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Kurzfassung1

Kooperatives Platooning von Last- oder Personenkraftwägen ist im Stande die Sicher-
heit und Effizienz auf den Straßen zu erhöhen. Während vorausschauende aber einmali-
ge Trajektorienplanung den Treibstoffverbrauch und die Reisezeit auf freien Straßen in
der Theorie verringert, verlangt dichter Verkehr nach ständiger Anpassung dieser Pläne.
Es stellt sich nun die Frage, wie durch geeignete Informierung der Einzelfahrzeugrege-
lung dennoch ein effizientes Verhalten erreicht werden kann. Zur Beantwortung dieser
Problemstellung wird in dieser Arbeit ein holistisches Regelungskonzept für kooperati-
ves Platooning entwickelt – im Rahmen des österreichischen Leitprojekts Connecting
Austria [2]. Dieses Regelungskonzept beinhaltet einen modellprädiktiven Regler, welcher
durch den Platoon-Koordinator über effiziente und gleichzeitig fahrbare Trajektorien
informiert wird. Das Konzept wird in ausgewählten Szenarien mithilfe einer eigens ent-
wickelten Co-Simulations-Umgebung mit realitätsnaher Fahrzeugdynamik evaluiert. Die
Trajektorienplanung des Platoon-Koordinators wird für zwei spezifische Szenarien, wel-
che sich aus den Anwendungsfällen im Forschungsprojekt Connecting Austria [2] erge-
ben, formuliert und implementiert: im ersten durchfährt ein Platoon eine ampelgeregelte
Kreuzung; im zweiten löst sich ein Platoon vor einer Gefahrenstelle auf.

Die Hauptergebnisse dieser Diplomarbeit wurden in der Publikation [1] mit Peer-
Review im Fachjournal IEEE Transactions on Intelligent Transportation Systems ver-
öffentlicht, welche vom Diplomanden unter wissenschaftlicher Anleitung der Mitautoren
verfasst worden ist. Diese Publikation schlägt neuartige Methoden für die verteilte mo-
dellprädiktive Regelung von kooperativen Platoons vor. Eine Sicherheitserweiterung ent-
koppelt die Auslegung des Folgeverhaltens von den Sicherheitsbeschränkungen und er-
möglicht kooperatives Verhalten in der Form von temporär reduzierter Bremstätigkeit
zur Reduktion der Fahrzeugabstände. Fahrkorridore, welche auf Positionsfehler bezogen
sind, werden verwendet um einerseits zwischen geeigneten Regelmodi zu wechseln und
um andererseits das Senden von Prädiktionen an das Folgefahrzeug auszulösen. Die vor-
geschlagenen Methoden bleiben auch bei realistischen Modellfehlern effektiv, sorgen für
implizite Kollisionssicherheit und reduzieren den notwendigen Kommunikationsaufwand.

1Teile dieser Kurzfassung wurden in [1] veröffentlicht (in englischer Sprache).
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Abstract2

Cooperative automotive platooning can improve safety and efficiency on the road. Look-
ahead control of an entire platoon allows to reduce fuel consumption and travel time in
open road scenarios, but dense traffic requires continuous adaptation of far-sighted plans.
To achieve efficient individual vehicle control, these control systems need to be informed
appropriately. For this purpose a holistic control concept for cooperative platooning
was developed in the course of this thesis for the Austrian flagship project Connecting
Austria [2]. This holistic control concept includes a novel model predictive controller
which is informed by the platoon coordinator of permitted and at the same time effi-
cient platooning maneuvers. The platoon safety and performance is demonstrated in
selected scenarios using a custom-developed vehicle dynamics co-simulation framework.
Within the developed control concept, trajectory planning is proposed to recommend
scenario-specific platoon trajectories. The trajectory planning task is formulated and
implemented for two scenarios stemming from use-cases defined in the project Connect-
ing Austria [2]: in the first a platoon is transiting a light-controlled intersection; in the
second a platoon is disbanding because of a hazardous area ahead.

