
 

String stability of interconnected vehicles : network-aware
modelling, analysis and experiments
Citation for published version (APA):
Öncü, S. (2014). String stability of interconnected vehicles : network-aware modelling, analysis and experiments.
[Phd Thesis 1 (Research TU/e / Graduation TU/e), Mechanical Engineering]. Technische Universiteit Eindhoven.
https://doi.org/10.6100/IR762788

DOI:
10.6100/IR762788

Document status and date:
Published: 01/01/2014

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 16. Nov. 2023

https://doi.org/10.6100/IR762788
https://doi.org/10.6100/IR762788
https://research.tue.nl/en/publications/145b1d6c-aaf8-4ddf-bccd-44537293a2ae


Sinan Öncü

String Stability of Interconnected Vehicles
 Network-aware Modelling, Analysis & Experiments 

String Stability of Interconnected Vehicles   Netw
ork-aw

are M
odelling, Analysis  &  Experim

ents             Sinan Ö
ncü

199837-os-Oncu.indd   1 10-12-13   10:53



String Stability of Interconnected Vehicles:
Network-aware Modelling, Analysis and Experiments



This work was supported by HTAS (High Tech Automotive Systems) Connect & Drive
Project, the European 7th Framework Network of Excellence: Highly-complex and
networked control systems (HYCON2) (grant agreement no. 257462), and the Innova-
tional Research Incentives Scheme under the VICI grant Wireless control systems: A
new frontier in automation (No. 11382) awarded by NWO (The Netherlands Organi-
zation for Scientific Research) and STW (Dutch Science Foundation).

A catalog record is available from the Eindhoven University of Technology Library.
ISBN: 978-90-386-3543-9

Typeset by the author using LATEX 2ε

Reproduction: Ipskamp Drukkers, Enschede, The Netherlands.
Cover Design: Sinan Öncü, Ceylan Çölmekçi Öncü, and Nick Bauer.
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dr. C. Canudas-de-Wit (Polytechnique de Grenoble)
prof.dr.ir. B. de Schutter (Delft University of Technology)
prof.dr.ir. P.P.J. van den Bosch



Contents

1 Introduction 1
1.1 Vehicular Platooning . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Networked Control Systems . . . . . . . . . . . . . . . . . . . . . 5
1.3 Main Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.4 Outline of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . . 9

2 Model Description 13
2.1 Vehicle Following Objective . . . . . . . . . . . . . . . . . . . . . 14
2.2 Longitudinal Vehicle Dynamics Model . . . . . . . . . . . . . . . 15
2.3 C-ACC Control Structure . . . . . . . . . . . . . . . . . . . . . . 17

2.3.1 Adaptive Cruise Controller (ACC) . . . . . . . . . . . . . 17
2.3.2 Cooperative Adaptive Cruise Controller (CACC) . . . . . 18

2.4 Closed-Loop CACC Model . . . . . . . . . . . . . . . . . . . . . . 19
2.5 Interconnected Vehicle String Model . . . . . . . . . . . . . . . . 21
2.6 Network-Free CACC Model . . . . . . . . . . . . . . . . . . . . . 23
2.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3 String Stability of Interconnected Vehicles 25
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.2 Time-Domain Illustration of String Stability . . . . . . . . . . . . 27
3.3 Frequency-domain Based String Stability Conditions . . . . . . . 30
3.4 Dissipation Inequality-based String Stability Conditions . . . . . 33
3.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4 Network-aware Cooperative Adaptive Cruise Control 39
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.2 Networked CACC: Discretisation Approach . . . . . . . . . . . . 42

4.2.1 Model-based String Stability Analysis . . . . . . . . . . . 45
4.2.2 Simulation Results . . . . . . . . . . . . . . . . . . . . . . 47



vi Contents

4.2.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.3 Networked CACC: Hybrid System Approach . . . . . . . . . . . 49

4.3.1 Hybrid System Model Formulation . . . . . . . . . . . . . 52
4.3.2 Problem Formulation and Analysis Approach . . . . . . . 53
4.3.3 L2-Stability Analysis of the Hybrid System . . . . . . . . 53
4.3.4 String Stability Analysis . . . . . . . . . . . . . . . . . . . 55

4.4 Discussion and Conclusions . . . . . . . . . . . . . . . . . . . . . 58

5 Experimental Validation 61
5.1 Model-based Results . . . . . . . . . . . . . . . . . . . . . . . . . 62
5.2 Vehicle Instrumentation . . . . . . . . . . . . . . . . . . . . . . . 65
5.3 Experiment Design . . . . . . . . . . . . . . . . . . . . . . . . . . 67
5.4 Experimental String Stability Analysis . . . . . . . . . . . . . . . 68
5.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

6 Cooperative Driving with a Heavy-Duty Truck in Mixed Traffic 73
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
6.2 Vehicle Following Objective . . . . . . . . . . . . . . . . . . . . . 76
6.3 Low-level Controller . . . . . . . . . . . . . . . . . . . . . . . . . 77
6.4 Platoon Controller . . . . . . . . . . . . . . . . . . . . . . . . . . 80
6.5 String Stability Analysis . . . . . . . . . . . . . . . . . . . . . . . 80
6.6 Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
6.7 Experimental Results . . . . . . . . . . . . . . . . . . . . . . . . . 84
6.8 Conclusions and Recommendations . . . . . . . . . . . . . . . . . 87

7 Conclusions and Recommendations 89
7.1 Main Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
7.2 Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . 92

Bibliography 95

Summary 103

Acknowledgements 107

Curriculum Vitae 109



Nomenclature

List of Symbols

ai acceleration of the i-th vehicle
Ca aerodynamic friction coefficient
Cr rolling friction coefficient
Cs static friction coefficient
d actual distance
di actual distance of the i-th vehicle to its predecessor
dr desired distance
dr,i desired distance of the i-th vehicle to its predecessor
e distance error
ei distance error of the i-th vehicle
Ff total friction force
Fw desired wheel force
hd,i headway-time constant
i vehicle index
kp,i proportional gain
kd,i derivative gain
Li length of the i-th vehicle
n number of vehicles in a string
qi vehicle position
ri desired inter-vehicle spacing at standstill
rf final drive ratio
rg gear ratio
rw wheel radius
T sampling interval
Te engine torque
T% engine torque command
ui total control command to the i-th vehicle



viii Nomenclature

ufb,i feedback control command
uff,i feedforward control command
ur reference input
vi vehicle velocity
vp velocity of the preceding vehicle
xi state vector of the i-th vehicle
x̃i extended state vector with Padé approximations
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τa,i actuator delay
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Chapter 1

Introduction

1.1 Vehicular Platooning

1.2 Networked Control Systems

1.3 Main Contributions

1.4 Outline of the Thesis

The ever increasing demand for mobility in today’s life brings additional
burden on the existing ground transportation infrastructure for which a feasible
solution in the near future lies in more efficient use of currently available means
of transportation. For this purpose, the development of Intelligent Transporta-
tion Systems (ITS) technologies that contribute to improved traffic flow stability,
throughput, fuel economy and safety are needed. Cooperative Adaptive Cruise
Control (CACC), being one of the promising ITS technologies, extends the cur-
rently available Adaptive Cruise Control (ACC) technology with the addition
of information exchange between vehicles through Vehicle-to-Vehicle (V2V) and
Vehicle-to-Infrastructure (V2I) wireless communication [81]. CACC can con-
tribute to improving these aspects by realizing a better synchronised traffic flow
and therewith overcoming excessive variations in cruising speeds of vehicles even
when vehicles are driving at reduced inter-vehicle distances.

In today’s traffic, limited human perception of traffic conditions and human
reaction characteristics constrain the lower limits of achievable safe inter-vehicle
distances. Besides, erroneous human driving characteristics may cause traffic
flow instabilities which result in so-called shockwaves. In dense traffic conditions,
a single driver overreacting to a momentary disturbance (e.g. a slight deceleration
of the predecessor) can trigger a chain of reactions in the backward chain of
follower vehicles. The amplification of such a disturbance can bring the traffic
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to a full stop kilometers away from the disturbance source and cause traffic jams
for no apparent reason. For this reason, the attenuation of disturbances across
the vehicle string, which is covered by the notion of string stability, is an essential
requirement for vehicle platooning. ACC operated vehicles which rely merely
on line of sight measurements (which are obtained via a radar or lidar) also
suffer from the same reaction limitations as human drivers. Wireless information
exchange between vehicles provides the means for overcoming sensory limitations
of human or ACC operated vehicles and, therefore, can contribute significantly
to improving the traffic flow, especially on highways [81, 72].

1.1 Vehicular Platooning

One of the earliest studies towards regulating inter-vehicle distances to achieve
improved traffic flow dates back to the 60’s in which the authors formulated the
problem in an optimal control design framework [41]. A solution to this prob-
lem, formulated as an optimal regulation problem, was provided in a centralized
control structure in [46]. Ever since, the ITS-control community has shown con-
siderable interest in the automatic longitudinal control of moving vehicles due to
its potential benefits for improving traffic throughput and has addressed many of
the technical specifications for the deployment of such systems [72]. Many prac-
tical issues regarding a successful implementation were addressed especially in
the scope of the California PATH program [73, 28] such as different inter-vehicle
spacing strategies [80, 79], information flow structures [66, 77], heterogeneous
traffic conditions [71], communication delays [42], and actuator limitations [34].

A centralized control structure as in [41, 46] is infeasible for realistic traffic
conditions since this would require extensive central computational power and
information exchange to/from every individual vehicle forming the platoon [17].
Another drawback of such a centralized control structure is its susceptibility to
node (vehicle) malfunctioning. Therefore, more practical solutions have been
investigated. One solution, on the opposite side of centralized schemes, are fully
decentralized implementations, where every individual vehicle relies merely on its
own sensory information, and are therefore named autonomous vehicle-follower
systems. Adaptive Cruise Control (ACC) technology is such an autonomous
vehicle-follower system that has now already become commercially available.
Although it has been shown that an increase in traffic throughput could also be
achieved with the use of ACC systems [35], the line of sight sensing limitations
(achieved by a radar or lidar) of these vehicle-follower systems fail to reveal the
potential benefits of vehicular platooning to the full extent.

The general objective of vehicular platooning is to pack the driving vehicles
together as tightly as possible in order to increase traffic throughput while pre-
venting amplification of disturbances throughout the string, the latter of which
is known as string instability [78, 77]. These are two conflicting objectives when
conventional methods are considered, since reducing inter-vehicle distances re-
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sults in shockwaves (due to string instability) which adversely affect the global
traffic flow. Studies for improving string stability properties of ACC operated
vehicles have suggested the use of non-identical controllers for individual vehicles
with linearly increasing gains as the platoon size increases [36]. However, this is
not feasible in practice due to vehicle dynamics and actuator limitations and it
compromises ride quality [64]. Therefore, ACC systems are considered more as
a comfort enhancing Advanced Driver Assistance Systems (ADAS) technology.

Cooperative Adaptive Cruise Control technology can overcome the draw-
backs of ACC systems by making use of information exchange between vehicles
(even with those that may be occluded from direct line of sight). Inter-vehicle
communication can support the increase of traffic flow by reducing inter-vehicle
distances while improving the ride quality [64] and preventing amplifications of
disturbances along the vehicle string. Most CACC schemes are neither fully
centralized nor fully decentralized. Computations are executed in a decentral-
ized fashion in each individual vehicle, but implemented control strategies rely
on shared information from other vehicles, and hence are named cooperative
vehicle-follower systems. Control strategies arising from different information
flow structures have been investigated for CACC systems in terms of their ef-
fects on string stability [66, 77].

The interconnections arising from control laws that make use of shared infor-
mation between dynamic agents (e.g. vehicles) has also been a popular research
subject in closely related fields of flight formation control [5, 19], cooperative con-
trol [16, 47], and decentralized /distributed control [75, 76, 58, 38, 12]. Stankovic
and Siljak [75, 76, 74] approached the problem from a large-scale systems per-
spective and used the inclusion principle to decompose the interconnected vehicle
string into subsystems with overlapping states for which decentralized controllers
were designed. In [16], algebraic graph theory was used to model the intercon-
nection structure of vehicle formations to inspect the effect of communication
topology on formation stability. Some research has focused on making use of
underlying interconnection structures to derive scalable system theoretic prop-
erties for this type of platoon systems and designing controllers using distributed
control methods [12, 39, 38]. These results are mostly applicable either to in-
finite length vehicle strings with spatially invariant interconnections or their
finite-extensions with certain spatial symmetry properties.

CACC Technology

A CACC system as illustrated in Fig. 1.1 utilizes information exchange between
vehicles through wireless communication besides local sensor measurements that
are available in an ACC system. With this additional information, a CACC-
equipped vehicle is able to react faster to the behaviour of the surrounding
vehicles and, therewith, achieves a better synchronised traffic flow while avoiding
string instability at smaller inter-vehicle distances. Besides the obvious increase
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Figure 1.1: CACC concept.

in traffic throughput that is achieved by densely packing driving vehicles, another
major benefit of CACC is the ability to attenuate the propagation of disturbances
throughout the vehicle string. Such amplifications not only result in excessive
acceleration/braking but also impair the traffic flow in general. All together,
CACC is able to increase traffic flow, improve ride comfort, reduce travel times
and achieve improved fuel economy.

Reduced inter-vehicle distances that can be achieved with CACC can be also
beneficial for reducing the fuel consumption of platooning heavy-duty trucks.
This benefit in terms of fuel economy is especially apparent for heavy-duty trucks
due to the fact that the aerodynamic drag of a truck is high due to the flat
frontal surface. Therefore, close distance driving will result in a significant fuel
reduction [3, 4, 45, 24]. Experimental results have shown that fuel reduction for
both the follower and the leading truck can be achieved, respectively, as much
as 20% and 6% [8]. In [10], the inter-vehicle distance between two heavy-duty
trucks is varied between 3 - 10 m resulting in a fuel reduction of 10 − 12% for
the following truck and a fuel reduction of 5− 10% for the leading truck.

More recently, proof-of-concept demonstrations with CACC vehicles were
performed with homogeneous vehicle strings [61] and also with heterogeneous
vehicle strings in a multi-vendor setting [62, 52, 27]. These implementations
have shown the feasibility of CACC implementations and that significant im-
provements over existing ACC technology can be achieved already with rela-
tively simple control algorithms and communication structures. However, given
the safety-critical nature of the application, implementation for real traffic con-
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ditions requires consideration of the constraints imposed by the wireless commu-
nication needed to implement CACC. On the one hand, control over a wireless
communication network is the enabling technology that makes CACC realiz-
able; on the other hand, very few studies consider the imperfections that are
introduced by the network [42]. This is mainly due to the fact that systematic
analysis and design tools for NCS arose relatively recently. In [42], a continuous-
time transfer function based analysis of the effects of constant time delays on
string stability was carried out.

The research incorporated in this thesis has been published in [55, 54, 53];
therein, a Networked Control Systems (NCS) approach is adopted for the anal-
ysis of string stability properties of CACC systems. For the purpose of such
analysis, we develop a novel modelling method which can be used for the analy-
sis of string stability for vehicle platooning while taking into account the effect
of network-induced imperfections. In [55], a discretisation-based NCS modelling
and analysis approach is adopted which also incorporates the effects of the sam-
pling and the zero-order-hold in addition to constant wireless communication
delays. These results have been extended in [53] with experiments. In [54],
string stability conditions are provided on the uncertain and time-varying sam-
pling/transmission intervals, delays, and scheduling constraints (requiring net-
work protocols) induced by the wireless communication between vehicles. A
brief overview of research in the field of NCS, relevant in the scope of vehicular
platooning, will be presented next.

1.2 Networked Control Systems

In the field of NCS, one considers the control of systems over a communica-
tion network [87, 7]. Communication and control over a shared network has
received an increasing attention over the recent years, see e.g., the overview pa-
pers [32, 89, 87, 30]. Such control systems, in which the sensor data and control
commands are transmitted over a wired or wireless network, are called Networked
Control Systems (NCSs). A typical example of a network employed in the scope
of control is the widely used Controller Area Network (CAN) in the automotive
industry [40]. Compared to a traditional control system, which uses end-to-end
wired connections between the sensors, actuators and controllers, NCSs make
use of a shared medium to exchange information. The primary advantages of
an NCS are ease of troubleshooting, maintenance and installation. Moreover,
NCSs offer a large flexibility, since they can be easily modified and reconfigured
by adding sensors, actuators, and controllers without the need of making major
changes to the overall structure of the system. A particular benefit of employing
wireless networks is avoiding the need for wired connections, which are infeasible
in many situations including vehicular platooning applications for obvious rea-
sons. However, the usage of (wireless) networked communication introduces new
challenges related to the occurrence of time-varying sampling intervals, delays,
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and communication constraints. The impact of such network-induced effects on
the control system requires a careful analysis and tradeoffs need to be made be-
tween control properties, such as stability and performance, and network-related
properties such as delays, scheduling, bandwidth limitations etc. [7].

Network-induced Imperfections

The use of a communication network in the control loop makes the analysis and
design of an NCS more complicated than a traditional (non-networked) control
loop. Indeed, next to the presence of constraints and uncertainties, disturbances,
and measurement noise, which already occur in traditional control loops, in
NCSs, additional challenges arise that must be overcome before the advantages
NCSs offer can be fully exploited. In particular, the design of an NCS has to
deal with network-induced communication imperfections and constraints, which
can be categorized into five types [7]:

i) Variable sampling/transmission intervals. If there is no synchronised
clock for all nodes, the sampling/transmission intervals are uncertain and
time varying. This phenomenon is also known as clock jitter in the literature
[13].

ii) Variable transmission delays. In NCSs, transmission of data over a
network takes a finite amount of time. Furthermore, if multiple nodes share
a network, the network might be occupied for an uncertain period before
the current nodes can send their data; this effect causes so-called contention
delays. Therefore, the transmission delays are often uncertain and time
varying.

iii) Communication constraints. NCSs have multiple sensors and actuators,
which are grouped into nodes which all communicate over a shared network.
Due to a shared communication medium, it is not possible that all these
nodes transmit their data simultaneously. Therefore, a scheduling proto-
col is needed which orchestrates access of these nodes to the network for
transmitting their data.

iv) Packet dropouts. Another difference between NCSs and a traditional
plant-controller setup (in which end-to-end communication is employed) is
the occurrence of packet dropouts, i.e., the possibility that data is lost during
transmissions. Packet dropouts can result from collisions, unreliability of
the network channel or congestion.

v) Sampling effects. In any practical implementation, the control system is
implemented in a digital environment and can only transmit data that are
digitized by using sampling.
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In this thesis, the effects of such NCS imperfections on string stability properties
of vehicular platoons are analysed. In Section 4.2, the analysis of the effects of
(constant) transmission delays (ii), and sampling (v) is pursued; in Section 4.3,
the effects of variable transmission intervals (i), transmission delays (ii) and
communication constraints (iii) are studied.

NCS modelling and analysis approaches

To analyse the effects of these network-induced imperfections on stability and
performance of the NCS, a model that encompasses these imperfections is re-
quired. In the NCS literature, three different approaches towards modelling and
stability analysis for NCSs have been considered:

i) Modelling approach based on discrete-time parameter varying
systems. This approach is based on constructing a discrete-time repre-
sentation of the sampled-data NCS system. The uncertain network pa-
rameters can then be captured by polytopic embeddings (overapproxima-
tions) in order to construct a model suitable for stability analysis. We refer
to [31, 11, 63, 14, 82, 84, 83, 21, 23, 33, 67, 89, 88] for an overview of
discretisation-based approaches for NCS. The resulting discrete-time poly-
topic models can then be analysed by using robust stability analysis meth-
ods. Note that, using a discrete-time approach, one can typically prove
stability at the sampling instants; however, the sampled-data control sys-
tem is evolving in continuous-time between these sampling times. Conse-
quently, the final step in this approach is to guarantee that the intersample
behaviour is also stable in order to prove stability of the continuous-time
sampled-data system.
A property of this modelling approach is that it allows to consider discrete-
time controllers, which is favorable since controllers are typically imple-
mented on a digital computer. Note that for linear systems, this discretisa-
tion can be done exactly. Therefore, this approach mainly focusses on linear
systems. Recently, extensions towards nonlinear systems, see e.g. [84, 83],
have also been developed.

ii) Modelling approach based on impulsive/hybrid systems. In this ap-
proach, stability analysis techniques are proposed based on a hybrid model
of the sampled-data NCS. This approach is applicable to a large class of
NCSs (both linear as well as nonlinear) [51, 29, 50]. However, some draw-
backs of this approach are that only continuous-time (non)linear controllers
can be considered (due to the fact that this approach is emulation based).
Moreover, it has been shown, e.g. in [14], that the modelling and analysis
approach is more conservative than the discrete-time approach for linear
systems. Another drawback is that it is limited to small delays (delays
smaller than the transmission interval).
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iii) Modelling approach based on delayed (impulsive) differential equa-
tions. In this approach, the NCS is modeled based on delay (impulsive)
differential equations [48, 82]. This approach allows to consider discrete-
time controllers and nonlinear plants. However, the stability analysis is
based on Lyapunov Krasovskii or Lyapunov Razumikhin methods, which
makes stability analysis intricate.

