroop et al.; 1994; Seiler et al., 2004) and also contributes to safety (Ioannou and
Chien, 1993). Another frequently used spacing policy is the constant distance spacing policy,
see, e.g., Shaw and Hedrick (2007). However, as a direct consequence of the latter spacing policy,
string stability of the vehicle platoon can only be obtained by adopting communication topologies
which are more complex than predecessor following, e.g., predecessor-leader following (Seiler et al.,
2004). Achieving string stability is the second control objective, which is discussed in detail in the
following section.

2.2 String stability

As explained in Chapter 1, it is of paramount importance that the control strategy of a CACC
controlled vehicle platoon can guarantee string stability. Because of this importance, many authors
have studied the notion of string stability, resulting in ambiguity concerning its definition. This
section first discusses various definitions of string stability proposed in literature and, thereafter,
presents the definition of string stability that is adopted in this thesis.
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2.2.1 A literature overview

An extensive overview of string stability definitions was presented by Studli et al. (2017). They
discuss various definitions starting from a general definition of £, , string stability. This rigorous
general definition is the most versatile version of input-output stability, since it requires that,
for any possible combination of inputs, the outputs of all platoon vehicles must be bounded.
Consequently, this definition is highly relevant but also brings a lot of complexity to the analysis.
On the other end of the spectrum, they present the definition “single with input « final £, 4 string
stability”, which only considers the input of one selected vehicle and its influence on the output
of the last vehicle. Various options in between these two extremities are discussed.

One of these variations is the definition presented by Ploeg et al. (2014b). This definition
considers the external disturbance imposed by the platoon leader as input and looks at its influence
on the outputs of all platoon vehicles. This definition also captures the definition of Swaroop and
Hedrick (1996), which is one of the more formal approaches based on Lyapunov stability, because
of the inclusion of initial condition perturbations. Both aforementioned definitions apply to both
linear and nonlinear systems and include homogeneous as well as heterogeneous vehicle strings.
The applicability to heterogeneous systems was, for example, illustrated by Naus et al. (2010);
Wang and Nijmeijer (2015); Al-Jhayyish and Schmidt (2018). A more elaborate discussion of
heterogeneity is presented in Section 2.3.

This work adopts the definition proposed by Ploeg et al. (2014b), which is formalized in the next
section. Additional requirements on the (internal) system behaviour are explained in the following
chapters. The particular definition is adopted for the following reasons: Firstly, the external input
to the first platoon vehicle is the most relevant because, in case of vehicle platooning, the main
disturbance is imposed by speed variations of the platoon leader. Secondly, only considering the
influence of this input on a single vehicle, e.g., the last platoon vehicle, is considered a too weak
condition since this would allow for undesired behaviour, such as collision of platoon vehicles.
Hence, the influence of input variations imposed by the lead vehicle on the outputs of all platoon
vehicles is considered.

2.2.2 Definition of string stability

In order to derive a general definition of string stability, consider the possibly nonlinear, hetero-
geneous interconnected system

o = fe(wo, ur)
i‘i = fi(xi7xi—1) (210)
Yi = h(l‘i), RS Sm,

where u, is the external input, x; is the state vector, and y; is the output. Moreover, f; : R® xR? —
R”, f; : R"xR™ = R", i € S,,, and h : R” — R¢. Then, using this system, the following definition
of string stability is proposed.

Definition 2.1 (£, string stability). Consider the interconnected system (2.10). Let 7 =
(2 ... 2L) be the lumped state vector and 3 T such that f;(%;,Z;_1) = 0, Vi € Sy, and f(7o,0) = 0.
The system (2.10) is L, string stable if there exist class K functions' a and 3, such that, for any
initial state x(0) and any u,,

lyi(t) — h@o)llz, < alllur(®)l,) + B(I2(0) = 3ll), Vi € S, and ¥ €.
If, in addition, with x(0) = Z it holds that

19:(t) = 1(Zo)ll 2, < lwimr(t) = A(Zo)ll,, Vi€ Sm\{1}, and Vm € N\{1},

LA continuous function « : R>( +— R>( is said to belong to class K if it is strictly increasing and a(0) = 0.
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the system (2.10) is strictly £, string stable with respect to its input u,(t).

Here, ||-[| denotes any vector norm, |[|-|[, ~denotes the signal p-norm, and L} is the g-dimensional
space of vector signals that are bounded in the £, sense.