The main academic results devised by the degree candidate are published in the peer-
reviewed paper [1] in the journal IEEE Transactions on Intelligent Transportation Sys-
tems, written by the degree candidate under scientific guidance of the co-authors. This
publication proposes novel methods for distributed model predictive control of cooper-
ative platoons. A safety-extension separates safety constraints from the design of the
tracking control goals and enables agreed-upon behavior in terms of temporarily limited
decelerations to reduce the inter-vehicle distances. Driving corridors based on position
errors are utilized to select suitable control modes or trigger prediction updates to fol-
lowing vehicles. The proposed measures are effective with realistic model errors, provide
implicit collision safety and reduce the communication effort.

2Parts of the text in this abstract have previously been published as part of [1].
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Auf dass wir uns im Miteinander selbst erkennen dürfen!
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1 Introduction

Electronically controlling a group of vehicles in close formation, which is called pla-
tooning, is the main topic of this thesis. While the proposed methods and simulation
approaches may be applied to automotive vehicles in general, this work concentrates in
particular on platoons of heavy-duty vehicles (HDVs), as illustrated in Figure 3.5.

The outline of this introductory chapter is as follows. In Section 1.1, the problem
addressed in this work is motivated and its basic context is set. The aim of this work
is then defined in Section 1.2 and selected background information is presented in Sec-
tion 1.3. Based on this, three research questions are formulated in Section 1.4. This
chapter is concluded by the project reference of this work, the mentioning of the au-
thor’s publications, and the structure of the remaining chapters in Section 1.5, 1.6, and
1.7, respectively.

1.1 Problem Motivation 1

Safety of individual road passenger transportation is significantly lower than in passenger
transportation by railway [4] and aviation [5] as pointed out in [6] for the EU and in [7]
for the USA. In fact, globally, road fatalities are the leading cause of death for people
aged 5-29 years according to [8]. As a result of broad efforts, the number of fatal crashes
on EU roads fell remarkably until 2012, making EU roads the safest in the world [9]:
with an average of 174 fatal road accidents per million inhabitants worldwide, this ratio
amounts to 106 in the USA, 93 in Europe, and only 50 in the EU. [10] argues that
on-board safety systems were vital to improve safety in Sweden since 1990. However,
the number of crashes in the EU stagnated in recent years [9].

1Parts of the text in this section have previously been published as part of [1].

Figure 1.1: An HDV platoon of three vehicles, adapted from [3].
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1 Introduction

Figure 1.2: Levels of automated driving as defined in SAE 3016, taken from [15].

To further improve road safety, highly promising advanced automation technologies
become available. Positive impacts of automation on safety will be visible already with a
broad adoption of partial automation (SAE level 2) as argued in [11]. The organization
SAE International defines automation levels (SAE levels from 0 to 5, see Figure 1.2) in
[12]. At SAE level 2 the advanced driver assistance system (ADAS, see [13], [14] for a
survey) executes the longitudinal and lateral dynamic driving tasks, whereby the human
driver monitors the environment, supervises the dynamic driving task, and takes over
immediately when required. In order to further increase traffic flow, conditional automa-
tion (SAE level 3) is deemed necessary [11], where the ADAS additionally monitors the
environment and guarantees a certain lead time for the driver in case of deactivation.

The control of the longitudinal dynamics by ADAS, referred to as cruise control,
is typically separated into two hierarchical levels, wherein the upper-level controller
computes the desired acceleration set point for the lower-level controller which, in turn,
computes the throttle input, as detailed in [16]. Adaptive cruise control (ACC) uses
speed measurements of the controlled vehicle as well as measurements of the inter-vehicle
distance and the relative speed with respect to the preceding vehicle to keep a certain
spacing policy. Cooperative ACC (CACC) includes feed-forward information of the
preceding vehicle’s acceleration via V2V communication to reduce delays in detecting
the acceleration, as experimentally evaluated in [17].

Grouping vehicles into closely-spaced platoons is a means to increase traffic flow and
reduce fuel consumption due to aerodynamic drag reduction, as experimentally validated
in [18], [19]. Aerodynamic drag reduction is especially relevant for heavy-duty vehicles
(HDVs), see [20] for an overview on HDV platooning. Cooperative platooning emphasizes
the aspect of communication between vehicles (V2V) and the infrastructure (V2I/I2V)
to enhance predictions made by the individual vehicle and thus enable more profound
control actions.
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1 Introduction

Figure 1.3: Platoon control architecture composed of the platoon coordinator, the local
MPCs, and individual low level controllers.