Most works on NCS focus on the stability analysis of closed-loop NCS consist-
ing of a plant and controller interconnected by a (wireless) network [32, 11, 22,
33, 20, 14, 88]. Relatively few works consider sensitivity of NCS to perturbations,
see e.g. [29, 82]. In the context of CACC, the latter aspect is highly relevant as,
firstly, wireless communications take place between controlled vehicles and, sec-
ondly, string stability relates to the attenuation of disturbances along the string,
and not just stability (of an equilibrium). This work will address the effects
of aforementioned wireless communication imperfections on the string stability
properties of vehicular platoons by using both a discretisation-based modelling
approach (i) and the hybrid system modelling approach (ii).

1.3 Main Contributions

Recent implementations of CACC have demonstrated that significant improve-
ments over existing ACC technology can be achieved already with relatively
simple control algorithms and communication structures. However, the imple-
mentation for real traffic conditions requires consideration of the constraints
imposed by the wireless communication needed to implement CACC. Therefore,
the focus in this thesis is on the design of CACC systems from a Networked
Control System (NCS) perspective. The main contributions of the thesis can be
summarized as follows:

I) Network-aware modelling of CACC vehicle strings. A novel NCS
modelling framework for interconnected vehicle strings is presented. The
interconnected vehicle string model arises from the dynamical coupling of a
cascade of CACC vehicles, each of which is controlled to maintain a desired
distance to its predecessor. In this model, two types of data employed in
the CACC controller are distinguished according to the way they are being
transferred, i.e. either locally sensed or wirelessly communicated informa-
tion. This approach allows to cast the interconnected system dynamics
with wireless communication constraints into an NCS model that incorpo-
rates the effects of sample-and-hold, transmission frequency and network
delays. The framework is set up in a general manner such that the inclusion
of scheduling constraints induced by the wireless communication between
vehicles can be incorporated as well.

II) Network-aware string stability analysis. The modelling framework is
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extended with analysis tools for string stability in the presence of network
effects. These analyses can provide the designer with guidelines for mak-
ing multidisciplinary tradeoffs between control and network specifications
and support the design of CACC systems that are robust to uncertain-
ties introduced by wireless communication. Using these analysis tools, the
dependency of string stability on network-induced effects is studied. The
analyses provide bounds on the maximum allowable transmission intervals
(MATI) and maximum allowable delays (MAD) while string stability is
still guaranteed.

III) Experimental validation/demonstration. Moreover, the validity of
the presented analysis framework is demonstrated via experiments per-
formed with CACC-equipped prototype passenger vehicles in a homoge-
neous string. Experimental results show that the developed NCS mod-
elling framework captures the dependency of string stability on network-
induced effects and confirm the string stable operation conditions obtained
by model-based analyses.

Furthermore, the CACC algorithm was implemented on a heavy-duty truck
and tested during the Grand Cooperative Driving Challenge (GCDC) in a
multi-vendor setting where participating teams tested their CACC-equipped
vehicle and benchmarked it to the CACC vehicles of other competitors
[85, 2, 52]. These tests show improved string stable behaviour of the truck
within a heterogeneous vehicle string. These experiments address the ef-
fects of wireless communication losses and vehicle dynamics limitations on
string stability properties of heavy-duty vehicles.

1.4 Outline of the Thesis

This thesis is divided into six main chapters (in addition to this introduction).
The outline of the thesis is as follows.

Chapter 2: Model Description

In this chapter, the interconnected vehicle string model that will be used in the
rest of the thesis will be constructed. This interconnected vehicle string model
arises from the dynamical coupling of a cascade of CACC-equipped vehicles.
One of the general control objectives, namely the vehicle following objective is
introduced which relates to the objective of following the preceding vehicle at a
desired distance (the latter of which depends on the so-called spacing policy).

We cast the interconnected vehicle string dynamics in a form amendable
for the network-aware analysis that will be carried out in Chapter 4. Hereto,
two types of data employed in the CACC controller are distinguished according
to their way of being transferred: either as locally sensed information or as
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wirelessly communicated information. This allows us to consider the feedback of
local sensor measurements as internal dynamics of the interconnected system and
to focus on the effects of network imperfections on the wirelessly communicated
data separately. As an ideal case, we also introduce a Network-Free(NF)-CACC
model, which is obtained when the wireless communication imperfections are not
considered and which will be used in Chapter 3 for investigating string stability
properties of interconnected systems and serves as a reference for the evaluation
of the networked system performance in terms of string stability in Chapter 4.

Chapter 3: String Stability of Interconnected Vehicles

In addition to the vehicle following objective that is described in Chapter 2,
another important requirement in a CACC vehicle platooning system is to avoid
amplification of the effect of disturbances throughout the string as the vehicle
index increases (i.e. string instability). As already indicated before, the ampli-
fication of such disturbances not only poses risks on safe and reliable operation
of the individual vehicle following controllers but also compromises traffic flow
stability, fuel economy and throughput. In this chapter, string stability prop-
erties of interconnected vehicle strings are discussed by using the models that
were developed throughout Chapter 2. The Network-Free(NF)-CACC model
forms the basis for the string stability analysis of this particular type of in-
terconnected vehicle strings. First, the string (in)-stability phenomenon is il-
lustrated by time simulations and the effects of amplification of certain signals
along the vehicle string on realizing the control objectives are discussed. Then,
we present frequency-domain based and dissipation-based conditions for string
stability. The tools and methods presented in this chapter will be exploited in
Chapter 4 where both frequency-domain and dissipation-based conditions for
string stability will be employed for the analysis of networked CACC models.

Chapter 4: Network-aware Cooperative Adaptive Cruise Control

The impact of wireless communication imperfections on string stability requires a
careful analysis to support the making of tradeoffs between CACC performance
and network specifications. In this chapter, a network-aware modelling and
analysis framework is built on the basis of the interconnected vehicle string
model that is constructed in Chapter 2 and by using the string stability analysis
tools presented in Chapter 3. Based on this network-aware modelling approach,
the string stability analysis techniques presented in Chapter 3 are extended to
study the string stability properties of the interconnected vehicle string when
wireless communication imperfections are present.

These analyses can be used to investigate tradeoffs between CACC perfor-
mance (string stability) and network specifications (such as delays) which are
essential in the multi-disciplinary design of CACC-based platooning systems.
The main purpose of this chapter is to emphasize the necessity for considering
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CACC in a Networked Control Systems (NCS) framework by studying the effects
of wireless communication on the performance of an existing CACC controller in
terms of string stability. Moreover, we also show how these string stability anal-
yses can provide the designer with guidelines for making the tradeoffs between
control and network specifications.

Chapter 5: Experimental Validation

In this chapter, the validity of the network-aware modelling and string stabil-
ity analysis framework, that was developed in Chapter 4, is demonstrated in
practice by experiments performed with prototype vehicles equipped with Co-
operative Adaptive Cruise Control (CACC). The main goal of these experiments
is to test string stability properties for a range of time headways and communi-
cation delays in order to validate the model-based analyses that are obtained by
using the Networked Control Systems (NCS) methods in Chapter 4. We obtain
string stable operation conditions for the prototype passenger vehicles by using
the network-aware modelling and string stability analysis method presented in
Chapter 4 which incorporates the effects of the sampling and zero-order-hold
(ZOH) in addition to constant wireless communication delays. Herewith, we
obtain maximum allowable time delays for a range of headway times and sam-
pling intervals for which the boundary of string stability will be revealed and,
therewith, find appropriate settings for which experiments will be carried out.
The CACC-related components instrumented in the test vehicles and the imple-
mentation of the CACC system are explained in detail. For the validation of the
model-based string stability analyses presented in Chapter 4, experiments have
been carried out at representative operating points with different time headway
values where the (constant) wireless communication delay was regulated at dif-
ferent levels in order to support the experimental analysis of string stability for
different delay magnitudes. These experimental results show how string stability
is compromised by wireless communication delays and demonstrate the reliabil-
ity and practical validity of the network-aware modelling and string stability
analysis method presented in Chapter 4 in practice.

Chapter 6: Cooperative Driving with a Heavy-Duty Truck in Mixed
Traffic: Experimental Results

This chapter describes the implementation and testing of a Cooperative Adaptive
Cruise Control (CACC) strategy on a heavy-duty truck. The adopted control
strategy utilizes additional information exchange through wireless communica-
tion to improve the vehicle following behaviour achieved by the underlying Adap-
tive Cruise Controller (ACC). The control method is evaluated in a mixed traffic
condition. It is shown that the truck can perform smooth predecessor following
in most of the test scenarios even for small inter-vehicle distances. Furthermore,
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the results demonstrate how string stability is affected by wireless communica-
tion imperfections and ac-(de)celeration limitations of the heavy-duty truck in
a heterogeneous platoon.

Chapter 7: Conclusions and Recommendations:

This chapter summarizes the main conclusions and provides recommendations
for future research based on the findings in this thesis.



Chapter 2

Model Description

2.1 Vehicle Following Objective

2.2 Longitudinal Vehicle Dynamics Model

2.3 C-ACC Control Structure

2.4 Closed-Loop CACC Model

2.5 Interconnected Vehicle String Model

2.6 Network-Free CACC Model

2.7 Conclusions

The general objective of a Cooperative Adaptive Cruise Control (CACC)
system is to pack the driving vehicles together as tightly as possible in order to
increase traffic throughput while preventing amplification of the effect of distur-
bances throughout the string, the latter of which is known as string instability
[77, 78]. These are two conflicting objectives when conventional methods are
considered, since reducing inter-vehicle distances results in shockwaves (due to
string instability) which adversely affect the global traffic flow. In CACC, wire-
less information exchange between vehicles provides the means for overcoming
sensory limitations of human or ACC operated vehicles and, therefore, can con-
tribute significantly to improving the traffic flow, especially on highways. Sig-
nificant improvements over existing ACC technology can be achieved already
with relatively simple control algorithms and communication structures but im-
plementation for real traffic conditions requires consideration of the constraints
imposed by the wireless communication needed to implement CACC. For this
matter, a network-aware modelling is needed. Such an approach is developed
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in this thesis, which allows to study the effects of wireless communication im-
perfections on the performance and string stability properties of CACC-based
platooning strategies.

In this chapter, the interconnected vehicle string model that will be used
in the rest of the thesis will be constructed. This interconnected vehicle string
model arises from the dynamical coupling of a cascade of CACC-equipped vehi-
cles, each of which is controlled to maintain a desired distance to its predecessor.
In Section 2.1, we introduce one of the general control objectives, namely the
vehicle following objective. The other important control objective being string
stability will be addressed in more detail in Chapter 3. Vehicle following relates
to the objective of following the preceding vehicle at a desired distance (the latter
of which depends on the so-called spacing policy). In Section 2.2, the underlying
longitudinal vehicle dynamics is presented. In Section 2.3, the ACC and CACC
structures are presented which together with the longitudinal vehicle dynamics
form the closed-loop CACC vehicle model, which is given in Section 2.4. We use
this closed-loop CACC vehicle model to derive the interconnected vehicle string
model in Section 2.5. Here, we cast the interconnected vehicle string dynamics
in a form amendable for the network-aware analysis that will be carried out in
Chapter 4. Hereto, we distinguish two types of data employed in the CACC
controller according to their way of being transferred: either as locally sensed
information or as wirelessly communicated information. This allows us:

• to consider the feedback of local sensor measurements as internal dynamics
of the interconnected system and,

• to focus on the effects of network imperfections on the wirelessly commu-
nicated data.

In Section 2.6, we also introduce a Network-Free(NF)-CACC model which is
obtained when the wireless communication imperfections are not considered.
This model will be used in Chapter 3 for investigating string stability properties
of interconnected systems and serves as a reference for the evaluation of the
networked system performance in Chapter 4.

2.1 Vehicle Following Objective

The vehicles forming the platoon as shown in Fig. 2.1 are interconnected by
means of control in order to meet the vehicle following objective. This vehicle
following objective relates to the fact that each vehicle is desired to follow its
predecessor while maintaining a desired, but not necessarily constant, distance.
Here, we consider a constant time headway spacing policy, where the desired
spacing (dr,i) between the front bumper of i-th vehicle to its predecessor’s ((i−1)-
th vehicle) rear bumper is given by

dr,i = ri + hd,ivi. (2.1)
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Figure 2.1: Subsequent vehicles driving in a platoon formation.

Herein, i is the vehicle index, ri is a constant term that forms the desired gap
between consecutive vehicles at standstill, hd,i is the headway time constant
representing the (desired) time that it will take the i-th vehicle to arrive at the
same position as its predecessor when ri = 0 and vi is the vehicle velocity. For
the sake of simplicity, ri = 0 is taken in the rest of this thesis since it does
not affect the dynamics of the system in the scope of the presented work. For
similar reasons, the car length (Li) will also be taken as zero. The actual distance
between two consecutive vehicles (di) is

di = qi−1 − (qi + Li) = qi−1 − qi, (2.2)

where qi is the absolute position of the i-th vehicle in global coordinates. The
local control objective, referred to as vehicle following, can now be defined as
regulating the error

ei = di − dr,i, (2.3)

to zero asymptotically.
Next, the underlying longitudinal vehicle dynamics and the control structure

are presented, respectively, in Sections 2.2 and 2.3, which together form the
CACC vehicle model (Section 2.4). Subsequently, we use this CACC vehicle
model to construct the interconnected vehicle string model in Section 2.5.

2.2 Longitudinal Vehicle Dynamics Model

We use the following linearized third-order state-space representation of the lon-
gitudinal dynamics for each vehicle in the string:

q̇i(t) = vi(t),

v̇i(t) = ai(t),

ȧi(t) = −η−1
i ai(t) + η−1

i ui(t), (2.4)

where qi(t), vi(t), ai(t) are the absolute position, velocity, and acceleration, re-
spectively, at time t ∈ R≥0, ηi represents a parameter characterising the internal
actuator dynamics and ui(t) is the desired acceleration for the i-th vehicle. This
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model is widely used in the literature as a basis for analysis [42, 75, 49, 61, 54].
Equivalently, by using Laplace transforms, L(qi(t)) =: Qi(s) and L(ui(t)) =:
Ui(s), the vehicle model for vehicle i can be represented by the transfer function

Gi(s) =
Qi(s)

Ui(s)
=

1

s2(ηis+ 1)
, s ∈ C. (2.5)

Note that the conventional usage of small letters for time-domain signals and cap-
ital letters for their Laplace- or frequency-domain counterparts will be adopted
throughout the rest of this thesis.

Longitudinal Vehicle Dynamics with Actuator Delay

In practical implementations of longitudinal control of the vehicle dynamics,
the underlying low-level controllers that regulate the engine, transmission, and
driveline dynamics to realize the desired acceleration (ui) introduce an additional
actuation delay. In order to account for such delays in the throttle actuation,
we extend the model in (2.4) with an additional constant actuation delay (τa,i)
between the desired acceleration (ui) and the commanded acceleration, thereby
replacing the longitudinal dynamics for the i-th vehicle in (2.4) by

q̇i(t) = vi(t),

v̇i(t) = ai(t),

ȧi(t) = −η−1
i ai(t) + η−1

i ũi(t) (2.6)

with

ũi(t) = ui(t− τa,i). (2.7)

An equivalent Laplace-domain representation of this vehicle model can be ob-
tained by using Laplace transforms, L(qi(t)) =: Qi(s) and L(ui(t)) =: Ui(s), as
before. This leads to the transfer function

Gi(s) =
Qi(s)

Ui(s)
=

1

s2(ηis+ 1)
e−τa,is, s ∈ C. (2.8)

Padé approximations of the Actuator Delay

Note that the function e−τa,is in (2.8) of the actuator delay in (2.7) is non-
rational and renders the model infinite-dimensional. In Chapter 4, we will pursue
a discrete-time modelling approach for the modelling of the networked CACC
controlled vehicle string relying on finite-dimensional models of the vehicle dy-
namics. To support this approach, we approximate the delay transfer function
e−τa,is by a rational transfer function based on Padé approximations [26]. This
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Figure 2.2: Control structure block diagram of ACC-equipped vehicle i.

leads to the following state-space representation of the κ-th order Padé approx-
imation of the actuator delay:

˙̃pi = Ap,ip̃i +Bp,iui

ũi = Cp,ip̃i +Dp,iui (2.9)

with p̃i = [pi,1 pi,2. . . pi,κ]T ∈ Rκ.

2.3 C-ACC Control Structure

The vehicle following controller consists of an Adaptive Cruise Controller (ACC)
in addition to which cooperative action is introduced in a feedforward fashion.
In this section, both the ACC and CACC control structures will be presented.

2.3.1 Adaptive Cruise Controller (ACC)

The control structure block diagram of the ACC controller for vehicle i is shown
in Fig. 2.2. The signal conditioning block Hi(s) = 1+hd,is is used to implement
the spacing strategy given in (2.1). The feedback controller Ci,ACC(s), which
constitutes the ACC part, is a PD-type controller that acts on locally sensed data
(e.g. obtained using radar or lidar) to achieve the vehicle following objective.
This ACC controller is given in the Laplace domain as

Ufb,i(s) = Ci,ACC(s)Ei(s) = ωc,i(ωc,i + s)Ei(s), (2.10)

where Ei(s) := L(ei(t)), Ufb,i(s) := L(ufb,i(t)), and ωc,i is the bandwidth of
the controller which is chosen such that ωc,i � ωg,i := 1

ηi
in order to prevent



18 Chapter 2. Model Description

actuator saturation. The time-domain equivalent of (2.10) is obtained by using
(2.3) with (2.1) and (2.2), which leads to:

ufb,i = ω2
c,iei + ωc,iėi,

= ω2
c,iei + ωc,i(vi−1 − vi − hd,iai),

= kp,iei + kd,i(vi−1 − vi − hd,iai), (2.11)

where for notational convenience, the definitions kp,i := ω2
c,i and kd,i := ωc,i

are used. Note that kp,i and kd,i represent, respectively, the proportional and
derivative gains of the ACC controller in the remainder of this thesis. This
controller uses the relative distance (qi − qi−1) and relative velocity (vi − vi−1)
between the host and the directly preceding vehicle which are available as sensed
measurements through a radar unit that is mounted at the front of the vehicle (i)
and local measurements of velocity (vi) and acceleration (ai) of the host vehicle i.
This ACC controller achieves the vehicle following objective (i.e. regulating ei
to zero in (2.3)) when the vehicle platoon drives with a constant speed in steady
state (i.e. ur = 0).

2.3.2 Cooperative Adaptive Cruise Controller (CACC)

The control structure for a single CACC equipped vehicle (vehicle i) is shown in
Fig. 2.3. Additional feedforward action is utilized to improve vehicle following
and string stability performance and forms the CACC part of the controller
(Ci,CACC(s) in Fig. 2.3). CACC operation is introduced as an addition to the
underlying ACC controller Ci,ACC(s) in a feedforward fashion by the CACC
controller Ci,CACC(s). Following the design guidelines in [49], the feedforward
filter is given as

Uff,i(s) = Ci,CACC(s)Ai−1(s) =
1

Hi(s)Gi(s)s2
Ai−1(s), (2.12)

and achieves zero steady-state vehicle following error (ei in (2.3)). Now, using
Ai−1(s) = s2Qi−1(s) = s2Gi−1(s)Ui−1(s), (2.12) can be rewritten as

Uff,i(s) =
1

Hi(s)Gi(s)
Gi−1(s)Ui−1(s). (2.13)

Remark 2.1. For heterogeneous vehicle strings, this particular implementation of
the CACC algorithm as in (2.13) requires the dynamics of the preceding vehicle
(i.e. Gi−1(s)) to be known by the i-th vehicle. C

For a homogeneous vehicle string (i.e. identical vehicles, and thus Gi(s) =
Gi−1(s), for all i ∈ N≥1) (2.13) reduces to

Uff,i(s) =
1

Hi(s)
Ui−1(s) =

1

1 + hd,is
Ui−1(s). (2.14)
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Figure 2.3: Control structure block diagram of CACC-equipped vehicle i.

Here, it can be seen that additional dynamics is introduced in the controller
due to the velocity-dependent spacing policy in (2.1), which gives the following
time-domain representation for the CACC feedforward filter in (2.14):

u̇ff,i = −h−1
d,iuff,i + h−1

d,iui−1. (2.15)

The time-domain representations of the CACC controller given in (2.11) and
(2.15) together constitute the total control command ui, given by

ui = ufb,i + uff,i, (2.16)

which will be used in the state-space representation of the closed-loop CACC
vehicle model presented next.