In addition, within the scope of the platooning problem, the linear heterogeneous system is
considered as special case of (2.10), which, in lumped form, can be denoted by

& = Ax + Bu,, (2.11)
with x = (2" ... T )T. Moreover, consider linear output functions according to
Yi = Cixz, 1€ S, (2.12)

with output matrices C;. The model (2.11), (2.12) can then be formulated in the Laplace domain
as
¥i(s) = Pi(s)ur(s) + O;(s)x(0), i€ Sy, (2.13)

with outputs y;(t) and exogenous input u,(t), whose Laplace transforms are denoted by ;(s)
and @,(s)’. The initial condition is denoted by z(0), whereas P;(s) = C;(sI — A)~"'B and
O;(s) = Ci(sI — A)~L. Then, Ploeg et al. (2014b) present the following (strict) string stabil-
ity conditions for this linear system.

Theorem 2.1 Assume that the pair (C;, A) is such that unstable and marginally stable modes are
unobservable and that P;(s) is square and nonsingular, for all i € N. Then, this system is Lo
string stable if:

[PL(s)]ly. < o0 and (2.14a)
ITi(s) g <1, Vi € N\{1}, (2.14b)

with T;(s) = P;(s)P, "% (s). Moreover, the system is strictly Lo string stable if and only if conditions
1 and 2 hold.

2.3 Heterogeneity

This section presents an overview of literature that considers heterogeneous vehicle platoons.
Firstly, Section 2.3.1 discusses various types of heterogeneity that can exist within a platoon. Then,
the subsequent sections present a literature overview of two important types of heterogeneity.

2.3.1 Different types of heterogeneity

“Heterogeneous” is defined as: diverse, diversified, varied, varying or miscellaneous (Aarts et al.,
2014). Various causes of heterogeneity are mentioned in literature, some of which are differences
between platoon vehicles in communication topologies, spacing policies, controllers, definitions of
the error signal, communication or actuator delays, vehicle dynamics and velocity or acceleration
constraints (Wang and Nijmeijer, 2015). These causes of heterogeneity can be divided into three
categories: vehicle characteristics, control objective and control strategy. Causes of heterogeneity
in the first category, vehicle characteristics, are unavoidable, whereas the causes of heterogeneity
in the other two categories are not. For the second and third categories, heterogeneity can be
prevented by making agreements on common policies. With this reasoning, the first category
is most important for vehicle manufacturers. Different types of heterogeneity are categorized in
Table 2.1.

From the types of heterogeneity in the first category, (velocity) constraints are studied by,
e.g., Zegers et al. (2017). They propose a distributed consensus control approach for longitudinal

2Note that throughout this thesis ~(s) denotes the Laplace transform of corresponding time domain variable -(t)
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Table 2.1: Causes of heterogeneity by category

Vehicle characteristics Control objective Control strategy
Dynamics Spacing policies Controllers

velocity /acceleration constraints | Definitions of the error signal | Communication topologies
Communication delays
Actuator delays

vehicular platoon control. This control law shows that members of a platoon can adjust their
velocity based on the velocity constraints of other vehicles, to maintain the platoon cohesion.

An equally important notion is that of heterogeneity caused by vehicles with different delays.
In a scenario of ad hoc platooning, vehicle-varying delay is an inevitable cause of platoon het-
erogeneity. In literature that considers heterogeneity caused by vehicle-varying delays, it is often
assumed that delays are known and string stability is realized a posteriori by control parameter
tuning, see, for instance, Naus et al. (2010); Wang and Nijmeijer (2015). Besides vehicle-varying
delays, delays can also be time-varying. A distributed controller which achieves the close vehicle
following control objective in the presence of time-varying and vehicle-varying communication
delays is presented by di Bernardo et al. (2015). They guarantee string stability by assuming a
constant upper bound for the considered delay.

The communication topology, which can be a cause of heterogeneity, has been studied by, e.g.,
Zheng et al. (2016). They discuss six types of communication topologies: predecessor following,
predecessor leader following, bidirectional, bidirectional leader, two-predecessor following and two-
predecessor-leader following. However, in their work it is assumed that all vehicles in a platoon
use the same communication topology, so that the communication topology is not a type of het-
erogeneity. The communication topology is a type of heterogeneity in Zheng et al. (2017). They
propose a distributed MPC algorithm for vehicle platoons with different (unidirectional) commu-
nication topologies within the platoon and derive a sufficient condition to guarantee asymptotic
stability. Here, the heterogeneity is viewed as a type of uncertainty, whereas in later work (Zheng
et al., 2019) heterogeneity is taken into account in the problem formulation. The latter allows for
a deeper understanding of the influence of heterogeneity on the collective behaviour of a platoon
of connected vehicles.