Model Predictive Control (MPC) is a well-suited means to incorporate fuel reduction
as an objective and consider safety-relevant constraints. The basic concept of MPC is
to use a dynamic model to predict the behavior of the controlled system and recurrently
optimize the control input in order to obtain an optimal predicted system response, as
detailed in [21].

1.2 Problem Statement 2

A three-layer control architecture for cooperative platooning, as illustrated in Figure 1.3,
is considered:

• The platoon coordinator provides planned trajectories and context information,
using available traffic and platoon data.

• The local MPC of the individual vehicle calculates the desired acceleration based on
the provided information from the platoon coordinator, local measurements, and
possibly V2V communication. Thereby, the local MPC executes the longitudinal
dynamic driving task of the automated vehicle.

• The lower-level controller tracks the desired acceleration by control of the drive
train.

Aim of this work

The aim of this work is to design the local MPC of the considered control ar-
chitecture based on a preferably simple model to realize distributed cooperative
platooning, which guarantees safety and enhances efficiency robustly in a realistic
setting.

2This problem statement is based on [1].
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1 Introduction

1.3 Background

The term platoon originally comes from the designation of a military subunit typically
consisting of twelve to twenty soldiers [22]. In reference to a military platoon where the
soldiers move in a row, a vehicle platoon refers to a group of vehicles that move in close
formation. Usually automotive vehicles are meant, although the term is also used for
aircraft [23] or watercraft [24] in the literature.

A truck platoon (or HDV platoon) is a convoy consisting of two or more trucks driving
behind each other in the same direction whereby the inter-vehicle distances within the
platoon are electronically controlled, as defined in [25]. In the context of control theory
a platoon is also called a vehicle string, where the vehicles are typically regarded as
physically uncoupled and properties of vehicle strings with infinite length are often stud-
ied. Apart from the academic use, vehicle platooning usually refers to the platooning of
passenger cars or HDVs with only a few vehicles.

1.3.1 The History of Platooning

The idea of an automated highway was first presented at the World’s Fair in New York
in 1939. There an installation entitled Futurama and the accompanying book Magic
Highways [26] illustrated Norman Bel Geddes vision of the future, commissioned by
General Motors. Especially the concept of a network of expressways was deemed crucial
to connect the nation. Even the positive effects of semi-automated driving on road
capacity and road safety were part of this vision. Figure 1.4 shows a section of Futurama
in which the automated highway is separated from the pedestrians walking above. The
depicted platoons were supposed to be realized via automated radio control.

Until the 1990s, research on platooning has been mainly theoretical. Starting with the
1960s, attention was gained from the control community. In 1953, one of the first works
regarding the dynamics of a string of vehicles [27] analyzed the movement of a string
initially at rest where a simple driver model was used. An optimal control approach was
proposed in 1966 in [28] where an optimal linear feedback controller is derived which
regulates the positions and velocities of the platooning vehicles in a centralized fashion.
One of the main topics within the control literature on platooning up to the present time,
the string stability property, was originally defined in 1974 in [29] (building on the early
work [30]) which is that “a string of vehicle is stable with a feedback control structure, if,
for any set of bounded initial disturbances to all the vehicles, position fluctuations of all
the vehicles remain bounded and these fluctuations approach zeros as time approaches
infinity”.

4

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

1 Introduction

Figure 1.4: Installation at the World’s Fair in 1939 named Futurama which envisions a
future automated highway, taken from [26].

Starting with the 1990s, research projects and trials were conducted in the United
States, Europe, Asia and Australia to evaluate the benefits and feasibility of truck pla-
tooning. Major technical progress was achieved through the partners for advanced transit
and highways (PATH) program in San Diego, USA, beginning in 1986 which continues
to this day. In [31], the history and major milestones of this program are outlined. The
first successful vehicle-platooning experiments were conducted 1992 and a four-vehicle
platoon was demonstrated for visitors in 1994. These vehicles were equipped by throttle
and brake actuators, forward ranging radars, wireless LAN communication systems, and
control computers. In 1997, an eight-vehicle platoon was showcased were one vehicle
was able to change the position in the platoon by change of lanes, see Figure 1.5. Fully-
automated HDV platooning was implemented in 2003 with a platoon of three transit
buses and two tractor–trailer trucks. The fuel consumption and emission reduction po-
tentials were experimentally investigated for inter-vehicle distances as short as 3 meters.
In addition, the buses were capable of docking at bus stations. Over the course of PATH
the concept of an automated highway system (AHS) was developed.