2.4 Closed-Loop CACC Model

The general form of the closed-loop CACC vehicle model is obtained by combin-
ing the vehicle longitudinal dynamics in (2.4) with the distance error equation
in (2.3), the feedback control law (2.11), the feedforward control law (2.15), and
the total control command in (2.16). In doing so, we replace ui−1 by ûi−1, where
ûi−1 denotes the fact that ui−1 is transmitted over a shared wireless communi-
cation network, see Figure 2.3. Note that ûi−1 typically differs from ui−1 due to
network-induced phenomena such as sample-and-hold effects and transmission
delays. This leads to the following equation for the CACC filter:

u̇ff,i = −h−1
d,iuff,i + h−1

d,i ûi−1. (2.17)

By choosing the state variables as xTi = [ei vi ai uff,i] ∈ Rnx with nx = 4,
and by combining (2.6) and (2.17), the i-th CACC equipped vehicle dynamics,



20 Chapter 2. Model Description

(i ∈ N[2,n], where N[2,n] is used to denote the set of natural numbers in the
interval [2, n]), in an n-vehicle string is described by

ẋi = Ai,ixi +Ai,i−1xi−1 +Bs,iũi +Bc,iûi−1︸ ︷︷ ︸
CACC

,

Ai,i =




0 −1 −hd,i 0
0 0 1 0
0 0 −η−1

i 0
0 0 0 −h−1

d,i


 , Bs,i =




0
0
η−1
i

0


 ,

Ai,i−1 =




0 1 0 0
0 0 0 0
0 0 0 0
0 0 0 0


 , Bc,i =




0
0
0
h−1
d,i


 , (2.18)

where Bs,i is the input vector corresponding to the total control input ũi to
vehicle i and Bc,i is the input vector for the additional CACC input ûi−1, which
is sent to the i-th vehicle through the wireless network and is therefore subject
to network effects.

A time-domain representation of the CACC feedback/feedforward control
input with the given spacing policy is given below:

ui = ufb,i + uff,i, i ∈ N[1,n],

= Ki,i−1xi−1 +Ki,ixi, (2.19)

Ki,i−1 =




0
kd,i
0
0




T

,Ki,i =




kp,i
−kd,i
−kd,ihd,i

νi




T

,

where νi = 1 corresponds to an operational CACC, and νi = 0 gives only ACC.
For more details on the CACC setup, see [49, 61].

The longitudinal vehicle dynamics with actuator delay is obtained by using
the augmented state vector x̃Ti = [xTi p̃

T
i ] in (2.18) together with (2.9) to obtain

the total vehicle dynamics model given by

˙̃xi = Ãi,ix̃i + Ãi,i−1x̃i−1 + B̃s,iui + B̃c,iûi−1, i ∈ N[2,n],

Ãi,i =

[
Ai,i Bs,iCp,i
0 Ap,i

]
, B̃s,i =

[
Bs,iDp,i

Bp,i

]
,

Ãi,i−1 =

[
Ai,i−1 0

0 0

]
, B̃c,i =

[
Bc,i

0

]
. (2.20)

This closed-loop CACC model serves as the basic building block of the intercon-
nected vehicle string as shown in Fig. 2.4.
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Figure 2.4: Basic building block of the interconnected vehicle string.

Next, the interconnected vehicle string model will be presented which is
defined as a finite-dimensional interconnection of these basic building blocks
in (2.20) (i.e. single CACC-controlled vehicle) which are dynamically coupled
through their states and inputs via the underlying vehicle following controllers.
This model also forms the basis for the discussions in Section 3.4 on so-called
string stability properties of the interconnected system.

2.5 Interconnected Vehicle String Model

In this section, the closed-loop CACC model for the individual vehicle as pro-
posed in the previous section is employed to construct the total interconnected
vehicle string model for the entire platoon. In order to do so, a reference vehicle
(denoted by index i = 0 and with state x0) is introduced which represents a
trajectory generator in the lead vehicle in case there are no preceding vehicles
in front of it. The dynamics of the reference vehicle, without actuator delay, is
described by

ẋ0 = A0x0 +Bs,0ur,

A0 =




0 0 0 0
0 0 1 0
0 0 −η−1

0 0
0 0 0 0


 , Bs,0 =




0
0
η−1

0

0


 , (2.21)

where x0 = [e0, v0, a0, uff,0]T , and ur is the reference acceleration profile.
In (2.21), the state variables are chosen in accordance with those for the real
vehicles in the string in (2.18). Consequently, redundant states exist in (2.21)
(i.e. e0, uff,0), but nevertheless, we opt for this representation as it results in a
uniform representation for the upcoming vehicle string model.

The lead (i = 1) vehicle (with state x1) in the string also requires special
consideration. The CACC input ur is locally available to this vehicle without
any network-induced imperfections since it is generated by this vehicle. By
considering these two special cases for the reference (i = 0) and the lead (i = 1)
vehicles and using the CACC vehicle model in (2.20) for each operational CACC
subsystem (i ∈ N[2,n]), we obtain the following equations for an n-vehicle string
as shown in Fig. 2.5:
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Figure 2.5: Schematic representation of the n-vehicle string.

˙̃x0 = Ã0x̃0 +Bs,0ur,

˙̃x1 = Ã1,1x̃1 + Ã1,0x̃0 + B̃s,1u1 + B̃c,1ur,

˙̃x2 = Ã2,2x̃2 + Ã2,1x̃1 + B̃s,2u2 + B̃c,2û1,

... (2.22)

˙̃xn = Ãn,nx̃n + Ãn,n−1x̃n−1 + B̃s,nun + B̃c,nûn−1,

where extended state vectors x̃i, i ∈ N[0,n], are used here indicating the inclusion
of Padé approximations for the actuator delay in the vehicles if needed (see
(2.20)). By defining a new state vector x̄n = [x̃T0 x̃T1 x̃T2 · · · x̃Tn ]T , we lump n
vehicle subsystems together with the reference model (x̃0) and use the input of
the reference vehicle model (ur) as the exogenous input to the cascaded system
which can now be represented as

˙̄xn = Ānx̄n + B̄s,nūn + B̄c,n ˆ̄un +Brur (2.23)

with,

Ān =




Ã0 0 0 · · · 0

Ã1,0 Ã1,1 0 · · · 0

0 Ã2,1 Ã2,2 · · · 0
...

. . .
. . .

...

0 · · · 0 Ãn,n−1 Ãn,n



, B̄s,n =




0 · · · · · · 0

B̃s,1 0 · · · 0

0 B̃s,2
...

...
. . . 0

0 · · · 0 B̃s,n



,

B̄c,n =




0 · · · 0 0
0 · · · 0 0

B̃c,2 · · · 0 0
...

. . .
...

...

0 · · · B̃c,n 0



, Br =




B̃s,0
B̃c,1

0
...
0



,

and ˆ̄un =
[
û1û2 . . . ûn

]T
with ūn = [u1 u2 . . . un]T . The control law in (2.19),

i.e. ui = [Ki,i−1 Ki,i][x
T
i−1 xTi ]T , for each sub-system i ∈ N[1,n], can now be
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incorporated in (2.23) by using

ūn = K̄nx̄n (2.24)

with

K̄n =




K1,0 K1,1 0 · · · 0
0 K2,1 K2,2 · · · 0
...

. . .
. . .

...
0 · · · Kn,n−1 Kn,n


 . (2.25)

In the resulting interconnected vehicle string model (2.23), (2.24), the wire-
lessly communicated control commands ˆ̄un are kept separate for future analysis.

Let us now formulate the closed-loop CACC vehicle string model (2.23)-
(2.24) in a more compact form. Above, the interconnected vehicle string was
formulated such that the control inputs (namely ūn and ˆ̄un) are kept separate
according to their way of being acquired by the host vehicle (i.e. through direct
measurement or through wireless communication, respectively). Also, the model
permits to express the CACC control commands, which are actually feedforward
signals from one vehicle to the next, as state feedback control laws. Now, we
adopt the realistic assumption that a much higher sampling rate is employed for
the locally sensed data used for the ACC functionality than for the wirelessly
communicated CACC commands (which is also the case in the experimental
CACC-vehicle setup presented in Chapter 5). Hence, we can model the ACC
vehicle following controller as an inherently continuous-time dynamic coupling
between vehicles. This results in the following compact model reformulation
which allows us to analyse in detail the effects of wireless communication inputs:

˙̄xn = (Ān + B̄s,nK̄n)x̄n + B̄c,n ˆ̄un +Brur,

= AACCx̄n x̄n + B̄c,n ˆ̄un +Brur, (2.26)

where AACCx̄n := Ān + B̄s,nK̄n, ur is the exogenous input, and

z̄i = Cz,ix̄n, (2.27)

is the particular output of interest whose propagation throughout the string is
the subject of discussions on string stability in Chapters 3 and 4. Note that by
setting either νi = 0 or νi = 1 for individual vehicles (i ∈ N[1,n]) in the C-ACC
control law in (2.19), this interconnected vehicle string model can be used to
study the string stability properties of mixed (C-)ACC vehicle strings as well.

2.6 Network-Free CACC Model

In the previous section, the wirelessly communicated control commands ˆ̄un have
been kept separate for future analysis in Chapter 4. As an ideal case, the



24 Chapter 2. Model Description

Network-free(NF)-CACC model is obtained by assuming that the CACC con-
trol inputs are perfectly transmitted (i.e. no network effects are introduced) and
therefore, ˆ̄un = ūn = K̄nx̄n can also be incorporated in (2.26) to yield

˙̄xn = (Ān + (B̄s,n + B̄c,n)K̄n)x̄n +Brur,

= ANFx̄n x̄n +Brur, (2.28)

where ANFx̄n := Ān + (B̄s,n + B̄c,n)K̄n, and

z̄i = Cz,ix̄n (2.29)

is the output of the system.
In Chapter 3, we will use this NF-CACC model for investigating string sta-

bility properties of such systems when the wireless communication imperfections
are absent. These analyses will serve as a reference for the evaluation of the
networked system performance in Chapter 4.

2.7 Conclusions

The interconnected vehicle string model, constructed in this chapter, arises from
the dynamical coupling of a cascade of CACC vehicles, each of which is controlled
to maintain a desired distance to its predecessor (vehicle following) and to ensure
string stability. In order to construct this overall model, the vehicle longitudinal
dynamics and the vehicle following controller were presented that together con-
stitute the closed-loop CACC vehicle models. These closed-loop CACC vehicle
models form the basic building blocks of the overall interconnected vehicle string
model and will be used for discussions on the string stability properties of these
types of interconnected systems in Chapter 3. In this overall vehicle string model,
two types of data employed in the CACC controller are distinguished according
to the way they are being transferred, i.e. either locally sensed or wirelessly com-
municated information. This approach allows to cast the interconnected system
dynamics with wireless communication constraints into a Networked Control
System (NCS) model that incorporates the effects of sample-and-hold, trans-
mission frequency and network delays (see Chapter 4). In turn, this modelling
approach permits us to pursue a string stability analysis that takes these effects
of wireless communication into account in Chapter 4. As a special case, the
Network-Free(NF)-CACC model has been also introduced where the imperfec-
tions induced by the wireless communication are assumed to be negligible. This
model will serve as a basis for the string stability properties of interconnected
systems in Chapter 3, and the analyses obtained therewith serve as a reference
for the evaluation of the networked system performance in Chapter 4.



Chapter 3

String Stability of Interconnected
Vehicles

3.1 Introduction

3.2 Time-Domain Illustration of String Stability

3.3 Frequency-domain Based String Stability Conditions

3.4 Dissipation Inequality-based String Stability Conditions

3.5 Conclusions

3.1 Introduction

In addition to realizing the vehicle following objective that is described in the
previous chapter in Section 2.1, another important requirement in a CACC ve-
hicle platooning system is to avoid amplification of the effect of disturbances
throughout the string as the vehicle index increases. The amplification of such
disturbances not only poses risks on safe and reliable operation of the individ-
ual vehicle following controllers but also compromises traffic flow stability and
throughput. Hence, stability should not only be studied in the time domain,
but also in the spatial domain, such as in so-called mesh stability [56]. For spa-
tially 1-D systems, this property is called string stability. For the evaluation of
string stability, one considers the amplification of variables such as the distance
error, the velocity, the acceleration or the control effort along the vehicle string
[77, 49, 61].
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Figure 3.1: Schematic representation of the n-vehicle string.

In this chapter, we will discuss string stability properties of interconnected
vehicle strings by using the models that were developed throughout Chapter 2.
The Network-Free(NF)-CACC model presented in Section 2.6 forms the basis
for the string stability analysis of this particular type of interconnected vehicle
strings. First, in Section 3.2, we use this interconnected vehicle string model
for the illustration of the string (in)-stability phenomenon by time simulations
and the discussion of the effects of amplification of certain signals along the
vehicle string on realizing the control objectives. In Section 3.3, we present
frequency-domain based conditions for string stability. In Section 3.4, we present
dissipation-based counterparts of these conditions for string stability. In these
analyses, we will assume (for now) that the wirelessly exchanged CACC control
commands are perfectly transmitted; therefore, wireless communication imper-
fections such as sampling, delays, and losses are not yet considered in this chap-
ter. A network-aware modelling and string stability analysis framework, where
these imperfections are taken account, will be pursued in Chapter 4. These re-
sults will exploit the tools and methods presented in this chapter. In Chapter 4,
both frequency-domain and dissipation-based conditions for string stability will
be employed.

Before we proceed with the analysis of string stability properties in the next
sections, we will concisely recapitulate the network-free CACC platooning model.

Network-Free CACC Model

The vehicle platoon shown in Fig. 3.1 is modelled by using the NF-CACC model
for an n-vehicle string in (2.28) to model the interconnection of n-vehicles to-
gether with the reference model (vehicle i = 0). We use the input of the reference
vehicle model (ur) as the exogenous input to the resulting cascaded system

˙̄xn = f(x̄n, ur) := ANFx̄n x̄n +Brur,

z̄i = Cz,ix̄n, (3.1)

where ANFx̄n := Ān + (B̄s,n + B̄c,n)K̄n, and x̄n = [xT0 xT1 xT2 · · · xTn ]T are the
lumped states of the vehicles (i ∈ N[0,n]) in the vehicle string depicted in Fig. 3.1.
Here, we presume that the actuation delay can be neglected and hence the closed-
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Vehicle Model Parameters (C-)ACC Parameters Initial Conditions
ηi 0.1 νi 0 (ACC), 1 (CACC) vi(0) 20 [m/sec]
ωg,i 10 kp,i 0.25 ei(0) 0 [m]
τa,i 0 kd,i 0.5 ui(0) 0 [m/sec2]
κ - ωc,i 0.5

Table 3.1: Parameter set used in the simulations shown in Fig 3.2.

loop (C-)ACC vehicle dynamics of the individual vehicles are governed by

ẋi = fi(xi, xi−1, ui−1) = Ai,ixi +Ai,i−1xi−1 +Bs,iui +Bc,iui−1,

ui = Ki,ixi +Ki,i−1xi−1, (3.2)

where xTi = [ei vi ai uff,i] ∈ Rnx are the states of the i-th CACC equipped
vehicle in the n-vehicle string for (i ∈ N[2,n]) with the longitudinal dynamics in
(2.4). For the dynamics of the reference vehicle (i = 0) and the leader vehicle
(i = 1), see (2.21) and (2.22), respectively, in Section 2.5. The actuation delay in
longitudinal dynamics can also be incorporated by using (2.20) with (2.9), but is
excluded for the sake of simplicity in the discussions in this chapter. Particular
outputs of interest, whose propagation along the vehicle string will be inspected,
are selected by choosing z̄i accordingly in (3.1).

3.2 Time-Domain Illustration of String Stability

In this section, we present time-domain simulation results which are obtained
by using the Network-Free CACC model in (3.1). These time-domain simu-
lations illustrate the propagation of vehicle responses along the vehicle string
and provide an intuitive understanding of the shockwave and interrelated string
(in-)stability phenomenon. Based on these results, the effects of amplification
of certain signals on realizing the set control objectives is discussed next. In
Fig. 3.2, time-domain simulation results are shown, which are obtained by using
the interconnected vehicle string model in (3.1) for a vehicle string formed by
selecting n = 12, where individual vehicle outputs are chosen by selecting either
z̄i = ei, z̄i = ui, or z̄i = vi, i ∈ N[0,n], accordingly in (3.1) with the parameter
set given in Table 3.1. Note that the parameters for each vehicle in the string
are taken the same, which corresponds to a homogeneous vehicle string. An
exogenous input perturbation is then introduced by the reference vehicle in the
string (i = 0) in the form of a step-wise change in the desired acceleration ur,
which is given as:

ur(t) =

{
1 m/sec2 , 20 ≤ t ≤ 30,

0 , otherwise.
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(c) Propagation of ui in ACC,
hd,i = 0.3, i ∈ {1, . . . , 12}.
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(d) Propagation of ui in CACC setting,
hd,i = 0.3, i ∈ {1, . . . , 12}.
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(e) Propagation of vi in ACC setting,
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Figure 3.2: Illustration of the propagation of the effect of the disturbance
ur(= u0) on ei, ui and vi, hd,i = 0.3 sec.
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The responses ei, ui and vi of the vehicles in the platoon to this exogenous
perturbation as the vehicle index (i) increases are shown in Fig. 3.2, where a
small headway-time value hd = 0.3 sec. is selected in order to demonstrate the
improved string stability property that can be achieved with the use of CACC
(see Fig. 3.2.b.d.f) when compared to the use of ACC (see Fig. 3.2.a.c.e).

The simulation results show that the vehicles in the ACC-setting achieve the
vehicle following objective (i.e. regulating ei to 0 asymptotically) only when the
platoon reaches a constant speed in steady state after the perturbation vanishes
(i.e. ur = 0), whereas in the CACC-setting, the vehicles are capable of realizing
the convergence of ei to 0 also in the presence of time-varying perturbations
ur(t), hence improving the vehicle following performance. Fig. 3.2.a.c.e clearly
illustrate the amplification of the responses along the vehicle string (indicating
string instability) for the ACC-setting, while no such amplification occurs for
the CACC-setting (indicating string stability). In practice, the amplification of
ei, ui, and vi for increasing i (as present in the ACC-setting) endangers safety,
compromises vehicle dynamics limitations and passenger comfort, and adversely
affects traffic throughput in the following ways:

• The amplification of the distance errors ei mainly influences the inter-
vehicle spacing which is of crucial importance especially from a safety
perspective. To compensate for such a deviation from the desired inter-
vehicle spacing, the constant ri in (2.1) would have to be set much higher
which contradicts with the objective of increasing the traffic throughput;

• The amplification of the control efforts ui (i.e. desired acceleration) mainly
affects reliable operation of the vehicle following controller. Amplified con-
trol efforts ui may result in acceleration requests that exceed the limitations
of vehicle dynamics and may also compromise passenger comfort;

• The amplification of velocity deviations in vi can bring the traffic to a
full stop kilometers away from the disturbance source and cause traffic
instabilities resulting in so-called ghost traffic jams, therewith seriously
compromising traffic throughput.

As illustrated in Fig. 3.2, the CACC controller presented in Section 2.3 allows
smaller inter-vehicle distances without the amplification of distance errors ei,
velocity deviations vi, and the control efforts ui.

Although time-domain illustrations, as presented in this section, are useful for
the intuitive understanding of the propagation of disturbances, and therewith
of the related string (in)-stability phenomenon, for parametric analyses that
can aid the design of CACC systems, we need analytical tools to quantify the
amplifications leading to system-theoretic string stability conditions. Therefore,
we will introduce such mathematical tools and system-theoretic conditions for
such string stability analysis in the following sections.
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3.3 Frequency-domain Based String Stability
Conditions

For the evaluation of string stability, one considers the amplification of the dis-
tance error, the velocity, the acceleration or the control effort along the vehicle
string [77, 49, 61]. One can investigate the propagation of particular outputs
corresponding to vehicle i, either in response to the exogenous disturbance input
ur or with respect to its predecessor (i − 1). These two different perspectives
on investigating response propagation along the vehicle string relate to the no-
tions of weak and strong string stability. To study these distinct string stability
notions, the so-called weak and strong string stability transfer functions will be
introduced next.

Weak String Stability

The weak string stability requirement can be interpreted as a condition on the
maximal amplification of the effect of a perturbation (in this case ur = u0) at the
front of the string on the responses along the vehicle string. Such amplification
can be quantified by the magnitude of the so-called weak string stability transfer
function, defined as

Sw∆i,r
(s) : =

∆i(s)

ur(s)
, i ∈ N[1,n], s ∈ C,

=
∆i(s)

∆r(s)

∆r(s)

ur(s)
. (3.3)

Herein, ∆i(s) := L (δi) with δi as the signal of interest for the evaluation of
string stability, ∆r(s) := L (δ0), and L denotes, as before, the Laplace operator.
Assuming that

Sw∆r,r
:=

∆r(s)

ur(s)
(3.4)

exists and has a bounded H∞-norm

γr :=
∥∥∥Sw∆r,r

(s)
∥∥∥
H∞

= sup
ω∈R

∣∣∣Sw∆r,r
(jω)

∣∣∣ , (3.5)

the maximum amplification from ur to δi can be represented by the H∞-norm
of the weak string stability transfer function in (3.3) as follows:

∥∥∥Sw∆i,r
(s)
∥∥∥
H∞

= sup
ω∈R

∣∣∣Sw∆i,r
(jω)

∣∣∣ , (3.6)

where for the linear system given in (3.1) the weak string stability transfer
function can be expressed as

Sw∆i,r
(s) = Cz,i(sI −ANFx̄n )−1Br. (3.7)
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Vehicle Model Parameters (C-)ACC Parameters
ηi 0.1 νi 0 (ACC), 1 (CACC)
ωg,i 10 ωc,i 2
τa,i 0 kp,i 4
κ − kd,i 2

Table 3.2: Parameter set used for the frequency-domain and dissipation-
based string stability analyses.