Rodonyi (2018) addressed the problem of heterogeneous spacing policies in multi-brand ad hoc
platoons and demonstrates that this can result in collision of vehicles. To resolve this problem,
they propose a leader-predecessor-follower (LPF) communication topology and use an adaptive
spacing policy (ASP) with respect to the leader. Additionally, they derive conditions for string
stability of platoons consisting of LPF-ASP vehicles and show that string stability with respect to
acceleration and control effort can be guaranteed by appropriately choosing the LPF-ASP control
parameters.

In summary, heterogeneity of vehicle platoons occurs if vehicles have different physical char-
acteristics, control objectives, or control strategies. One of the contributions of this thesis, as
specified in Chapter 1, is a novel alternative CACC approach that allows for ad hoc platooning
within platoons which are heterogeneous with respect to vehicle dynamics and acceleration con-
straints. The following sections present an overview of literature which also focusses on these
causes of heterogeneity.

2.3.2 Heterogeneity caused by different driveline dynamics

Shaw and Hedrick (2007) have presented an iconic study that considers heterogeneity due to
different driveline dynamics. In their work they propose a definition for string stability of a
heterogeneous vehicle platoon. Using this definition, they achieve string stability in a vehicle
platoon that consists of vehicles with three different types of dynamics (fast, medium and slow).
This is achieved with decentralized control laws, adopting a constant spacing policy and leader-
predecessor following. As a direct consequence of the adopted spacing policy, string stability can
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only be achieved by including leader communication (Seiler et al., 2004). Reliability of commu-
nication is one of the main issues in achieving string stability and becomes less when the distance
between the communicating vehicles increases (Oncii, 2014). Reliability of communication was
not addressed by Shaw and Hedrick (2007), but is a limitation of leader-predecessor following.
Moreover, heterogeneity in the platoon is limited to three different vehicle types.

Various studies consider a feedforward strategy to achieve string stability in a vehicle platoon,
which is heteregeneous with respect to the driveline dynamics, e.g., Naus et al. (2010); Wang
and Nijmeijer (2015); Al-Jhayyish and Schmidt (2018). The study presented by Al-Jhayyish and
Schmidt (2018) classifies these feedforward strategies into two categories. In the first category
the desired acceleration is communicated, while in the second category the actual acceleration is
communicated. Thereafter, they present a controller design for both categories, which achieves
string stability, by a posteriori tuning of the controller. Consequently, knowledge of the differences
between vehicles is required and no guarantees on string stability can be made in case of ad hoc
platooning.

In the work presented by Wang and Nijmeijer (2015) the desired acceleration is communicated.
Hence, this feedforward strategy fits in the first category described by Al-Jhayyish and Schmidt
(2018). Due to the particular choice of feedforward controller, string stability is not influenced by
differences in the dynamics of platoon vehicles. To achieve this, their feedforward controller uses
T;_1, i.e., for the implementation of this controller knowledge of the preceding vehicle is required,
which might not be available in case of ad hoc platooning.

The feedforward strategy presented by Naus et al. (2010) uses the actual acceleration as input
signal. Hence, this feedforward strategy fits in the second category described by Al-Jhayyish and
Schmidt (2018). As a direct consequence, string stability can be guaranteed without knowledge of
the dynamics of the preceding vehicle, i.e., string stability can be guaranteed in a heterogeneous
scenario of ad hoc platooning. The feedforward strategy presented by Naus et al. (2010), uses a
lead-filter feedforward controller. Since the acceleration input signal is generally noisy, a serious
drawback of this lead filter implementation is amplification of this noise. Moreover, their feed-
forward controller contains the inverted vehicle model. This vehicle model contains an actuator
delay, which cannot be inverted. Hence, this feedforward controller cannot be implemented.

An interesting solution is presented by Harfouch et al. (2018), who assume that the driveline
dynamics of the platoon leader 7y are known and the driveline dynamics of all other vehicles are
assumed to consist of 75 plus an uncertainty A7. Note that a more realistic assumption would
be to assume that vehicle ¢ knows its own driveline dynamics 7; and that the driveline dynamics
of the leading vehicle 79 are unknown. However, using the latter assumption is also possible
with the proposed method. Using a Model Reference Adaptive Control (MRAC) augmentation
method, Harfouch et al. (2018) analytically prove convergence of the heterogeneous platoon model
to a string stable reference model and illustrate string stability by means of simulations. A
known limitation, inherent to the proposed MRAC method, is that the adaptive gains loose their
independence once steady state is reached. This raises the requirement of “persistent excitation”
of the platoon reference acceleration to achieve convergence of the heterogeneous platoon model to
the string stable re