Many other research projects contributed to the public attention of truck platooning,
see [32] for an informative survey. An early demonstration of truck platooning using
tow-bar technology was achieved within the European project Promote Chauffeur I, as
reported in 1999 in [33]. The German project KONVOI studied the impact (driver ac-
ceptance, traffic flow and environment) as well as the legal and economic implication of
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1 Introduction

Figure 1.5: Eight-car platoon demonstration of the National Automated Highway Sys-
tems Consortium in San Diego, California, in 1997 taken from [31].

platoons from 2005 to 2009, see [34]. The European SARTRE project demonstrated a pla-
toon consisting of both passenger cars and trucks on the motorway, as stated in [35]. The
recent European project COMPANION developed co-operative mobility technologies for
supervised vehicle platooning from 2013 to 2016 wherein the creation, coordination, and
operation of such platoons is explicitly taken into account, as presented in [36]. One of
the partners in this project, the vehicle manufacturer Scania, is currently working on
bringing the first HDV platoons to the market.

1.3.2 Fuel Savings of Truck Platoons through Slipstreaming

Platooning takes advantage of the unrecovered flow behind each vehicle. This phe-
nomenon is referred to as drafting or slipstreaming, where following vehicles face a
reduced air pressure, as detailed in [37]. An exemplary air velocity distribution for HDV
platoons with different inter-vehicle distances is shown in Figure 1.6, which is the result
of extensive Computational Fluid Dynamics (CFD) simulations. The aerodynamic drag
accounts for up to one fourth of the fuel consumption of HDVs, as stated in [38], and
fuel costs account to more than 35% of the operating costs of HDVs, as reported in [39].
Hence, reducing the aerodynamic drag force

Fdrag =
1

2
cdrag(d)ρAv

2 (1.1)

is an essential factor for sustainable freight transport. The force Fdrag depends on the
aerodynamic drag coefficient cdrag, the air density ρ, the frontal area of the vehicle A,
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1 Introduction

Figure 1.6: Air velocity distribution of an HDV platoon of three vehicles with varying
inter-vehicle distances calculated via CFD simulations within the project
Connecting Austria, adapted from [40]. Note how slipstreaming is especially
pronounced for small inter-vehicle distances.

and the flow speed of the air relative to the vehicle which is approximated in (1.1) by
the velocity of the vehicle v. Since the coefficient cdrag(d) depends on the inter-vehicle
distance d due to slipstreaming, platooning reduces fuel consumption significantly under
ideal conditions. In [18] it was experimentally validated that drag is reduced by more
than 40% for the second vehicle of an HDV platoon with two vehicles driving at 80 km/h

with an inter-vehicle distance of 10 m. Similar results are reported in [19] where a
reduction in fuel consumption of up to 10% is shown.

These promising results attracted great interest in HDV platooning. However, this
theoretical potential is not reached under real conditions. The WABCO test runs con-
ducted in 2017 for European type HDVs resulted in a fuel reduction of 2.8% and 7.2%
for the leading and following vehicle, respectively, of a platoon of two vehicles driving
at 85 km/h with an inter-vehicle spacing of 10 m, as reported in [25]. It was shown that
short inter-vehicle distances under 20 m are necessary to gain (small) lead vehicle sav-
ings, while fuel savings of the following vehicle remain high even for 50 m. The author
of [25] concluded that based on these results already today truck drivers are saving fuel
and that getting closer does not seem to have a noticeable positive effect on the fuel
savings. Tests conducted on public roads have reported the neutralization of the pla-
tooning benefits due to traffic interference and road slopes, as stated in [41]. The results
of the recent German project EDDI in 2018 were obtained on highways under practical
operation, which show an average fuel reduction of 1.3% and 3.5% for the leading and
following vehicle, respectively, of a platoon of two vehicles driving at 80 km/h with an
inter-vehicle spacing of 15 m, as reported in [42].

In conclusion, the fuel savings for HDVs purely through dense driving is small, but
also not negligible when facing the high cost volume of fuel in the haulage sector.
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1 Introduction

Figure 1.7: Layered freight transportation-system architecture, adapted from [20].