In accordance with [42, 49], we now formulate the following condition for weak
string stability : ∥∥∥Sw∆i,r

(s)
∥∥∥
H∞
≤ γr,∀i ∈ N[1,n], (3.8)

where γr is given as in (3.5).

Remark 3.1. When the i-th vehicle control command ui is selected as the par-
ticular output of interest, the weak string stability condition in (3.8) becomes

∥∥∥Sw∆i,r
(s)
∥∥∥
H∞
≤ 1,∀i ∈ N[1,n], (3.9)

since in that case, by definition γr = 1. C

In Fig. 3.3(a), 3.3(b), Bode plots of Sw∆2,r
are shown which are obtained

for z2 = u2 (i.e. Cz,2 = [01×4 K2,1 K2,2 01×4 . . . 01×4]1×nx(n+1) for i = 2
in (3.7)) in an n-vehicle string with the parameter-set given in Table 3.2. For
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Figure 3.3: Weak string stability analysis of the Network-Free (C-)ACC
vehicle string for different headway-times (hd).
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illustrative purposes, we consider in this analysis a two-vehicle string (i.e. n = 2).
Here, it can be seen that the response of the ACC string satisfies the condition
(3.9) only for relatively large headway-time values (larger than 0.7 sec), whereas
the NF(ideal)-CACC system is weakly string stable according to (3.8) for all
headway-time values that were considered.

Strong String Stability

Another (in general more stringent) condition for string stability is obtained
when the propagation of specific signals is inspected from vehicle i−1 to vehicle
i and is described in terms of the strong string stability transfer function, which
is defined as

Ss∆i,i−1
(s) :=

∆i(s)

∆i−1(s)
, i ∈ N[1,n], s ∈ C,

=
∆i(s)

ur(s)

(
∆i−1(s)

ur(s)

)−1

,

= Sw∆i,r
(s)(Sw∆i−1,r

(s))−1. (3.10)

Remark 3.2. To guarantee existence of the strong string stability transfer func-
tion in (3.10), we require that the weak string stability function is functionally
controllable [57] (i.e. Sw∆i−1,r

is of full rank), such that (Sw∆i−1,r
)−1 indeed exists.

C

Based on this definition, we formulate the following condition for strong string
stability as in [49]: ∥∥∥Ss∆i,i−1

(s)
∥∥∥
H∞
≤ 1, ∀i ∈ N[1,n], (3.11)

where ∥∥∥Ss∆i,i−1
(s)
∥∥∥
H∞

= sup
ω∈R

∣∣∣Ss∆i,i−1
(jω)

∣∣∣ . (3.12)

In Fig. 3.4(a), 3.4(b), Bode plots of the strong string stability function Ss∆2,1

are shown which are obtained from (3.10) by selecting z2 = u2 (i.e. Cz,2 = [01×4

K2,1 K2,2 01×4 . . . 01×4]1×nx(n+1) for i = 2 in (3.7)) and z1 = u1 (i.e. Cz,1 = [K1,0

K1,1 01×4 01×4 . . . 01×4]1×nx(n+1) for i = 1 in (3.7)) in an n-vehicle string
with the parameter set given in Table 3.2. Similar to the weak string stability
analysis results presented in the previous section, for illustrative purposes, we
consider a two-vehicle string (i.e. n = 2) in this analysis. The analysis shows that
the response of the ACC string satisfies the strong string stability condition in
(3.11) only for relatively large headway-time values (larger than 0.7 sec), whereas
the NF(ideal)-CACC system is strongly string stable according to (3.11) for all
headway-time values that were considered.
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Figure 3.4: Strong string stability analysis of the Network-Free (C-)ACC
vehicle string for different headway-times (hd).

The strong string stability condition presented in this section forms the basis
of the network-aware string stability analysis method in Section 4.2, which will be
experimentally validated in Chapter 5 with CACC-equipped prototype vehicles.

3.4 Dissipation Inequality-based String Stability
Conditions

Next, the propagation of disturbances through the interconnected vehicle string
is inspected by using a notion of string stability which is formulated in terms of an
L2-gain requirement from disturbance inputs to controlled outputs. This allows
to formulate the string stability conditions in the form of dissipation inequalities
for which conditions in terms of Linear Matrix Inequalities (LMIs) can be for-
mulated and numerical solutions can be obtained. When Linear Time-Invariant
(LTI) systems are considered, these dissipation inequality-based conditions are
identical to their H∞-based counterparts presented in Section 3.3. However, in
the networked CACC setting considered in Section 4.3, we will analyse string sta-
bility also for systems that are subject to time-varying network-induced effects.
In this case frequency-domain conditions for string stability are not applicable
while the dissipation inequality-based formulation of string stability can be used.
In addition, in the latter case Lyapunov techniques for L2-gain analysis can be
used for these type of time-varying systems [69, 15].
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Weak String Stability

Similar to the frequency-domain based condition for the evaluation of weak string
stability, one considers the amplification of the effect of a disturbance at the front
of the string on the distance error, the velocity, the acceleration or the control
effort along the vehicle string as vehicle index (i) increases [77, 49, 61]. In this
work, the focus will be on the propagation of the control effort ui along the string
in the definition of dissipation inequality-based conditions for string stability.

Definition 3.1. The control system given by (3.1) is said to be L2-stable with
gain θ̄n,i, if there is a K∞-function1 β such that for any exogenous input ur ∈ L2,
and any initial condition x̄n(0), each corresponding solution to (3.1) satisfies

‖z̄i‖2 ≤ β(|x̄n(0)|) + θ̄n,i ‖ur‖2 . (3.13)

Furthermore, we say that the control system (of an n−vehicle string) in (3.1) is
weakly string stable (WSS) if (3.13) is satisfied for θ̄n,i ≤ 1 for all i ∈ N[1,n].

Remark 3.3. Note that for the linear system (3.1), the L2-gain of the system
according to Definition 3.1 equals the H∞-norm of the weak string stability
transfer function in (3.6) (with Sw∆i,r

(s) as in (3.7)) [69]. C

This definition for weak string stability expresses that, since we focus on the
propagation of the control effort ui, i ∈ N[1,n], as the particular output of interest,
we require the L2-gain from ur to output z̄i = ui = Cz,ix̄n, i ∈ N[1,n] to be less
than or equal to one (θ̄n,i ≤ 1) for weak string stability. To guarantee WSS as
defined above, it is sufficient to satisfy the following dissipation inequality-based
condition [69].

Condition 3.1. The control system (of an n−vehicle string) given by (3.1) is
WSS if there exists a continuously differentiable, positive definite, and proper
storage function V̄ : R(n+1)nx → R≥0 that satisfies the dissipation inequality

〈
∇V̄ (x̄n), f(x̄n, ur)

〉
≤ θ̄2

n,i ‖ur‖2 − ‖Cz,ix̄n‖2 (3.14)

for all x̄n ∈ R(n+1)nx and all ur ∈ R with θ̄n,i ≤ 1,∀i ∈ N[1,n].

Control commands of individual vehicles within the vehicle string can be
selected by using z̄i = ui = Cz,ix̄n accordingly in (3.1). To verify the condition
in (3.14), a quadratic storage function V̄ (x̄n) = x̄Tn P̄ x̄n was chosen to compute
the L2-gain from ur to ui (e.g. Cz,2 = [01×4 K2,1 K2,2 01×4 . . . 01×4]1×nx(n+1)

for i = 2) and we minimize θ̄n,i subject to the LMIs

(
(Ax̄n)T P̄ + P̄Ax̄n + CTz,iCz,i P̄Br

BTr P̄ −θ̄2
n,iI

)
� 0, P̄ = P̄T � 0. (3.15)

1A continuous function β : [0,∞) → [0,∞) is said to belong to class K∞ if it is strictly
increasing, β(0) = 0, and lims→∞ β(s) = ∞.
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This analysis has been performed for various headway-time values (hd) which
yield the results presented in Fig. 3.5 for the second vehicle (i = 2) in an n-
vehicle string with the parameter set in Table 3.2. The analysis shows that the
response of the ACC string satisfies the condition (3.14) with θ̄n,i = 1 only for
relatively large headway-time values (larger than 0.7 sec), whereas the NF(ideal)-
CACC system is string stable according to (3.14) for all headway-time values
that were considered. Also, the L2-gains for corresponding headway-time values
equal the peak amplitude values of the corresponding Bode plots of the weak
string stability transfer function in Fig. 3.3a-b. This is no surprise due to the
well known relation between the L2-gain and the H∞-norm for LTI systems,
as we already mentioned before in Remark 3.3. This analysis forms the basis
for the evaluation of the network-aware CACC modelling and string stability
analysis pursued in Chapter 4 by providing the ideally achievable (no network)
L2-gain in (3.14) and shows that θ̄n,i is lower bounded by θ̄∗n,i = 1 which is
also in accordance with the DC gain of the Bode plots in Fig. 3.3 and Fig 3.4.
This lower bound of 1 on θ̄n,i is a direct consequence of the vehicle following
objective (achieved by the proposed (C-)ACC controller). In Section 4.3, we will
employ the dissipation-inequality based Condition 3.1 presented here, for the
weak string stability analysis of interconnected vehicle strings that are subject
to time-varying network-induced effects.

A dissipation inequality-based counterpart of the frequency-domain based
strong string stability condition given in (3.11) is of interest for future research
but is not considered in this thesis.
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Propagation of L2-gains

Fig. 3.6 demonstrates the use of these dissipation-based tools for the inspection
of the propagation of the L2-gain from ur to ui as vehicle index (i) increases
(i.e. θ̄n,i in (3.14) as i is varied) for the case of a string of 5 vehicles (n = 5
in (4.1)). Three different scenarios are presented in Fig. 3.6.a-c., all with the
same headway-time (i.e. hd,i = hd = 0.1,∀i ∈ {1, . . . , 5}). These scenarios are
respectively an ACC-controlled string, a CACC-controlled string, and a mixed
string where the third vehicle (i = 3) is equipped with ACC while the rest is
equipped with CACC. In Fig. 3.6.d-f., the effect of varying the headway-time is
visible. In Fig. 3.6.a,b,d,e it can be observed that the L2-gain propagation is
idempotent (i.e. of the same power) throughout the string as the vehicle index
increases when vehicles are equipped with identical (C-)ACC controllers. In the
ACC setting, the L2-gain is amplified whereas in the CACC-string Fig. 3.6.b, the
L2-gain remains the same backward in the string as θ̄n,i = 1. In these figures,
one can also observe that the L2-gain according to (3.15) is lower bounded by
θ̄∗n,i = 1. This lower bound of 1 on θ̄n,i is a direct consequence of the vehicle
following objective (achieved by the proposed (C-)ACC controller).

3.5 Conclusions

Besides the vehicle following objective, the attenuation of the effect of distur-
bances on the vehicle responses along the vehicle string, captured by the no-
tion of string stability, is of crucial importance in longitudinal automation of
vehicle platoons. String stability is an essential requirement which relates to
aspects such as safety, comfort, traffic flow stability, and traffic throughput.
In this chapter, string stability analysis methods have been presented by using
the interconnected vehicle string models developed in Chapter 2. Time-domain
simulations are used to illustrate the occurrence of the shockwaves that indi-
cate string instability. For the analysis of string stability, mathematical tools
for quantifying the amplitude of the propagation of vehicle responses have been
presented which make use of frequency-domain and dissipation inequality-based
techniques. String stability analysis results have been presented for the ideally
achievable (no network) (C-)ACC setting by using frequency-based and dissipa-
tion inequality-based methods for string stability analyses. These analyses form
the basis for the evaluation of the network-aware CACC modelling and analysis
framework which will be pursued in Chapter 4.
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Figure 3.6: Propagation of L2-gains (e.g. ur→ui) as vehicle index (i)
increases for three different string scenarios and different
headway-times.





Chapter 4

Network-aware Cooperative
Adaptive Cruise Control

4.1 Introduction

4.2 Networked CACC: Discretisation Approach

4.3 Networked CACC: Hybrid System Approach

4.4 Discussion and Conclusions

4.1 Introduction

Cooperative Adaptive Cruise Control (CACC), is an extension of the currently
available Adaptive Cruise Control (ACC) technology with the addition of in-
formation exchange between vehicles through wireless Vehicle-to-Vehicle (V2V)
and Vehicle-to-Infrastructure (V2I) communication. CACC can significantly
contribute to increasing the traffic flow on highways by utilizing information
exchange between vehicles through wireless communication besides local sensor
measurements. Wireless information exchange between vehicles provides means
for overcoming sensory limitations of human or ACC operated vehicles. Signifi-
cant improvements over existing ACC technology can be achieved already with
relatively simple control algorithms and communication structures, but real-life
implementation requires the consideration of the constraints imposed by the
wireless communication. Given the fact that multiple nodes (vehicles) share the
same medium with a limited bandwidth and capacity, wireless communication
introduces network-induced imperfections such as transmission delays and packet
losses. The impact of these imperfections on string stability requires a careful
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analysis and tradeoffs between CACC performance and network specifications
need to be made for achieving desired performance under these network-induced
constraints.

In the scope of CACC, control over a wireless communication network is
the enabling technology that makes CACC realizable; however, very few stud-
ies of CACC consider the imperfections that are introduced by the network
[42, 70, 55, 54]. In [70], stability of a vehicle platooning control system which
relies merely on wireless information exchange (i.e. without a local sensor such
as radar) has been studied, whereas, in the control strategy we consider in this
work, only the CACC input is transmitted via wireless communication as an ad-
dition to the underlying ACC controller which uses local sensor (e.g. radar) mea-
surements. In [42], a continuous-time transfer function analysis of constant time
delays was carried out which considers a time slotted token-passing type network
similar to the discretisation-based approach presented in Section 4.2 which also
considers constant time delays and fixed transmission intervals. However, dif-
ferent from [42], the discretisation-based approach adopted here also takes into
account the sampling (and zero-order hold) of the information due to wireless
communication. Moreover, the hybrid system-based Networked Control Systems
(NCS) method in Section 4.3 also allows for analysis of effects of uncertain and
time-varying sampling/transmission intervals and communication delays, which
was not the case in [42]. The work presented in [55, 54, 53] are preliminary
versions of the results presented in this thesis.

In this chapter, a network-aware modelling and analysis framework is built
on the basis of the interconnected vehicle string model that was constructed in
Chapter 2 and by using the string stability analysis tools presented in Chapter 3.
In Chapter 2, the general control objective, the underlying longitudinal vehicle
dynamics, and the control structure which together form the CACC vehicle
model were introduced. Here, we will use the interconnected vehicle string model
constructed in Section 2.5 in (2.23) which we repeat here for convenience

˙̄xn = Ānx̄n + B̄s,nūn + B̄c,n ˆ̄un +Brur,

z̄i = Cz,ix̄n, (4.1)

where x̄n = [xT0 xT1 xT2 · · · xTn ]T are the lumped states of the vehicles (i ∈ N[0,n])
in the vehicle string. For the network-aware string stability analyses in this
chapter, we presume that the actuation delay can be neglected and hence the
closed-loop (C-)ACC vehicle dynamics of the individual vehicle is governed by

ẋi = Ai,ixi +Ai,i−1xi−1 +Bs,iui +Bc,iûi−1, (4.2)

where xTi = [ei vi ai uff,i] ∈ Rnx are the states of the i-th CACC equipped
vehicle in the n-vehicle string for (i ∈ N[2,n]) with the longitudinal dynamics in
(2.4). For the dynamics of the reference vehicle (i = 0) and the leader vehicle
(i = 1), see (2.21) and (2.22) in Section 2.5. The actuation delay in longitudinal
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dynamics can also be incorporated by using (2.20) with (2.9) (as will be shown
in Chapter 5), but is excluded for the sake of simplicity in the discussions in
this chapter. Particular outputs of interest, whose propagation along the vehicle
string will be inspected, are selected by choosing z̄i accordingly in (4.1).

In this model, two types of data employed in the CACC controller are dis-
tinguished according to their way of being transferred as locally sensed ūn and
wirelessly communicated ˆ̄un information. This allows, on the one hand, to con-
sider the local sensor measurements as internal dynamics of the interconnected
system and, on the other hand, to focus on the effects of network-induced im-
perfections on the wirelessly communicated data. Based on this network-aware
modelling approach, we extend the string stability analysis techniques presented
in Chapter 3 to study the string stability properties of the string in which ve-
hicles are interconnected by a vehicle following control law and a constant time
headway spacing policy when wireless communication imperfections are present.

These analyses can be used to investigate tradeoffs between CACC perfor-
mance (string stability) and network specifications (such as delays) which are
essential in the multi-disciplinary design of CACC-based platooning systems.
The main purpose of this chapter is to emphasize the necessity for considering
CACC in a Networked Control Systems (NCS) framework by studying the effects
of wireless communication on the performance of an existing CACC controller in
terms of string stability. Moreover, we also show how these string stability anal-
yses can provide the designer with guidelines for making the tradeoffs between
control and network specifications.

In Section 4.2, we present the networked CACC model and derive a discrete-
time interconnected system model following from a discretisation of the net-
worked CACC model at the transmission instants (at which data is sent over
the wireless network). In doing so, we propose a discretisation-based NCS mod-
elling and analysis approach which incorporates the effects of the sampling and
the zero-order-hold (of the data sent over wireless) in addition to constant wire-
less communication delays. We use the frequency-domain based string stability
analysis presented in Section 3.3 to obtain maximum allowable time delays for
different settings for the controller parameters (such as the time headway and
the CACC parameters) and network parameters (such as the sampling interval).
We demonstrate the results of such a discretisation-based string stability analysis
by comparison to simulations with a networked CACC model of a vehicle string.
This modelling and string stability analysis approach will be further extended
in Chapter 5 where the validity of the presented framework is demonstrated in
practice by experiments performed with CACC-equipped prototype vehicles.

In Section 4.3, we cast the networked, interconnected vehicle string model
into the hybrid system framework of [29]. Based on the resulting model, we
formulate the string stability analysis as an L2-stability requirement for hybrid
system models, in the spirit of the string stability conditions in Section 3.4.
Different from the analysis in Section 4.2, where a string stability analysis for
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Figure 4.1: Schematic representation of the networked CACC model.

constant network-induced time delays is carried out for fixed transmission in-
tervals, in Section 4.3, we allow for uncertain and time-varying transmission
intervals and communication delays and obtain bounds on maximum allowable
transmission intervals (MATI) and maximum allowable delays (MAD) for which
string stability is still guaranteed. However, these analyses are limited to the
small delay case (i.e. delays smaller than the sampling interval), whereas the
analysis method in Section 4.2, also allows for large delays (larger than the
sampling interval).

4.2 Networked CACC: Discretisation Approach

In this section, we extend the interconnected vehicle string model in (4.1) with
network aspects such as sample-and-hold and delays induced by wireless com-
munication and therewith derive a networked CACC vehicle string model which
takes all these effects explicitly into account. The related networked CACC
model schematics is shown in Fig. 4.1. The signal ūn is sent over the wireless
network after being sampled at sampling instants tk = kT , k ∈ N where T is the
constant sampling interval. Note that the sampled data are sent over the wire-
less network to be used for the implementation of CACC and hence are typically
subject to network-induced delays. These wireless communication delays are
mainly due to the load on the wireless communication channel and the related
contention delays (i.e. waiting time of nodes/vehicles contending for access to
the network), and to a much lesser extent due to the physical transmission delay
which is less than 10 msec [65, 86]. Therefore the delays are mainly affected
by the number of vehicles that share the same network (i.e. reside in the same
platoon). Given the fact that the number of vehicles in a platoon varies on a
slow time-scale and, hence, has typically a much slower dynamics than the one of
the vehicle string, we consider the delays as constant for string stability analysis.
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Figure 4.2: Comparison of the original and implemented signals.

When a large number of vehicles share the same network, this assumption may
not hold due to the fact that packet dropouts become more significant [65]. A
modelling and analysis approach for networked CACC model that can also take
time-varying delays and transmission intervals into account will be presented in
Section 4.3. Packet dropouts which may occur during transmission are not in
the scope of the presented work.

Here, we consider constant, though uncertain and possibly large, network-
induced delays τ that are modelled as

τ = τ∗ + (l − 1)T, l ∈ {1, 2, 3, . . .}, τ∗ ∈ [0, T ]. (4.3)

By large delays we indicate delays that are larger than the sampling interval
T (obtained in (4.3) for l > 1). The zero-order-hold (ZOH) device, see Fig.
4.1, transforming the delayed discrete-time control command ūn,k := ūn(tk)
to the continuous-time control command ˆ̄un(t) implemented at the vehicles, is
assumed to respond instantaneously to newly arrived data (i.e. operates in an
event-driven fashion). The difference between the originally sent signal ūn(t)
and the implemented signal ˆ̄un(t) is illustrated in Fig 4.2 for l = 1 (small delay
case) in (4.3).

Now, by adopting the realistic assumption that a much higher sampling rate
is employed for the locally sensed data used for the ACC functionality (ūn in
(4.1)) than for the wirelessly communicated CACC commands (ˆ̄un in (4.1)) we
can model the ACC vehicle following controller as an inherently continuous-time
dynamic coupling between vehicles. This allows to analyse in detail the effects
of wireless communication inputs separately. The continuous-time networked
CACC model for an n-vehicle string with delays as in (4.3) becomes

˙̄xn = AACCx̄n x̄n + B̄c,n ˆ̄un(t) +Brur,

ˆ̄un(t) = ūn,k−l+1, t ∈ [tk + τ∗, tk+1 + τ∗], (4.4)

where ūn,k := ūn(tk) and AACCx̄n = Ān + B̄s,nK̄n. This model takes the effects
of sampling, zero-order-hold and delays due to communication over the wireless
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network explicitly into account. In that sense, (4.4) represents a sampled-data
model of the networked CACC platoon dynamics. Next, we will derive a discrete-
time networked CACC model to be used for string stability analysis in Section
4.2.1. The discrete-time networked CACC model description is based on exact1

discretisation of (4.4) at the sampling instants tk = kT by using x̄n,k := x̄n(tk),
ūr,k := ūr(tk), k ∈ N:

x̄n,k+1 = eA
ACC
x̄n

T x̄n,k +

∫ T−τ∗

0

eA
ACC
x̄n

sdsB̄c,nūn,k−l+1

+

∫ T

T−τ∗
eA

ACC
x̄n

sdsB̄c,nūn,k−l +

∫ T

0

eA
ACC
x̄n

sdsBrur,k. (4.5)

Next, we formulate this discrete-time model in state-space form using the aug-
mented state vector ξk = [x̄Tn,k ū

T
n,k−1 ū

T
n,k−2 ... ūTn,k−l]

T as also employed in
[11]. Then, the discrete-time networked CACC NCS model is given by

ξk+1 = Aξ(τ, T )ξk +Bξ(τ, T )ūn,k + Γr(T )ur,k, (4.6)

with

Aξ(τ, T ) =




eA
ACC
x̄n

T Ml−1 Ml−2 · · · M0

0 0 0 · · · 0
0 I 0 · · · 0
...

. . . · · ·
0 · · · 0 I 0



,

Bξ(τ, T ) =
[
MT
l I 0 · · · 0

]T
,

Γr(T ) =

∫ T

0

eA
ACC
x̄n

sdsBr,

Mj(τ, T ) =

{∫ T−tj
T−tj+1

eA
ACC
x̄n

sdsB̄c,n if 0 ≤ j ≤ 1,

0 if 1 < j ≤ l,

where t0 := 0, t1 = τ∗ and t2 := T . The CACC inputs ūn,k = [u1,k ... un,k]T are
sent over the wireless network and will be represented as a full state-feedback
control law for the discrete-time model (4.6) by using the augmented state vector
ξk as follows:

ūn,k =
[
K̄n 0n×ln

]
ξk =: Kξξk. (4.7)

Next, we substitute (4.7) into (4.6) to obtain the closed-loop networked CACC
model:

ξk+1 = Aξ(τ, T )ξk + Γr(T )ur,k (4.8)

1This discretisation is exact for a piecewise constant sampled approximation of the input
signal ur at the sampling frequency 1

T
. Such an approximation of the input signal ur(t) is

considered to be sufficiently accurate given the fact that this signal is typically low-frequent
in practice compared to the sampling frequency 1

T
, see also Section 5.2.
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with Aξ(τ, T ) = Aξ(τ, T ) +Bξ(τ, T )Kξ, and the output equation

zi,k = C∆i
ξk =

[
Cz,i 0 . . . 0

]
ξk. (4.9)

We will use this model in the next section to perform a string stability analysis
of the networked CACC vehicle string dynamics.

4.2.1 Model-based String Stability Analysis

String stability of the discrete-time networked CACC model in (4.8) is analysed
by using a discrete-time frequency-domain approach. Similar to the continuous-
time frequency-domain string stability condition given in Section 3.3, string sta-
bility is analysed based on the magnitude of the discrete-time strong string
stability transfer function (Ss∆i,i−1

(z)), where z is the Z-transform variable and

∆i(z) = Z{δi(k)} for a discrete-time signal δi(k). Specifically, the condition for
string stability is then given as

|Ss∆i,i−1
(ejω)| =

∣∣∣∣
∆i(e

jω)

∆i−1(ejω)

∣∣∣∣ ≤ 1,∀ω ∈ [0, π) , i ∈ N[1,n], (4.10)

where δi ∈ {qi, vi, ai} is the signal whose propagation along the string is of
interest. To compute Ss∆i,i−1

(z) we note that

∆i(z)

∆i−1(z)
=

∆i(z)

ur(z)

(
∆i−1(z)

ur(z)

)−1

,

= Ψ∆i,r
(z)(Ψ∆i−1,r

(z))−1, (4.11)

where the discrete-time transfer functions Ψ∆i,r
(z) are extracted from (4.8),

(4.9) by using

Ψ∆i,r(z) = C∆i
(zI −Aξ(τ, T ))−1Γr(T ), i ∈ N[1,n], (4.12)

where C∆i
in (4.9) is such that δi(k) = C∆i

ξk. Here, we assume the existence
of the inverse (Ψ∆i−1,r

(z))−1 in (4.11), see also Remark 3.2.
Discrete-time transfer functions are extracted by using (4.12) with δi = vi

in order to inspect the velocity response of the vehicle string to a disturbance
input ur,k. Using these transfer functions and condition (4.10), we will analyse
string stability for a range of time headways, delays and sampling intervals.

Here, we demonstrate the string stability analysis approach of the intercon-
nected vehicle string for which the schematic representation and the control
structure block diagram are shown in Fig. 4.3. The discrete-time networked
CACC model was obtained for a range of delay levels (0 ≤ τ ≤ 200 msec.) in
(4.3)). We analysed string stability for delays larger than the sampling interval
and therewith illustrate the applicability of the presented string stability analysis
approach for the large delay case.



46 Chapter 4. Network-aware Cooperative Adaptive Cruise Control

(a) Schematic representation of CACC vehicle string.

(b) Control structure block diagram.

Figure 4.3: 2-vehicle string (a) Schematic representation, (b) Control
structure block diagram.

In Fig. 4.4, the maximum allowable constant time delay (τ) levels are shown
for string stable operation of the networked CACC vehicle string of identical ve-
hicles with η = 0.3. The results are obtained for different bandwidths (ωc) of the
underlying vehicle following controllers denoted by K1(s) = K2(s) = ωc(ωc + s)
in Fig. 3.(b) for which the control law was given in Section 2.3 in (2.10). The
maximum allowable time delay values for which the string stability condition
(4.10) is satisfied, is depicted with a color code for different sampling intervals
(T ), and different headway times (hd). From Fig. 4.4, we conclude that in order
to achieve string stability for smaller time headways, the communication net-
work needs to be able to guarantee smaller bounds on the delays. The analyses
also show that a high sampling frequency may help to achieve string stability
with relatively small inter-vehicle distances (hd) while tolerating larger delays.
However, from a practical point of view, increasing the sampling frequency at
which the wireless network operates, may have counteracting effects. Namely,
a larger sampling frequency may limit the number of vehicles that can oper-
ate reliably via the same network, hence also limiting the number of vehicles
in a string , and may lead to larger network-induced delays due to increased
chances of packet collisions. Another observation is related to the selection of
the vehicle following controller bandwidths ωc. A high bandwidth of the ACC-
controller results in improved robustness to communication delays, however this
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(a) ωc = ωg/5.
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(b) ωc = ωg/10.
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(c) ωc = ωg/15.
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(d) ωc = ωg/20.

Figure 4.4: Maximum allowable delay (τ) levels for given vehicle following
controllers (K1(s) = K2(s) = ωc(ωc+s)) with different ACC-
controller bandwidths (ωc).

choice impairs passenger comfort and also risks exceeding vehicle dynamics lim-
itations. Therefore, reliable operation of a networked CACC system involves
making multi-disciplinary design tradeoffs between the specifications for the ve-
hicle following controller, network performance and string stability performance
criteria. The presented modelling and analysis framework can be used as a design
tool for the designer in making these tradeoffs. In the next section, we present
simulation results validating this approach towards string stability analysis.

4.2.2 Simulation Results

For validation of the results, presented in the previous section, simulations were
performed using the sampled-data NCS model in (4.4) with n = 2. Numerical
values for the frequency-domain analysis results given in Fig. 4.4.(b) are given
in Table 4.1 (for η = 0.3, ωc = ωg/10). Two representative (T, hd) pairs marked
with gray are selected for comparison with simulation results. In Fig. 4.5, veloc-
ity plots corresponding to the representative (T, hd) pairs marked in Table 4.1
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HHH
HHT
hd 0.4 0.5 0.6 0.7 0.8 0.9 1.0

0.02 15 30 55 80 110 150 195
0.04 5 20 45 70 100 140 180
0.06 0 10 35 60 90 130 170
0.08 0 0 25 50 80 120 165
0.10 0 0 10 40 70 110 155

Table 4.1: Numerical values of the maximum allowable (constant) time
delay levels (τ [msec]) depicted in Fig. 4.4.(b). for different
headway time hd [sec] and sampling interval T [sec] values.

are given. In Fig. 4.5.(a),(c), string stability is evaluated by inspecting amplifi-
cation of the response to a velocity disturbance. Hence, the peak of the velocity
response for the preceding vehicle (v1) constitutes the string stability boundary
which is marked with the horizontal line in Fig. 4.5. CACC under ideal con-
ditions (without network effects) is also included for comparison. Simulation
results in Fig. 4.5 show that the velocity response of the follower vehicle (v2)
becomes larger than its predecessor (v1) when the strong string stability bound-
ary on the time delays given in Fig. 4.4 are exceeded. The simulation results
support the model-based analysis results and demonstrate how string stability
performance can be affected by the network. In Fig. 4.5.(b),(d), corresponding
frequency-response functions are shown. Here it can also be seen that even the
case without delay (i.e. τ = 0) differs slightly from the ideal CACC due to the
effect of sampling. These results demonstrate the applicability and accuracy of
the presented discretisation-based string stability analysis methods.

4.2.3 Conclusions

In this section, the effect of sampling frequency, zero-order-hold and constant
network delays on string stability was inspected by using the networked CACC
model. In particular, string stability was studied by using discrete-time fre-
quency response plots. Herewith, the maximum allowable delays were obtained
for various network, vehicle following controller, and inter-vehicle spacing param-
eters. We demonstrated the validity of the results by performing simulations
with the sampled-data NCS model of a 2-vehicle string. This network-aware
CACC modelling and string stability analysis approach will be further validated
in Chapter 5 with experimental results performed on prototype vehicles. There
are many other imperfections and constraints that play a role in CACC-based
vehicle platooning, such as variable sampling/transmission intervals, variable
transmission delays, and communication constraints. In the next section, we
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Figure 4.5: Simulation results and corresponding bode plots for represen-
tative (T, hd) pairs in Fig. 4.4.(b) and Table 4.1.

will present a hybrid system-based NCS modelling and analysis framework in
order to incorporate these type of NCS imperfections in the CACC platooning
model and subsequent string stability analysis.

4.3 Networked CACC: Hybrid System Approach

In the previous section, the effect of sampling frequency, zero-order-hold and net-
work delays on string stability was inspected by using a discretisation approach
where the wireless communication delays and transmission intervals were as-
sumed to be constant. This assumption on network operation may not be valid
especially when the effect of packet dropouts becomes more significant. There-
fore, we will use a hybrid system-based NCS modelling and analysis approach
which takes time-varying nature of transmission intervals and delays explicitly
into account. For this purpose, we cast the interconnected vehicle string model
in (4.1) into the hybrid system framework of [29] and formulate the string sta-
bility analysis by using the dissipation-based conditions introduced in Section
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3.4 as an L2-stability requirement for the resulting hybrid system models. Dif-
ferent from the analysis in Section 4.2, where a discretisation-based analysis of
string stability has been pursued in the frequency-domain for the case of con-
stant time delays and fixed sampling/transmission intervals, here, we allow for
uncertain and time-varying sampling/transmission intervals and communication
delays. The analysis pursued in this section will provide bounds on maximum
allowable transmission intervals (MATI) and maximum allowable delays (MAD)
while string stability is still guaranteed.

In the CACC model given in (4.1), the interconnected vehicle string was for-
mulated such that the control inputs (ūn and ˆ̄un) are kept separate according to
their way of being acquired by the host vehicle (i.e. through direct measurement
or through wireless communication, respectively). Also, the model permits to
express the CACC control commands that are actually feedforward signals as
state feedback control laws. Now, by adopting the realistic assumption2 that a
much higher sampling rate is employed for the locally sensed data that is used
for the ACC functionality, we can consider the ACC vehicle following controller
as inherently continuous-time dynamic coupling between vehicles. This results
in a model formulation which allows us to inspect the effects of wireless com-
munication inputs separately. Continuous-time plant and controller equations
for the NCS setup depicted in Fig. 4.6 are obtained by substituting (2.24) into
(2.23) and are given as

˙̄xn = AACCx̄n x̄n + B̄c,n ˆ̄un +Brur,

y = ūn = K̄nx̄n,

ˆ̄un = ŷ, (4.13)

where AACCx̄n = Ān + B̄s,nK̄n, y ∈ Rny is the output of the plant, and ur ∈ Rnr
is the exogenous input. At each transmission instant tk, k ∈ N, CACC control
commands are generated by using the sampled measurements which are subse-
quently sent over the network. They arrive at the controller after a transmission
delay of τk. Therefore, the controller updates occur at tk+τk and the control in-
put is implemented through a zero-order-hold (ZOH). The difference between the
implemented piecewise continuous control command (ˆ̄un) and the actual CACC
control command (ūn) is captured by the error introduced by the network and
is defined as

eu := ˆ̄un − ūn. (4.14)

In between the control command updates, the network operates in a zero-order-
hold (ZOH) fashion and, therefore, between the times tk + τk and tk+1 + τk+1

˙̄̂un = 0. (4.15)

2For typical values of the sampling and wireless communication frequencies in an actual
implementation of the CACC system, see Chapter 5.
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Figure 4.6: NCS model.

Now, the NCS model dynamics in between the control command updates can
be written in terms of the plant and the error states by using (4.14) and (4.15)
in (4.13) as follows:

˙̄xn = f(x̄n, eu, ur) := A11x̄n +A12eu +A13ur (4.16a)

ėu = g(x̄n, eu, ur) := A21x̄n +A22eu +A23ur (4.16b)

with

A11 = AACCx̄n + B̄c,nK̄n, A12 = B̄c,n,

A13 = Br, A21 = −K̄n(AACCx̄n + B̄c,nK̄n),

A22 = −K̄nB̄c,n, A23 = −K̄nBr. (4.17)

At update instants tk + τk, the error is reset according to

eu((tk + τk)+) = ˆ̄un((tk + τk)+)− ūn((tk + τk)),

= ūn(tk) + h(k, eu(tk))− ūn(tk + τk),

= h(k, eu(tk))− eu(tk) + eu(tk + τk), (4.18)

where h(k, eu(tk)) is related to the protocol that is employed and determines
which node (vehicle) obtains access to the network at each transmission instant,
see [51, 29] for more details. Two commonly adopted protocols are the Try-Once-
Discard (TOD) and the Round Robin (RR) protocol. In this work, we consider
static RR-type protocols in which the order of the nodes (vehicles) accessing the
network is fixed. The reason to consider these protocols is due to their suitability
for decentralized implementations when compared to the TOD protocol. Note
that the sampled-data (SD) protocol forms a special case by taking h(k, eu) = 0
for all k ∈ N and all eu ∈ R.
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4.3.1 Hybrid System Model Formulation

The networked CACC model will now, in the spirit of [29], be cast into the
hybrid system framework as developed in [25] for the upcoming string stability
analysis. For this purpose, we introduce the auxiliary variables s ∈ Rn, κ ∈ N,
τ ∈ R≥0 and ` ∈ {0, 1} to reformulate the model in terms of so-called flow
equations and reset equations of the form

HNCS :=

{
ξ̇ = F (ξ), ξ ∈ C,
ξ+ = G(ξ), ξ ∈ D, (4.19)

where ξ = [x̄Tn , e
T , sT , κ, τ, `]T denotes the states of the hybrid system HNCS ; C

and D are subsets of Rnξ ; F : C → Rξ and G : D → Rξ are the flow and jump
mappings, respectively; and ξ+ denotes the value of the state after a reset. The
variable s is a dummy variable used to store the error value (eu) according to
(4.18) at the last transmission instant tk to be used at the next control command
update instant tk + τk, κ is the transmission counter, τ is a timer variable that
keeps track of how much time elapsed since the last transmission event, and ` is
a boolean logic operator that determines whether the next event in the hybrid
system will be a transmission (` = 0) or an update reset (` = 1). The hybrid
system HNCS is now given by the flow equations

˙̄xn = f(x̄n, eu, ur),

ėu = g(x̄n, eu, ur),

ṡ = 0, τ̇ = 1,

κ̇ = 0, ˙̀ = 0, (4.20)

when (` = 0 ∧ τ ∈ [0, τmati]) or (` = 1 ∧ τ ∈ [0, τmad]) where τmad ≤ τmati is the
maximum allowable delay (MAD), and τmati ≥ tk+1−tk, k ∈ N, is the maximum
allowable transmission interval (MATI). We also note that τk ≤ min(τmad, tk+1−
tk), k ∈ N. This condition implies that an update will occur before the next
transmission instant. In other words, as opposed to the discrete-time framework
presented in Section 4.2, the analysis in this section is limited to so-called small
delays. Transmission (` = 0) and update (` = 1) reset equations can be derived
based on (4.18) and lead to, respectively,

(x̄+
n , e

+
u , s

+, τ+, κ+, `+) = (x̄n, eu, h(k, eu)− eu, 0, κ+ 1, 1),

(x̄+
n , e

+
u , s

+, τ+, κ+, `+) = (x̄n, s+ eu,−s− eu, τ, κ, 0). (4.21)

For more details on this NCS hybrid system formulation, see [29].



4.3 Networked CACC: Hybrid System Approach 53

4.3.2 Problem Formulation and Analysis Approach

The networked CACC model in (4.13) allows to inspect the influence of the
exogenous input ur on a particular controlled output variable

z̄i = Cz,i(x̄n) (4.22)

in terms of an induced L2-gain. The hybrid model HNCS (described by the flow
(4.20) and reset equations (4.21)) expanded with the output (4.22) is denoted
by HzNCS .

Definition 4.1 ([29]). The hybrid system HzNCS is said to be L2-stable with gain
θ, if there is a K∞-function3 S such that for any 0 < δ ≤ τmati, any exogenous
input ur ∈ L2, and any initial condition ξ(0), each corresponding solution to
HzNCS satisfies

‖z̄i‖2 ≤ S(|ξ(0)|) + θ ‖ur‖2 , (4.23)

where ξ = [x̄Tn , e
T
u , s

T , κ, τ, `]T denotes the states of the hybrid system (4.20),
(4.21).

Problem 4.1. Given the ideal closed-loop system in (4.13) with ˆ̄un = ūn which
is designed without the consideration of the network effects, determine the value
of τmati and τmad so that the networked CACC model HzNCS is still guaranteed
to have an L2-gain less than or equal to θ in (4.23).

As mentioned before, in this work, we consider the propagation of the control
effort, (i.e. ui, i ∈ N[2,n]) as the particular output of interest. In accordance with
the weak string stability condition presented in Section 3.4, we require the L2-
gain from ur to ui to be less than or equal to one (i.e. θ in (4.23) should satisfy
θ ≤ 1) for string stability. Control commands of individual vehicles can be
selected by using the output equation z̄i = Cz,ix̄n accordingly in (4.22).

4.3.3 L2-Stability Analysis of the Hybrid System

An L2-gain analysis of a hybrid system, in this case supporting the formulation
of conditions for string stability, requires conditions on the flow (4.20) and jumps
(4.21) of (some) system states during reset occurrences.

Conditions on Resets

We assume that there exists a Lyapunov function W : N × Rne → R≥0 which
satisfies

αW |eu| ≤W (κ, eu) ≤ αW |eu|, ∀κ, (4.24a)

W (κ+ 1, h(κ, eu)) ≤ λW (κ, eu), (4.24b)

3A continuous function S : [0,∞) → [0,∞) is said to belong to class K∞ if it is strictly
increasing, S(0) = 0, and lims→∞ S(s) = ∞.
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for constants 0 < αW ≤ αW and 0 < λ < 1. Additionally, it is assumed that

W (κ+ 1, eu) ≤ λWW (κ, eu), (4.25)

for some constant λW ≥ 1 for almost all eu ∈ Rne and all κ ∈ N. Moreover, it
is assumed that ∣∣∣∣

∂W

∂eu
(κ, eu)

∣∣∣∣ ≤M1, ∀κ,∀eu, (4.26)

for some constant M1 > 0.
The evolution of the states at update instants is determined by h(k, eu(tk))

in (4.18) and is related to the communication protocol which orchestrates the
access of different nodes in the system to the network. For exact definitions of
the protocols, see [51]. For the static Round Robin (RR) protocol which we
consider in this work, the Lyapunov functions and corresponding constants in
(4.24), (4.25) and (4.26) are obtained using the following lemma.

Lemma 4.1 ([29]). Let ι denote the number of nodes in the network. For the
Round Robin (RR) protocol there is a WRR : N × Rne → R≥0 that is locally
Lipschitz in its second argument and satisfies (4.24), (4.25) and (4.26) with

λRR =
√

ι−1
ι , αW,RR = 1, αW,RR =

√
ι, λW,RR =

√
ι and M1,RR =

√
ι.

Remark 4.1. For the Sampled-Data (SD) protocol considered in this work these
constants are obtained by using Lemma 4.1 with (ι = 1) and are given as:

λSD = 0,

αW,SD = αW,SD = λW,SD = M1,SD = 1, (4.27)

and (4.24b) is satisfied for the SD protocol for any λ ∈ (0, 1). C

Conditions on Flow

The following growth condition on the flow of the NCS model (4.16) is used:

|g(x̄n, eu, ur)| ≤ mx̄n(x̄n, ur) +Meu |eu|, (4.28)

where mx̄n : Rnx × Rnr → R≥0 and Meu ≥ 0 is a constant, and, additionally,
it is assumed that a storage function V : Rnx → R≥0 exists which satisfies the
condition

〈∇V (x̄n), f(x̄n, eu, ur)〉 ≤ −m2
x̄n(x̄n, ur) + γ2W 2(κ, eu)

+ µ(θ2|ur|2 − |z̄i|2), (4.29)

where f(x̄n, eu, ur) is as in (4.16a), with µ > 0, γ > 0 as constants, and the
bounds

αV (|x̄n|) ≤ V (x̄n) ≤ αV (|x̄n|), (4.30)
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for some K∞-functions αV and αV . Essentially the condition above is a (slightly
extended version of) dissipativity-based formulation for the system

˙̄xn = f(x̄n, eu, ur)

to have an L2-gain smaller than or equal to θ between the exogenous input ur
and the output z̄i as in (4.22).

Consider now the differential equations

φ̇0 = −2L0φ0 − γ0(φ2
0 + 1), (4.31a)

φ̇1 = −2L1φ1 − γ0(φ2
1 +

γ2
1

γ2
0

), (4.31b)

where L` ≥ 0 and γ` > 0, ` = 0, 1, are the real constants given as

L0 =
M1Me

αW
; L1 =

M1MeλW
λαW

; γ0 = M1γ; γ1 =
M1γλW

λ
. (4.32)

Based on the above conditions we can now employ the following theorem guar-
anteeing upper bounds on L2-gain of HzNCS .

Theorem 4.2 ([29]). Consider the system HzNCS that satisfies the aforemen-
tioned conditions. Suppose τmati ≥ τmad ≥ 0 satisfy

φ0(τ) ≥ λ2φ1(0) for all 0 ≤ τ ≤ τmati (4.33a)

φ1(τ) ≥ φ0(τ) for all 0 ≤ τ ≤ τmad (4.33b)

for solutions φ0 and φ1 of (4.31) corresponding to certain chosen initial condi-
tions φ`(0) > 0, ` = 0, 1, with φ1(0) ≥ φ0(0) ≥ λ2φ1(0) ≥ 0, φ0(τmati) > 0 and
λ as in (4.24b). Then the system HzNCS is L2-stable with gain θ.

By using a numerical search algorithm, quantitative numbers for τmati and
τmad can be obtained with the help of the above theorem by constructing the
solutions to (4.31) for various initial conditions. Computing the τ value of the in-
tersection of φ0 and the constant line λ2φ1(0) provides τmati according to (4.33a),
while the intersection of φ0 and φ1 gives a value for τmad due to (4.33b). Dif-
ferent values of the initial conditions φ0(0) and φ1(0) lead to different solutions
of the differential equations in (4.31), and thus, to different storage functions in
(4.30). In this way, tradeoff curves between τmati and τmad can be obtained that
indicate when L2-stability of the NCS is still guaranteed with gain θ.

4.3.4 String Stability Analysis

In Chapter 3, dissipation inequality-based string stability analysis methods have
been introduced and the propagation of disturbances through the interconnected
vehicle string was inspected by using the notion of so-called string stability which
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Figure 4.7: Tradeoff curves for θ and γ with different headway-times (hd).

is extended here in order to account for the wireless communication imperfec-
tions. Next, we will further pursue dissipation inequality-based string stabil-
ity analysis for the hybrid system setting for which Linear Matrix Inequalities
(LMIs) can be formulated and numerical solutions can be obtained. Here, we
demonstrate the L2-stability analysis framework on the string stability eval-
uation for two alternative use-scenarios with different network structures and
provide quantitative results that can aid the designer with guidelines for making
tradeoffs between control and network specifications.

MATI-MAD Analysis for Sampled-Data Setting

In the CACC setting considered here, we assume that all vehicle data is sam-
pled and transmitted synchronously in the network (i.e. the protocol function
h = 0 in (4.18)). This scenario might be implemented using GPS-based clock-
synchronisation. The data exchange between two vehicles where the preceding
vehicle broadcasts its data to its predecessor can be thought of as such a net-
work. This guarantees that condition (4.24b) is satisfied for any λ ∈ [0, 1),
and λ remains as a free parameter in this case. Additional network parameter
values are obtained by using Lemma 4.1 for a single node (ι = 1). The flow
conditions in (4.29) are checked for the system Hz

NCS for the controlled output
z̄i = ūi = Cz,ix̄n by using a quadratic storage function V (x̄n) = x̄TnPx̄n, and
taking m(x̄n, ur) = |A21x̄n+A23ur|, and W (κ, eu) = |eu|. For the CACC vehicle
string in (4.16), this leads to the following LMIs:




Ωi PA12 A
T
21A23 + PA13

AT12P −γ2I 0
AT13P +AT23A21 0 AT23A23 − µθ2I


≺0,

P = PT �0, (4.34)
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where Ωi = AT11P + PA11 + AT21A21 + µCTz,iCz,i. These LMIs are solved for
n = 2 to obtain tradeoff curves between the L2-gain θ and γ in (4.29) with the
controlled output z̄2 = u2 = Cz,2x̄n for different headway-time constants (hd)
as presented in Fig. 4.7.

Now, by selecting the string stable pairs (θ, γ) = (1, γ∗) derived from the
results in Fig. 4.7, we can obtain the constants given in (4.32) that are used to
solve the differential equations (4.31). Finally, from Theorem 4.2, quantitative
numbers for τmati and τmad are obtained by constructing solutions to (4.31) for
different initial conditions and 0 < λ < 1 which result in the confined region as
shown in Fig. 4.8, where HzNCS is L2-stable with gain θ∗ = 1 for a representative
headway time (hd = 0.5).

Delay-free MATI Analysis of RR Network

Next, we demonstrate the analysis framework for a CACC vehicle string equipped
with an RR-type protocol. This allows the string stability analysis of vehicle
strings with asynchronous data exchange, and permits flexibility in communica-
tion topology. To this end, Lemma 4.1 is used in a similar manner to compute
network-related parameters for a vehicle string with n vehicles. Note that, the
number ι of nodes in Lemma 4.1 equals n − 1 since the last vehicle does not
transmit. MATI results shown in Fig. 4.9 are obtained by solving LMI condi-
tions in (4.34) with θ = 1, indicating an L2-gain from ur to ui, i ∈ N[2,n], by
using Theorem 4.2. This, in turn, implies L2 weak string stability. These quan-
titative results can guide the designer in making tradeoffs between the number
of cars (n) allowed in the network, the network specifications (related to τmati)
and CACC performance (in terms of the headway time hd), while string stability
is guaranteed.
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Figure 4.9: MATI vs. vehicle string size for different headway-time values
(hd) guaranteeing string stability, i.e. L2-gain θ = 1.

4.4 Discussion and Conclusions

In this chapter, we presented a novel modelling and analysis approach for string
stability of interconnected vehicle strings in the face of communication effects
induced by the wireless network used to communicate between the vehicles. For
this purpose, two different NCS modelling and analysis approaches have been
adopted. First, in Section 4.2, the effect of sampling frequency, zero-order-
hold and constant network delays was inspected by modelling the networked
CACC vehicle platoon dynamics as a discrete-time NCS model. String stability
was studied by using discrete-time frequency-domain criteria. Herewith, the
maximum allowable delay was obtained for various network, vehicle following
controller, and inter-vehicle spacing parameters. We demonstrated the validity
of the results by performing simulations with the sampled-data NCS model.
This network-aware CACC modelling and string stability analysis approach will
be validated in Chapter 5 with experimental results performed on prototype
vehicles.

Next, we have cast the networked vehicle string model into a hybrid system
modelling framework. This modelling approach permits the to formulate string
stability analysis as an L2-stability requirement for hybrid system models. L2-
stability results for Networked Control Systems based on hybrid system models
are subsequently used to perform string stability analyses of the Cooperative
Adaptive Cruise Controller (CACC) which was presented in Chapter 2.3. These
analyses provide bounds on tolerable transmission intervals and delays in face
of scheduling constraints requiring network protocols. The main contribution of
this approach is the flexibility introduced by allowing for time-varying sampling
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intervals/delays which bears potential for representing abstractions of realistic
network implementations. We demonstrated the strength of this general frame-
work by two possible use-scenarios based on the synchronous sampled-data (SD)
network setting and the Round Robin (RR)-type network.

The analyses presented in this chapter provide quantitative results that can
be used as guidelines to assist the designer for making multi-disciplinary design
tradeoffs between control and network specifications.





Chapter 5

Experimental Validation

5.1 Model-based Results

5.2 Vehicle Instrumentation

5.3 Experiment Design

5.4 Experimental String Stability Analysis

5.5 Conclusions

In this chapter, the validity of the network-aware modelling and string sta-
bility analysis framework, that was developed in Chapter 4, is demonstrated in
practice by experiments performed with prototype vehicles equipped with Co-
operative Adaptive Cruise Control (CACC) [53]. In particular, the main goal of
these experiments is to test string stability properties for a range of time head-
ways and communication delays in order to validate the model-based analyses
that are obtained by using the Networked Control Systems (NCS) discretisation
approach in Section 4.2.

In Section 5.1, we extend the networked CACC vehicle string model such
that the actuation delay present in the prototype vehicles is taken into account
in the longitudinal vehicle dynamics model. Subsequently, we obtain string sta-
ble operation conditions for the prototype vehicles by using the network-aware
modelling and discretisation-based string stability analysis method presented in
Section 4.2 which incorporates the effects of the sampling and the zero-order-
hold (ZOH) in addition to constant wireless communication delays. Herewith,
we obtain maximum allowable constant time delays for a range of headway times
and sampling intervals for which the boundary of string stability will be revealed
and, therewith, find appropriate settings for which experiments will be carried
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out. In Section 5.2, the CACC-related components instrumented in the test ve-
hicles and the implementation of the CACC system are explained in detail. We
use two of these CACC-equipped vehicles in the experiments where the leader
vehicle is programmed to track a predefined velocity trajectory. This velocity
trajectory is designed in Section 5.3 such that the interconnected vehicle string
is excited in a frequency range of interest for experimentally assessing string
stability properties. In Section 5.4, experiments carried out for representative
operating conditions are discussed and the assessment of string stability proper-
ties based on these test data is demonstrated. The experimental results are then
compared with the model-based results. For the validation of the model-based
string stability analyses presented in Section 4.2, experiments have been carried
out at representative operating points with different time headway values where
the (constant) wireless communication delay was regulated at different levels
in order to support the experimental analysis of string stability for different
delay magnitudes. These experimental results show how string stability is com-
promised by wireless communication delays and demonstrate the reliability and
practical validity of the network-aware modelling and string stability analysis
method presented in Chapter 4 in practice.

5.1 Model-based Results

In Section 4.2, a network-aware modelling framework was presented for the anal-
ysis of string stability properties of the interconnected vehicle string constructed
in Section 2.5 in (2.26) for which the continuous-time model is given as follows:

˙̄xn = AACCx̄n x̄n + B̄c,n ˆ̄un +Brur,

z̄i = Cz,ix̄n, (5.1)

where AACCx̄n := Ān + B̄s,nK̄n (Ān, B̄s,n, B̄c,n are as given in (2.23)), z̄i is the
particular output of interest whose propagation throughout the string is of in-
terest, and x̄n = [x̃T0 x̃T1 x̃T2 · · · x̃Tn ]T is the lumped state involving the states x̃i
of the individual vehicles in the vehicle string. The dynamics of each of these
individual, CACC-equipped, vehicles are governed by the following closed-loop
(C-)ACC vehicle model constructed in Section 2.4:

˙̃xi = Ãi,ix̃i + Ãi,i−1x̃i−1 + B̃s,iui + B̃c,iûi−1. (5.2)

Here the longitudinal vehicle dynamics model with actuator delay is used as
in (2.20) with the augmented state vector x̃Ti = [xTi p̃Ti ] where xTi = [ei vi ai
uff,i] ∈ Rnx , are the states of the i-th CACC equipped vehicle and p̃i = [pi,1
pi,2. . . pi,κ]T ∈ Rκ are the states of the state-space representation of the κ-
th order Padé approximation of the actuator delay as in (2.9). The model is
extended with the actuator delay here as such actuation delay is essential in
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Vehicle Model Parameters (C-)ACC Parameters
ηi 0.1 νi 1 (CACC)
ωg,i 10 ωc,i 0.5
τa,i 0.2 kp,i 0.25
κ 4 kd,i 0.5

Table 5.1: Parameter set used in the model-based analysis in Fig 5.1.

the CACC-equipped prototype vehicles that are used in the experiments. In
(5.2), ui represents the control command (of the i-th vehicle) and ûi−1 are the
control commands (of the (i− 1)-th vehicle) as received by the i-th vehicle over
the wireless network, which are, therefore, subject to wireless communication
imperfections.

The effect of sample-and-hold and network delays that occur due to wireless
communication and sampled-data implementation of the CACC controller over a
wireless link are incorporated in the CACC control action by using the following
relation between the continuous-time and discrete-time control commands:

ˆ̄un(t) = ūn,k−l+1, t ∈ [tk + τ∗, tk+1 + τ∗], (5.3)

where ūn,k := ūn(tk), tk = kT , k ∈ N, T is the constant sampling interval, and

τ = τ∗ + (l − 1)T, l ∈ {1, 2, 3, . . .}, τ∗ ∈ [0, T ]. (5.4)

Herein, τ and T are the constant, though uncertain, network-induced delays and
the sampling interval, respectively, whose effects on string stability are inspected.
Based on this network-aware modelling approach, we analysed frequency-domain
conditions given in (4.10) for (strong) string stability to obtain string stable
operating conditions for a range of time headways hd and communication delays
τ of the interconnected vehicle string in (5.1) by using the vehicle dynamics and
(C-)ACC controller parameters given in Table1 5.1 (η = 0.1 and τa = 0.2 in
(2.8)) which were identified for the prototype vehicles in [61]. String stability
of the discrete-time CACC NCS model in (4.8) is then analysed by using the
discrete-time frequency response based methods presented in Section 4.2.1 which
are based on the magnitude of the discrete-time string stability transfer function
(Ss∆i,i−1

(z)) by using (4.11). Discrete-time transfer functions are extracted by

using (4.12) with δi = vi in order to inspect the velocity response of the vehicle
string to a disturbance input ur. Using these transfer functions and condition
(4.10), we analysed string stability for a range of time headways, delays and
sampling intervals. Fig. 5.1 shows the results of such analysis by depicting the

1Hereafter, the subindex (i) in the vehicle parameters will be omitted in the notation since
the prototype vehicles are identical.
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Figure 5.1: Maximum allowable (constant) time delays (τ) for different
sampling interval (T ) and headway-time (hd).

maximum allowable (constant) time delay τ guaranteeing string stable operation
of the CACC vehicle string for different headway-time values hd and sampling
intervals T . Here, the vehicle parameters in (2.8) are taken as η = 0.1 with the
actuator delay τa = 0.2 sec. for which a fourth-order Padé approximant was
used (κ = 4 in (2.9)). The order of the Padé approximation is chosen such that
frequency response functions resulting from this approximation represent the
real dynamics of the system up to the frequencies of interest which are relevant
for string stability analysis. The bandwidth of the underlying ACC controller
is taken as ωc = ωg/20 (ωg := 1

η ) in (2.11) based on speed of response and

passenger comfort [61].

From Fig. 5.1, we conclude that in order to achieve string stability for smaller
time headways, the communication network needs to be able to guarantee smaller
bounds on the delays. The analyses also show that a high sampling frequency
may help to achieve string stability with relatively low inter-vehicle distances
(hd) while tolerating larger delays. However, from Fig. 5.1 one can conclude
that this effect is rather small. Moreover, from a practical and communication
point of view, increasing the sampling frequency limits the number of vehicles
that can operate reliably over the same network. Therefore, reliable operation
of a CACC system involves making multi-disciplinary design tradeoffs between
the specification for the vehicle following controller, network performance and
string stability performance criteria. The presented analyses can be used as a
design tool for the designer in making these tradeoffs. In Section 5.4, we present
experimental results performed with CACC-equipped prototype vehicles for val-
idating this approach towards string stability analysis. Experimental results will
be presented for selected operating conditions based on the model-based results
presented in this section.
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Figure 5.2: Prototype vehicles instrumented with CACC.

5.2 Vehicle Instrumentation

To validate the model-based analysis results and to demonstrate the technical
feasibility of employing CACC implemented over a delay-inducing communi-
cation network, the CACC control system presented in Section 2.3 has been
implemented in two similarly adapted vehicles in cooperation with the Dutch
Organization for Applied Scientific Research (TNO) [61, 53]. The Toyota Prius
III Executive of the type shown in Fig. 5.2 was selected because of its modular
setup and ex-factory ACC functionality. Fig. 5.3 shows a schematic represen-
tation of the components related to the experimental setup [61]. In this figure,
the CACC-related components are categorized into original vehicle components,
CACC-specific components, and the vehicle gateway. These three groups of
components are subsequently explained next. By making use of original ve-
hicle systems, only a limited number of components needed to be added. A
long-range radar is used to measure the relative position and speed of multi-
ple objects among which the preceding vehicle measurements are extracted and
used for realizing the vehicle following functionality. The Power Management
Control (PMC) determines the setpoints for the electric motor, the hydraulic
brakes, and the engine. Finally, the Human-Machine Interface (HMI) consists
of levers through which the (C-)ACC settings (such as desired headway time,
cruising speed etc.) can be configured by the driver and a display that provides
information on the operation of the system.

Some CACC-specific components had to be implemented in the vehicle in
order to run the CACC system. The main component is a real-time computer
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Figure 5.3: Schematic representation of the test vehicle instrumentation.

platform that executes the CACC control functionality. The wireless communi-
cation device, operating according to the IEEE 802.11p standard in ad-hoc mode,
allows for communication of the vehicle motion and controller information be-
tween the CACC-equipped vehicles with an update rate of 25 Hz (corresponding
to a sampling interval T = 40 msec.). A GPS receiver, with an update rate of
2 Hz, has been installed to allow for synchronisation of measurement data using
its time stamp. Note, however, that for the particular experiments presented
in this chapter, a much higher clock update rate is required than that might
be necessary for normal CACC operation in order to accurately regulate the
communication delays at different (constant) levels. Therefore, measurement
time-stamps of test vehicles have been more accurately synchronised based on
their CPU clocks with an update rate of 100 Hz.

Finally, the MOVE gateway (developed by TNO) is the interface between the
original vehicle systems and the real-time CACC platform. It runs at 100 Hz,
converting the acceleration setpoints ui from the CACC platform, into vehicle
actuator setpoints, such that the requested acceleration is accurately realized.
The gateway also processes the vehicle sensor data and presents these to the
CACC platform. Furthermore, the gateway is connected to the vehicle HMI
(digital display and levers). As a result, the CACC can be operated like the
ex-factory ACC system. To guarantee safe and reliable operation, the gateway
also contains several safety features. The gateway employs multiple I/O for the
communication with the vehicle systems; a single CAN bus is used for commu-
nication with the CACC platform. Further details on the test vehicles can be
found in [61].
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Figure 5.4: Multi-sine velocity excitation signal for the leader vehicle: a)
time-domain; b) frequency-domain.

5.3 Experiment Design

For the sake of repeatability of the experiments, the leader vehicle is programmed
to track a predefined velocity trajectory which has been designed as a random
phase multisine excitation input [59, 18]. The time-domain velocity excitation
signal depicted in Fig. 5.4.a is obtained by using a multisine transformation
which allows to synthesize test signals with predefined spectral properties as
shown in Fig. 5.4.b. For an accurate estimation of the string stability frequency
response function (FRF) SsV2,1

in (4.10) from the experimental data, the designed
excitation signal needs to excite the frequency range of interest for the assessment
of string stability. Here, the frequency bin for amplitudes Aγ is weighted at user-
selected equidistant frequencies (fγ) that are chosen on the discrete grid γf0 such
that better estimation can be achieved within a specific frequency range that is
relevant for string stability (in this case the frequency range [0,0.3] Hz) with a
sufficiently high spectral resolution (in this case f0 = 0.01 Hz). Moreover, the
excitation signal is designed such that it guarantees a sufficiently high frequency
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domain resolution while vehicle-related limitations such as maximum accelera-
tion are also respected. The corresponding N -sample multisine time-series with
period T0 = 1/f0 which is sampled at a sampling frequency fs = 1/Ts can be
obtained by performing an inverse discrete fast Fourier transform (DFFT) of the
predefined spectrum and is given by

ur(kTs) =

F∑

γ=1

Aγcos(2πfγkTs + φγ), k = {0, 1, . . . , N − 1} , (5.5)

where N = fsT0, φγ represents the random phase shifts and fγ = γf0, γ ∈
{1, 2, . . . , F}. The ultimate velocity excitation signal used in the experiments is
constructed by repeating the above excitation signal multiple times after an ini-
tial platoon formation phase during which cars come to steady platoon operation
to avoid transient behaviour.

5.4 Experimental String Stability Analysis

A sample data set from the experiments is shown in Fig. 5.5.a. This experiment
was carried out with a headway time hd = 1.0 sec. The local vehicle following
controller (ACC) operates at a higher frequency (100 Hz) than the CACC con-
troller which relies on the wireless transmission frequency (of 25 Hz). CACC
updates are broadcast by the leader vehicle to the follower at fixed transmission
intervals (T = 40 msec. corresponding to a wireless communication frequency
of 25 Hz). In the experiments, the communication delay is artificially regulated
by the receiver to certain values for assessing string stability properties experi-
mentally for a range of constant delay levels. Fig. 5.5.c. shows an example of the
actually realized communication delay over time, which is indeed approximately
constant and almost equal to the ‘desired’ delay (in this case τ = 750 msec). A
10 msec. offset exists due to the fact that the on-board computer, regulating the
delays, operates at 100 Hz. Consecutive spikes around 280 sec. are due to packet
dropouts. Two consecutive periods of the steady-state response (see Fig. 5.5.b.)
are selected to compute the maximum likelihood (ML) [59] estimate of the string

stability frequency response function (in this case ŜsV2,1) in (4.10) and (4.11) as
follows:

ŜsV2,1(zγ) =
|V̂2(zγ)|
|V̂1(zγ)|

,

=
M−1

∑M
m=1 |V

[m]
2 (zγ)|

M−1
∑M
m=1 |V

[m]
1 (zγ)|

(5.6)

with zγ = e−j2πfγTs , where V
[m]
i (zγ) is the frequency spectrum of the time-series

velocity data of the i-th vehicle (v
[m]
i ), and M is the number of periods of the

multisine used in the estimation as depicted in Fig. 5.5.b. for M = 2.
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Figure 5.5: Sample data set from an experiment with hd = 1.0 sec. and
τ = 750 msec.

In Fig. 5.6, the gain and phase of the estimated string stability frequency
response function are shown which were obtained by averaging two periods of
the multisine from the sample experimental data in Fig. 5.5.b. In this way,
the effects of road conditions and transient dynamics on the frequency response
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function (FRF) estimation is reduced.

For the validation of the CACC model-based string stability analysis results
presented in Fig. 5.1, experiments were carried out at a wider range of represen-
tative operating points with different time headway values hd where the wireless
communication delay τ was regulated at different levels in order to support the
experimental analysis of string stability for different delay magnitudes.

In Fig. 5.7, model-based string stability frequency response functions as in
(4.11) are shown which were obtained by using the networked CACC model
in (4.8) and are compared with the estimated FRF from experimental data
for hd = 0.8 sec. where the wireless communication delay was regulated at
τ = 450 msec. This result shows how string stability is compromised by wireless
communication delays that exceed maximum allowable delay values given in
Fig. 5.1. Moreover, this figure also shows that there is a good match of the
experimentally obtained data with the model-based data.

Fig. 5.8 further demonstrates how the model-based results presented in Fig.
5.1 can be used to obtain string stability boundaries on maximum allowable de-
lays (where the analyses were done for a smaller time headway of hd = 0.6 sec.).
These figures show that the discrete-time approach is very accurate in predicting
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the string stability properties of the sampled-data interconnected vehicle string
model. The FRF estimates based on real experiment data in Fig. 5.7 and Fig.
5.8 show how string stability is compromised by wireless communication delays
and demonstrate the reliability and practical validity of the analysis method
presented in Section 4.2.



72 Chapter 5. Experimental Validation

5.5 Conclusions

In this chapter, we showed how the network-aware modelling and string stability
analysis framework developed in Section 4.2 can be used as a multi-disciplinary
design tool to investigate tradeoffs between wireless network specifications and
headway policies in terms of their influence on string stability. We demonstrated
the validity of the model-based analysis results by real experiments with Cooper-
ative Adaptive Cruise Controller (CACC)-equipped vehicles. Experiments were
carried out for varying time headways and communication delays in order to
validate the model-based analyses. Experimental results show how string sta-
bility is compromised by wireless communication delays and these results also
demonstrate the reliability and practical validity of the analysis method pre-
sented in Section 4.2 which incorporates the effects of the sampling and the
zero-order-hold in addition to constant wireless communication delays.



Chapter 6

Cooperative Driving with a
Heavy-Duty Truck in Mixed

Traffic: Experimental Results1

6.1 Introduction

6.2 Vehicle Following Objective

6.3 Low-level Controller

6.4 Platoon Controller

6.5 String Stability Analysis

6.6 Experiments

6.7 Experimental Results

6.8 Conclusions and Recommendations

This chapter describes the implementation and testing of a Cooperative
Adaptive Cruise Control (CACC) strategy on a heavy-duty truck. The adopted
control strategy utilizes additional information exchange through wireless com-
munication to improve vehicle following behaviour achieved by the underlying
Adaptive Cruise Controller (ACC). The control method is evaluated in a mixed
traffic condition. It is shown that the truck can perform smooth predecessor
following in most of the test scenarios even for small inter-vehicle distances.
Furthermore, the results demonstrate how string stability is affected by wireless
communication imperfections and ac-(de)celeration limitations of the heavy-duty
truck in a heterogeneous platoon.

1This chapter is based on [52].
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6.1 Introduction

The desire towards meeting the ever-increasing transportation demands through

efficient and eco-friendly means of transportation has led to research in Intelli-

gent Transportation Systems (ITS) technologies. Cooperation between vehicles

can play an important role in achieving the set goals.

An extended adaptive cruise control system that is using information ex-

change through wireless communication in addition to the locally available sen-

sor measurements (e.g. a radar or a lidar) to keep a desired distance, is called

Cooperative Adaptive Cruise Control (CACC). CACC equipped vehicles are able

to drive safely at reduced inter-vehicle distances without amplification of distur-

bances (i.e. string instability) that have an adverse effect on traffic flow stability.

The attenuation of disturbances, which results in string stable traffic flow, to-

gether with reduced inter-vehicle distances increases the traffic throughput. Ad-

ditionally, these two effects (improved string stability and smaller inter-vehicle

distances) result in a reduction of the fuel consumption. The main criteria to

evaluate longitudinal control algorithms is the minimum achievable inter-vehicle

distance while satisfying string stability [78, 49].

String stability experiments with two identical CACC equipped passenger

cars were presented in [49, 61, 53] and in Chapter 5 of this thesis. These experi-

ments show that string stable behaviour can be achieved in practice by choosing a

sufficiently large headway time. Platooning experiments with automated heavy-

duty trucks were performed by California PATH [43]. The problem addressed

in these experiments is string instability caused by the large actuation delays of

the truck, and that the use of a constant distance spacing policy can also lead

to string instability. This is due to the fact that string stable behaviour cannot

be achieved by using only sensed preceding vehicle information in combination

with a constant distance headway policy [80, 77, 68].

Especially heavy-duty trucks can benefit from CACC. This particular benefit

of CACC for trucks stems from the fact that the aerodynamic drag of a truck is

high due to the flat frontal surface. Therefore, close distance driving will result

in a significant fuel reduction. An experiment with two European heavy-duty

trucks with an inter-vehicle distance of 10 m shows that the fuel reductions for

the following truck and the leading truck respectively are as much as 20% and

6%, respectively [8]. In [10], the inter-vehicle distance between two American

heavy-duty trucks is varied between 3 - 10 m resulting in a fuel reduction of

10− 12% for the following truck and a fuel reduction of 5− 10% for the leading

truck. Both experiments were performed at a velocity of 80 km/h.

In addition to the high drag coefficient, a heavy-duty truck also has a high

total weight. As a consequence, a lot of energy is lost when the vehicle is braking.

Therefore, an unstable traffic flow will increase the fuel consumption, because
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the vehicle has to ac-(de)celerate more than required. For the above reasons,

the CACC technology is especially beneficial for the transport sector where fuel

costs can be as high as 1/3 of the total operational costs [4]. Also the limited

acceleration performance of heavy-duty trucks has a large effect on the traffic

throughput, because heavy-duty trucks cannot recover as fast from a braking

action that occurs in an unstable traffic flow. Research proves that if 10 % of

the vehicles are equipped with ACC, the fuel consumption would be reduced

about 7 % [9].

The contributions of this chapter are (string stable) heterogeneous vehicle

following experiments with a CACC-equipped heavy-duty truck performed dur-

ing the Grand Cooperative Driving Challenge (GCDC). The GCDC is an event

in which multiple teams tested their CACC vehicle and benchmarked it to the

CACC vehicles of other competitors [62]. The Automotive Technology Team

(ATeam2) of Eindhoven University of Technology participated with a heavy-

duty truck. In these experiments, a constant headway time spacing policy was

used in which the headway time parameter was varied. The experiments were

performed in mixed traffic scenarios that mimic realistic traffic situations. The

experiments performed by California PATH were done using two trucks with dif-

ferent inertias, where the following truck has half the mass of the leading vehicle.

Analysis shows that a lighter following truck makes string stable behaviour pos-

sible [49, 71]. The experiments presented in this chapter were performed with a

heavy-duty truck following a much lighter passenger vehicle. This demonstrates

the effect of the limited performance of a heavy-duty truck on string stability.

Also the effect of temporary wireless communication failures, which often occur,

on the platoon performance is discussed.

This chapter describes the CACC control methodology and presents the re-
sults of the performance of the ATeam heavy-duty truck during the GCDC and
it is organized as follows. The vehicle following control algorithm that was used
to satisfy the control objective is described in Section 6.2, which consists of a
low-level vehicle controller and a high-level platoon controller. The low-level
vehicle controller and the high-level platoon controller are explained in Section
6.3 and 6.4, respectively. The hardware setup and information of the GCDC are
given in Section 6.6. Section 6.7 presents the experimental results obtained dur-
ing the GCDC. Finally, conclusions and recommendations are given in Section
6.8.

2The ATeam (Automotive Technology Team) is an initiative of the Eindhoven University of
Technology to promote and demonstrate the possibilities of cooperative driving and is named
after the newly established Automotive Technology M.Sc. programme. The team cooperates
with TMC Mechatronics B.V. and DAF trucks N.V. The team consists of students, PhD
students and employees of the university, DAF trucks and TMC. In 2013, the ATeam is renewed
as ATeam 2.0 with an ambition to realize fully autonomous driving.
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ap

d
v − vp

Figure 6.1: Illustration of a truck following a passenger vehicle.

6.2 Vehicle Following Objective

The ACC algorithm uses the inter-vehicle distance d and the relative velocity
to the preceding vehicle v − vp that is obtained by using a radar or a lidar
(vp represents the velocity of the preceding vehicle and v is the velocity of the
follower vehicle, see Fig. 6.1). Additionally, as is illustrated in Fig. 6.1, the
CACC approach employed in this chapter uses the acceleration of the preceding
vehicle ap which is acquired by wireless communication. The main reason for
using wireless communication is the fact that the preceding vehicle acceleration
cannot be measured accurately by remote sensing.

A constant headway time policy is used to determine the desired inter-vehicle
distance dr, which is related to the vehicle velocity v and is given as

dr = hdv + r. (6.1)

Here hd is the headway time (s) and r the safety distance (m) at standstill. Then
the distance error e (m) is defined as

e = d− dr, (6.2)

where d is the actual distance (m). The (vehicle following) control objective is
to regulate the distance error e and its derivative ė to zero. Additionally, the
controller should ensure string stability. These control objectives are realized

Figure 6.2: Layered control structure.
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by a layered control structure as shown in Fig. 6.2. A high-level controller,
namely the platoon controller which will be explained in Section 6.4, computes
the desired acceleration of the truck based on the employed C-ACC strategy in
order to regulate the error e to zero. The low-level controller realizes the desired
acceleration by sending control commands to the Electronic Control Unit (ECU)
and/or the Electronic Braking System (EBS).

6.3 Low-level Controller

Distance control of a heavy-duty truck is more involved than controlling the
distance of passenger vehicles. This is due to [6]:

• the low power-to-weight ratio;

• the actuation delays and lags in the ECU and EBS;

• the disturbances during gear shifting, (and by wind and by road inclina-
tion);

• the braking system that often consists of service brakes, engine brake and
a transmission retarder.

To overcome these challenges nonlinear controllers are used in [43, 44] to control
the inter-vehicle distance of heavy-duty trucks. Here, we employ a layered con-
trol structure to deal with this, see Fig. 6.2. The easiest way to deal with the
complexity of the control problem is to divide the longitudinal vehicle control
system into high- and low-level controllers. The high-level controller determines
the desired acceleration of the vehicle on the basis of the position and velocity
relative to the other vehicles in the string. The low-level controller determines
the input commands to the engine and the braking system to realize the desired
acceleration (note that in previous chapters we only focussed on the high-level
controllers). The latter is vehicle specific and relies on known or identified vehicle
parameters and the engine map. In fact, the low-level controller takes care that
the high-level controller is not vehicle specific. In this way, the same high-level
controller can be used for different types of vehicles. The low-level controller is
tuned by using measurements on a chassis dynamometer. The dynamometer en-
ables accurate measurements of the characteristics of the power train. Therefore,
a relatively simple control algorithm already achieves sufficient vehicle follow-
ing performance. Since the used heavy-duty truck is already equipped with a
controller that automatically brakes on the basis of a given desired acceleration,
only a controller for the power train is designed.

This low-level controller is composed of three parts as illustrated in Fig. 6.3.
Firstly, the required wheel force Fw is derived to overcome friction forces and
fulfil the desired acceleration ad. Secondly, the engine torque Te is calculated
to generate the requested wheel force. Finally, the corresponding engine torque



78 Chapter 6. Cooperative Driving with a Heavy-Duty Truck in Mixed Traffic

chassis drive-line engine
ad Te T%Fw

low-level controller

Figure 6.3: Block scheme of the low-level control algorithm.

command (T%) is obtained as the percentage of the maximum available torque
at the current engine speed.

The requested engine torque Te (Nm) can be determined by using

Fw = Mad + Ff , (6.3)

Te = Fw[rfrgrwηd(ng)]
−1, (6.4)

where M is the mass of the truck, Fw the required wheel force (N), and ηd(ng)
represent the losses in the gearbox and the drive-line. The losses are dependent
on the selected gear ng. Furthermore, rf , rg and rw are, respectively, the final
drive ratio, current gear ratio and wheel radius. The total friction force Ff (N)
is a summation of the aerodynamic friction, rolling resistance and static friction

Ff = Cav
2 + Crv + Cs, (6.5)

where Ca, Cr and Cs are the aerodynamic, roll and static friction coefficients.
The input to the engine can be determined by using an inverse engine map

T% = EMAP (ωe, Te), (6.6)

where the torque request (T%) to the engine is expressed as percentage of the
maximum available torque at the current engine speed. The input variables
of the map are the engine speed ωe and the required engine torque Te. The
engine map is obtained by using measurements on a chassis dynamometer. The
dynamometer can handle a limited amount of torque and, therefore, only a part
of the engine map can be measured (up to 40% of the maximum torque). The
complete map is obtained by extrapolation.

Feedback in the low-level controller is not required because the parameters
are determined by measurements on the vehicle itself and it is observed that
the desired acceleration sufficiently matches the actual acceleration of the vehi-
cle. Any mismatch is compensated by feedback of the platoon controller. Note
that estimation techniques are available that can adapt the weight and drag
coefficients on the run [6], but these are not employed in the scope of this work.
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Figure 6.4: FRF plot of low-level system, Pd(jω), at different engine
speeds (rpm).

The dynamics of the low-level system (vehicle including low-level control) are
determined by measuring the frequency response function (FRF) of the transfer

function V (s)
Ad(s) on the dynamometer, where V (s) and Ad(s) are the Laplace

transforms of the velocity v and the desired acceleration ad, respectively. Let
us now recall that CACC aims to control the inter-vehicle distance. Therefore,
the measured FRF is integrated once resulting in the transfer function Pd(s) =
V (s)
Ad(s)

1
s . Fig. 6.4 shows this frequency response function Pd(jω) for engine speeds

of 1000, 1200 and 1400 rpm. The figure shows that the FRFs are almost identical
for different engine speeds. The magnitude has an almost perfect slope of -2. The
phase starts at the corresponding -180◦ angle, but decreases due to a constant
delay in the system. A third-order low-level vehicle model with actuator delay
as in [49] is fitted (dotted black line) on top of the FRF results leading to

Pd(s) =
1

s2(τs+ 1)
e−θs, (6.7)

where an actuation delay θ = 0.4 and a lag τ = 0.1 are used. It was observed
that the actuation delay (θ) had a significantly stronger effect on the dynamical
behaviour of the truck than the lag (τ).
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6.4 Platoon Controller

For regulating the distance error given in (6.2), the platoon controller in [49]
uses feedforward and feedback expressed in the Laplace-domain as

Ad(s) = Ufb(s) + Uff (s)

= Cfb(s)E(s) + Cff (s)Ap(s). (6.8)

As before, uppercase letters are used to indicate the Laplace transform of the
corresponding lower case variable, e.g. E(s) = L{e(t)}. In (6.8), the feedback
controller Cfb and the feedforward filter Cff use, respectively, the distance error
and the preceding vehicle acceleration as input. The feedback part of the CACC
controller consists of a PD controller and an additional low-pass filter based on
the spacing policy. In the Laplace domain it is given as

Ufb(s) = Cfb(s)E(s) =
Kp +Kds

1 + hds
E(s). (6.9)

Parameters Kp and Kd are the proportional and differential gain, respectively.
For the truck Kp = 0.3 and Kd = 0.7 are used. The cut-off frequency of the
low-pass filter is equal to the headway time hd [37].

The feedforward part of the CACC controller is given as

Uff (s) = Cff (s)Ap(s) = [H(s)Pd(s)s
2]−1Ap(s)

=
τs+ 1

hds+ 1
Ap(s). (6.10)

In (6.10), the preceding vehicle acceleration is compensated for the low-level
vehicle dynamics of (6.7) and the headway policy of (6.1), where H(s) = 1+hds.

The bandwidth of the open-loop low-level vehicle model (6.7) with the feed-
back controller (6.9), i.e. CfbPd, is approximately 0.1 Hz. For comparison, the
bandwidth of the passenger vehicle in [49] is 0.6 Hz. The low bandwidth of the
truck is a significant performance limiting factor for the operation of the truck
in a heterogeneous platoon.

6.5 String Stability Analysis

String stability can be determined by using the string stability transfer function
V (s)
Vp(s) which is expressed as [49]

SS(s) =
(Cff (s)s2 + Cfb(s))Pd(s)

1 +H(s)Cfb(s)Pd(s)
. (6.11)

A condition for strong string stability as in Section 3.3 can now be formulated
as

|SS(jω)| ≤ 1,∀ω ∈ R. (6.12)
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Figure 6.5: Magnitude of the string stability transfer function |SS(jω)|
for different headway times.

In (6.11), it is assumed that there is no communication delay. The magnitude
of the string stability transfer function in (6.11) is given in Fig. 6.5 for different
headway times. Although the CACC platoon controller design (6.8)-(6.10) is
such that string stable operation is achieved irrespective of the headway distance
in the ideal situation of no actuator delay, i.e. θ = 0, when actuator delay is
considered, the magnitude of |SS(jω)| lies partly above 1 for headway times of
0.6 s and 0.9 s, which indicates string instability. The CACC truck is string
stable for a headway time of 1.5 s. Therefore, the minimum headway time
guaranteeing string stability is mainly influenced by the actuation delay (θ) in
the vehicle model (6.7).

6.6 Experiments

The experiments are performed using a DAF XF104 460. This truck has a max-
imum power of 340 kW, a maximum torque of 2300 Nm and weighs about 12
tons. The hardware used to implement CACC is built around a real-time (RT)
system that is using the matlab xpc target environment that is running at
100 Hz. The radar unit, the Electronic Braking System (EBS) and the Elec-
tronic Control Unit (ECU) are connected to the Real-Time (RT) system by a
Controller Area Network (CAN) bus connection as shown in Fig 6.6. A torque
command sent by the low-level controller of Section 6.3 is sent to the ECU.
A negative desired acceleration (< −0.8 m/s2) is directly sent to the EBS. A
built-in controller in the EBS realizes the desired deceleration (abr). The GPS,
which is used to acquire accurate timing, position and heading information is
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Figure 6.6: Scheme of real-time control system.

connected to the RT system with a serial port connection (RS-232). The radar
unit, which is used as main distance measuring device, is connected by a sepa-
rate CAN. At standstill, when the radar unit is not able to detect any objects, a
laser distance measuring device is used. This laser unit is connected by RS-232.
GPS is not used to determine the distances between vehicles because the related
position errors are too large. Furthermore, the RT system is controlled using
a xPC (RT) host and steering wheel switches. The WIFI host, RT host and
wireless hardware are connected using the same LAN network.

The data that is wirelessly routed via a WIFI host. This WIFI host processes
all WIFI related tasks. This relieves the real-time system. The packets are
transmitted over the air by the IEEE 802.11p protocol [1]. This protocol is
broadcast based and is specially designed for automotive applications. The data
packets are encoded/decoded using the ASN.1 notation and sent at a 10 Hz
update rate according to the GCDC specifications [2]. The main data the packets
contain are acceleration, heading information, position, velocity and, time stamp
information. However, the CACC algorithm that is used here only requires the
acceleration of the preceding vehicle; the additional data can be used in case
another control strategy is used. Moreover, it can be used to determine which
data is coming from the preceding vehicle or whether or not the data is reliable.
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Figure 6.7: ATeam truck (most forward truck) during the GCDC.

The experimental data was collected during the Grand Cooperative Driving
Challenge (GCDC) [2, 62]. The goal of the GCDC is to accelerate the deploy-
ment of cooperative driving technology. The GCDC has taken place on the A270
highway between Helmond and Eindhoven in the Netherlands in May 2011. The
Automotive Technology Team (ATeam) of the Eindhoven University of Technol-
ogy participated in the GCDC with a heavy-duty truck. Apart from one other
heavy-duty truck, the other competitors used passengers vehicles.

The challenging aspects of the GCDC are [60]:

• Firstly, a strategy for deployment of cooperative driving technology needs
to be introduced;

• Secondly, robust and fail-safe control systems need to be designed;

• Thirdly, communication between vehicles and between vehicle and infras-
tructure has to be standardized;

• Finally, wireless communication in real-time environments has to be demon-
strated.

Note that each team has only one vehicle at its disposal. This turns the challenge
into a true cooperative task.

The challenge consists of three scenarios where the cooperative vehicles are
tested on different aspects: Automatically pulling away if a traffic light turns
green, smoothly joining a slower moving platoon in front and smooth vehicle
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Figure 6.8: Following behaviour from standstill to 90 km/h.

following during close distance driving. In this chapter, the focus is on smooth
close distance following behaviour only. Fig. 6.7 shows a heat during the GCDC.

6.7 Experimental Results

During the GCDC event, the vehicle following capabilities of the truck were
tested. The results presented here involve following a passenger vehicle of other
competitors. Figures 6.8, 6.9, 6.10, and 6.11 show the distance error, the velocity
and the acceleration of the ATeam truck and the directly preceding vehicle. In
the analysis of the presented results, it should be noted that the sequencing of
the vehicles in the platoon was different at each run and, it can be seen that the
performance of the truck depends heavily on the behaviour of the predecessor.

Fig. 6.8 shows the vehicle following behaviour of the truck from standstill
to maximum speed. Here it can be seen that the truck is able to follow the
preceding vehicle with a maximum error of about 5 m. The preceding vehicle has,
except for two gear changes, an almost constant acceleration of 0.5 m/s2. The
acceleration profile of the truck shows that the truck shifted gear six times. The
gear changes of the truck take more time than the gear changes of the preceding
vehicle. As a result of this, the truck has to accelerate much faster afterwards
than the preceding vehicle to keep the error small. After a gear change, the
acceleration of the truck may therefore exceed the acceleration of the preceding
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Figure 6.9: Following behaviour of the ATeam truck using a headway-time
(hd) of 1.5 s.

vehicle as is shown in Fig. 6.8. Here it can be seen that the preceding vehicle has
an almost linear increase of the velocity, the velocity increase of the truck is more
aggressive. This introduces unavoidable shockwaves in the traffic flow. Figures
6.9, 6.10 and 6.11 show the vehicle following capabilities of the ATeam truck for
different headway times of 1.5, 0.9 and 0.6 s respectively. Fig. 6.9 shows that a
headway time of 1.5 s results in a smooth and string stable following behaviour
(as expected from the model-based string stabilty analysis in Section 6.5). This
is evident from the truck acceleration that does not exceed the acceleration of
the preceding vehicle. It should be noted that determination of string stability
on the basis of experimental data is not straightforward. This is because the
level of amplification of the acceleration does not determine string stability as is
described in Section 6.5 [61].

At about 140 s in Fig. 6.9 it is visible that the wireless communication fails
and the system is not receiving acceleration updates. A larger negative error
occurs, because the feedback controller is unable to keep the error small at large
decelerations (ap ≈ −3 m/s2). Large negative errors must be avoided because
these are safety critical. The positive distance error, which is not safety critical,
increases occasionally to 6 m.

Fig. 6.10 shows the performance of the truck for a headway time of 0.9 s.
Although, the analytic string stability analysis in Section 6.5 concludes string
instability, the figure shows smooth vehicle following behaviour. This is related
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Figure 6.10: Following behaviour of the ATeam truck using a headway-
time (hd) of 0.9 s.

to the fact that frequencies where string instability can occur are not triggered
by the excitation signal. The acceleration of the truck only exceeds the preced-
ing vehicle acceleration a couple of times (at around 120 s and 160 s). These
exceeding accelerations are caused by failures of the wireless communication.
On such occasions, the feedback controller is not able to reduce the resulting
distance error smoothly.

The performance of the truck using a headway time of 0.6 s is shown in
Fig. 6.11. Still, the truck is able to attenuate the disturbances introduced by
the preceding vehicle. The number of times the acceleration of the truck exceeds
the acceleration of the preceding vehicle is still limited. If the acceleration of
the truck exceeds that of the preceding vehicle, it is the result of a large error
caused by the acceleration limits of the truck.

From the experiments, it can be concluded that platooning with a truck is
indeed more challenging than with only passenger cars. The difficulty of heavy-
duty truck control is mainly due to the limited acceleration capability and the
gear changes of the truck. A solution is to increase the headway since this
results in smoother following behaviour. However increasing the headway time
is not desirable, because it reduces the benefits of CACC. Another cause of a
large distance error is the failure of the wireless communication. This is not
specifically related to heavy-duty truck control, but it occurs more frequently
than for a platoon with only passenger vehicles because of the dimensions of the
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Figure 6.11: Following behaviour of the ATeam truck using a headway-
time (hd) of 0.6 s.

truck and its negative effects on signal reception quality. Another less visible
cause is that the EBS of this truck only accepts brake requests smaller than
−0.7 m/s2. This results in aggressive braking while smooth braking would be
sufficient.

6.8 Conclusions and Recommendations

This chapter reports on the implementation and experimental testing of a CACC
algorithm on a heavy-duty truck operating in a heterogeneous platoon. The
experiments show that the performance of this control strategy is satisfactory
under normal operating conditions. The ATeam truck smoothly follows the
preceding vehicle most of the time even in scenarios with headway time values
that were smaller than the admissible string stable headway values revealed by
model-based analysis. This might be due to the fact that operating frequencies
where string instability can occur are not triggered by the excitation signal.

The experiments show that in case wireless communication fails and the sys-
tem only relies on feedback control, the controller is not able to keep the distance
error small which confirms the benefit of CACC over mere ACC. Sensor fusion
and data estimation techniques could be used to overcome wireless communica-
tion failures, but were not considered in the scope of this work. A large distance
error also occurs when the truck cannot keep up due to gear changes and ac-
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celeration limits. The CACC algorithm reacts too aggressively to these large
distance errors resulting in non-smooth following behaviour, which seems to be
string unstable.

To solve this, a more involved feedback controller needs to be adopted that
can cope with large distance errors. A specific solution could be to temporarily
increase the headway time if the distance error is increasing. Another recommen-
dation is to study the string stability performance of other CACC algorithms
that use data of vehicles other than the directly preceding vehicle. These con-
trollers can be used if the communication with the preceding vehicle fails in order
to ensure safe fallback strategies.



Chapter 7

Conclusions and
Recommendations

In this thesis, we considered a vehicle platooning system which regulates inter-
vehicle distances in a vehicle string. The development of vehicular platooning
systems is motivated by their potential benefits in making more efficient use
of the existing ground transportation infrastructure by achieving reduced inter-
vehicle distances at highway speeds and, therewith, increasing traffic throughput
while maintaining traffic flow stability. All together, these aspects contribute to
reduced travel times, improved ride quality and fuel economy. For vehicular
platooning systems, the so-called string stability property, which relates to the
attenuation of the effects of disturbances as they propagate throughout the vehi-
cle string, is of major importance. Indeed, in the absence of string stability, the
amplification of disturbances poses risks on safe and reliable operation of the in-
dividual vehicle following controllers and compromises traffic flow stability, ride
quality, fuel economy and traffic throughput.

A Cooperative Adaptive Cruise Control (CACC) system, which is an ex-
tension of the currently available Adaptive Cruise Control (ACC) technology,
can improve the performance of existing vehicle follower systems by utilizing
information exchange between vehicles through wireless communication besides
local sensor measurements. A CACC-equipped vehicle is able to overcome sen-
sory limitations of human- or ACC-operated vehicles and can, therefore, react
much faster to the behaviour of neighbouring vehicles. Proof-of-concept demon-
strations with platoons of CACC vehicles have recently confirmed the practical
feasibility of such cooperative automated longitudinal control systems. Signifi-
cant improvements over existing ACC technology can be achieved already with
relatively simple control algorithms and communication structures. However,
wireless communication introduces network-induced imperfections due to limited
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bandwidth of the wireless network, and the fact that multiple nodes are sharing
the same medium. These imperfections can adversely effect the string stability
properties of CACC-systems and the implementation of CACC for real traffic
conditions requires consideration of the constraints imposed by the wireless com-
munication needed to implement CACC. The impact of these network-induced
imperfections on string stability requires careful modelling and analysis. More-
over, tradeoffs between CACC performance and network specifications need to
be made for achieving desired performance under these network-induced con-
straints.

The main purpose of this thesis has been to emphasize the necessity for con-
sidering CACC in a Networked Control Systems (NCS) framework by studying
the effects of wireless communication on the performance of (existing) CACC
controllers in terms of string stability. Therefore, we approached the design of
a CACC system from a Networked Control System (NCS) perspective and em-
ployed NCS modelling and analysis methods for the analysis of string stability
properties of vehicular platoons. Moreover, we also show how these string sta-
bility analyses can provide the designer with guidelines for making the tradeoffs
between control and network specifications.

This thesis provided the following main contributions:

i) Development of an interconnected vehicle string model, where two types of
data employed in the CACC controller are distinguished according to the
way they are being transferred, i.e. either locally sensed or wirelessly com-
municated information, see Chapter 2. This allows us to analyse in detail
the effects of wireless communication deficiencies in the inputs separately;

ii) Tools for quantifying the propagation of vehicle responses have been pre-
sented which provide system-theoretic conditions for parametric analyses of
string stability properties of CACC systems, see Chapter 3;

iii) We cast the interconnected vehicular system dynamics into a Networked
Control System (NCS) model that incorporates the network-induced effects
due to the wireless communication, see Chapters 2 and 4;

iv) Based on this network-aware modelling approach, we have developed tech-
niques to study the so-called string stability property of the vehicle platoon
in the presence of effects induced by the wireless network. The analyses
provide quantitative results that can be used as guidelines to assist the de-
signer for making multi-disciplinary design tradeoffs between control and
network specifications, see Chapter 4;

v) Finally, we demonstrated the validity of the model-based analysis results
by real experiments with Cooperative Adaptive Cruise Controller (CACC)-
equipped passenger vehicles, see Chapter 5. Experiments were carried out
for varying inter-vehicle distances and communication delays in order to
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validate the model-based analyses. Experimental results show how string
stability is compromised by wireless communication delays and demonstrate
the reliability and practical validity of the network-aware modelling and
string stability analysis method. Furthermore, in Chapter 6, experiments
have been carried out with a heavy-duty truck which show improved string
stable behaviour of the truck within a heterogeneous vehicle string in a
multi-vendor setting and address the effects of wireless communication losses
and vehicle dynamics limitations on string stability properties of heavy-duty
vehicles.

7.1 Main Conclusions

In this thesis, we have shown via time-domain simulations and system theo-
retic analyses how Cooperative Adaptive Cruise Control (CACC) system can
improve the performance of vehicle follower systems by utilizing information ex-
change between vehicles through wireless communication in addition to local
sensor measurements. Besides the vehicle following objective, the attenuation of
the effect of disturbances on the vehicle responses along the vehicle string, cap-
tured by the notion of string stability, is of crucial importance in longitudinal
automation of vehicle platoons and relates to aspects such as safety, comfort,
traffic flow stability, and traffic throughput.

Model-based analyses and experimental results presented in this thesis show
how string stability can be compromised by the network-induced effects on
shared information between vehicles. The analyses provided bounds on tolerable
transmission intervals and delays in face of scheduling constraints requiring net-
work protocols. To achieve string stability for reduced inter-vehicle distances,
the communication network needs to be able to guarantee smaller bounds on
the delays. The analyses also show that a high sampling frequency may help
to achieve string stability with relatively low inter-vehicle distances while tol-
erating larger delays. However, from a practical point of view, increasing the
sampling frequency at which the wireless network operates may have counter-
acting effects. Namely, a larger sampling frequency may limit the number of
vehicles that can operate reliably via the same network, hence also limiting the
number of vehicles in a string, and may lead to larger network-induced delays
due to increased chances of packet collisions. Therefore, reliable operation of
a networked CACC system involves making multi-disciplinary design tradeoffs
between the specifications for the vehicle following controller, network perfor-
mance and string stability performance criteria. The presented modelling and
analysis framework can be used as a design tool for the designer in making these
tradeoffs.
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7.2 Recommendations

As an extension of the presented work in this thesis, several directions for future
research can be highlighted.

In the interconnected vehicle string model in Chapter 2, we considered a
PD-type vehicle following controller where the additional CACC input has been
implemented in a feedforward fashion and uses only the information received
(wirelessly) from the directly preceding vehicle. However, the modelling ap-
proach would also allow for different control strategies and communication with
more than one vehicle. Communication with more than one vehicle can further
improve the vehicle following performance and the string stability properties by
providing the ability to respond to arising situations further ahead in the vehicle
platoon. Besides, information transmitted from multiple sources would improve
robustness to wireless communication imperfections by allowing to compensate
for losses and delays. A more general CACC synthesis approach in an NCS
framework that allows co-design of controller and information flow structures
and which also incorporates the network effects during the design process (e.g.
a priori guarantee string stability in the presence of certain network deficiencies)
can reveal these potential benefits to its fullest.

In Chapter 4, we demonstrated the strength of the modelling and analysis
framework by two possible use-scenarios based on the synchronous sampled-
data (SD) network setting and the Round Robin (RR)-type network although
we believe that other scenarios for the communication protocol should also be
analysed. The framework presented in this thesis is set up in a general manner
such that different communication structures and network topologies can be en-
visioned as well. Moreover, incorporating other network-induced imperfections
(such as packet dropouts) and constraints, apparent in a CACC controlled vehi-
cle string, in the proposed modelling and analysis framework, would also be of
interest.

Furthermore, the potential benefits of cooperative driving can be further
exploited by also taking control of the lateral dynamics of the vehicles via au-
tomated steering. This would allow to extend the operation of platooning sys-
tems to multiple-lanes and allow the implementation of automated vehicles in
a broader range of traffic scenarios in order to eliminate undesired disturbances
that might be introduced in scenarios such as highway merging, platoon joining,
and splitting. This would require the consideration of propagation of distur-
bances in two dimensions, which is captured by the notion of mesh stability.

The potential of these Intelligent Transportation Systems (ITS) technologies
can be exploited to their full extent when all participating vehicles are equipped.
However, the deployment of these technologies and their acceptance by society
will naturally only develop over time, where in the intermediate phase, auto-
mated and manually driven vehicles will share the same traffic infrastructure.
For this matter, research considering the feasibility of these technologies in a
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partially equipped traffic is important for roll-out of this technology in practice.
Finally, extensive experimental studies should be conducted in the light of the

aforementioned conclusions and research directions in order to test the practical
feasibility of CACC systems in real traffic conditions (on a larger scale) before
such systems can be deployed. Especially, the effects of increased network traffic
and its effects on system performance when a large number of vehicles share
the same network (which would be the case in real traffic) require a careful
consideration.
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Summary

String Stability of Interconnected Vehicles:
Network-aware Modelling, Analysis and
Experiments

The ever increasing demand for mobility in today’s life imposes additional burden
on the existing ground transportation infrastructure for which a feasible solution
in the near future lies in a more efficient use of currently available means of
transportation. In today’s traffic, limited human perception of traffic conditions
and human reaction characteristics constrain the lower limits of achievable safe
inter-vehicle distances. Besides, erroneous human driving characteristics may
cause traffic flow instabilities which result in so-called shockwaves. In dense
traffic conditions, a single driver overreacting to a momentary disturbance (e.g.
a slight deceleration of the predecessor) can trigger a chain of reactions in the
rest of the follower vehicles. The amplification of such a disturbance can bring
the traffic to a full stop kilometers away from the disturbance source and cause
traffic jams for no apparent reason.

Intelligent Transportation Systems (ITS) technologies can significantly con-
tribute to improved traffic flow stability, throughput, and safety. Cooperative
Adaptive Cruise Control (CACC), being one of the promising ITS technologies,
extends the currently available Adaptive Cruise Control (ACC) with the addi-
tion of information exchange between vehicles through Vehicle-to-Vehicle (V2V)
wireless communication. The general objective of a CACC system is to pack the
driving vehicles together as tightly as possible in order to increase traffic flow
while preventing amplification of disturbances throughout the string of vehicles,
the latter of which is known as string instability.

Wireless information exchange between vehicles provides means of overcom-
ing sensory limitations of human or ACC operated vehicles. Significant im-
provements over existing ACC technology can be achieved already with rela-
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tively simple control algorithms and communication structures, but real-life im-
plementation requires consideration of the constraints imposed by the wireless
communication. In the scope of CACC, control over a wireless communication
network is the enabling technology that makes CACC realizable; however, very
few studies of CACC consider the imperfections that are introduced by the net-
work. Given the fact that multiple nodes (vehicles) share the same medium with
a limited bandwidth and capacity, wireless communication introduces network-
induced imperfections such as transmission delays and packet losses. The impact
of these imperfections on string stability requires a careful analysis and trade-
offs between CACC performance and network specifications need to be made for
achieving desired performance under these network-induced constraints.

In this thesis, the design of a CACC system is approached from a Networked
Control System (NCS) perspective and a novel NCS modelling framework for
interconnected vehicle strings is presented. The interconnected vehicle string
model arises from the dynamical coupling of a cascade of CACC vehicles, each
of which is controlled to maintain a desired distance to its predecessor. In this
model, two types of data employed in the CACC controller are distinguished
according to the way they are being transferred, i.e. either locally sensed or
wirelessly communicated information. This approach allows to cast the inter-
connected system dynamics with wireless communication constraints into a NCS
model that incorporates the effects of sample-and-hold, transmission frequency,
and network delays.

This modelling framework is extended with analysis tools for string stability
in the presence of network effects. These analyses can provide the designer with
guidelines for making multidisciplinary tradeoffs between control and network
specifications and support the design of CACC systems that are robust to un-
certainties introduced by wireless communication. The framework is set up in
a general manner such that the inclusion of scheduling constraints induced by
the wireless communication between vehicles can be incorporated as well. Us-
ing these analysis tools, the dependency of string stability on network-induced
effects is studied. The analyses provide bounds on the maximum allowable trans-
mission intervals (MATI) and maximum allowable delays (MAD) while string
stability is still guaranteed.

Moreover, the validity of the presented analysis framework is demonstrated
via experiments performed with CACC-equipped prototype passenger vehicles
in a homogeneous string. Experimental results show that the developed NCS
modelling framework captures the dependency of string stability on network-
induced effects and confirm the string stable operation conditions obtained by
model-based analyses. Furthermore, the CACC algorithm was implemented on
a heavy-duty truck and tested during the Grand Cooperative Driving Chal-
lenge (GCDC) in a multi-vendor setting where participating teams tested their
CACC-equipped vehicle and benchmarked it to the CACC vehicles of other com-
petitors. These tests show improved string stable behaviour of the truck within
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a heterogeneous vehicle string and the effects of wireless communication losses
and vehicle limitations on string stability can also be addressed.
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for their welcoming big heart and being part of my family.

I would like to express my deepest gratitude and love to my parents Sultan
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