1.3.3 Truck Platooning for Sustainable Freight Transportation

While the resulting fuel savings through slipstreaming are small, taking a broader per-
spective on HDV platooning shows new opportunities for sustainable freight transporta-
tion. In recent literature, a new focus on cooperative platooning with macroscopic con-
siderations is emerging. Exploiting preview information of the road slope, an HDV can
save up to 3.5%, as experimentally validated in [38]. This is achieved by planning the
velocity profile along the route with consideration of the road topography. In [43] a
fuel saving potential of up to 12% compared to standard platoon control (without road
slope consideration) of the following vehicles is shown. This far-sighted planning for
automotive control operations with consideration of external factors is often referred to
as look-ahead control. Here, efficient maneuvers are planned beforehand and are subse-
quently used as references for the control systems. Another variant of look-ahead control
or eco-driving control is particularly relevant in urban areas where preview information
on speed limits, green light phases, or surrounding traffic is exploited to plan efficient
maneuvers, as presented in [44]. This methodology is closely related to green light opti-
mal advisory (GLOSA) systems where a scalar reference velocity or a velocity profile is
recommended to vehicles which approach a traffic light controlled intersection. In [45]
it is shown that the application of a GLOSA system can reduce the fuel consumption as
well as CO2 emissions by up to 11.5%.

At this point it becomes apparent that platooning can be seen as a middle layer in a
freight transportation system between an upper transport layer, where the distribution
of goods is planned, and a lower vehicle layer, where the real-time control of individual
vehicles is realized. The platoon coordinator is thus informed of the route assigned by
the transport layer and, in turn, plans trajectories for the individual controlled vehicle.
This concept of a layered transportation-system architecture is proposed in [20] and is
illustrated here in Figure 1.7. While the broad cyber-physical system perspective taken
in [20] or [46] includes the transport layer, logistical problems are not considered in this
work.
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1.3.4 Intelligent Transportation Systems

The novel control methods proposed below in this work (in response to the problem state-
ment in Section 1.2) are developed with the prospect of intelligent transportation systems
(ITS) wherein platooning is one component. Numerous agencies are working with ITS
across the World such as, e.g. the European Road Transport Telematics Implementation
Coordination Organization (ERTICO). ITS can be grouped into five categories regarding
public transportation, traveler information, transportation management, transportation
pricing, and automated transportation, according to [47]. An informative summary of
ITS is found in [48]:

ITS aim at enhancing safety, operational performance, mobility, environ-
mental benefits, and productivity by expanding economic and employment
growth. ITS encompass the full scope of information technologies used in
transportation, including control with dynamic feedback, computation and
communication, as well as the algorithms, databases, models and human in-
terfaces.

Traffic efficiency is an important aspect of ITS. The growth in road passenger and
road freight transport in the European Union is estimated to increase by 30% and
55%, respectively, by 2050, as stated in [49]. Road congestion costs in the European
Union are equivalent to 1% of the gross domestic product (GDP) and are predicted
to increase by 50% by 2050 if no changes are made, as reported and stated in [50].
Automotive platooning is a promising means to face this future challenge. According
to [51] platooning for passenger cars can potentially increase the road capacity by 200%.

Closely related to ITS is the notion of cooperative intelligent transport systems (C-
ITS) where the emphasis is laid on the cooperation of multiple ITS sub-systems. The
European Standards Organization ETSI standardizes V2V and V2I/I2V communication
means. These standards define messages with the wireless communication protocol IEEE
802.11p and an access layer technology named ITS-G5 for the European protocol stack,
as defined by ETSI EN 302 571 in [52]. By splitting the high-rate data stream into
lower-rate data streams which are transmitted over a number of subcarriers, the IEEE
802.11p protocol enables the communication between high-speed vehicles and between
the vehicles and the roadside infrastructure. An overview on this standard for vehicular
communication is given in [53]. Two message types have to be generated by participants
of C-ITS:

• Cooperative Awareness Message (CAM)
• Decentralized Environmental Notification Message (DENM)
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1 Introduction

CAMs periodically convey critical vehicle state information in support of safety and
traffic efficiency application. These messages enable the tracking of vehicle movement.
DENM disseminates event-triggered critical information in a geographical region.

Several infrastructure services based on vehicle-to-everything (V2X) communication
are defined in ETSI TS 103 301 regarding intersection information, topology, in-vehicle
information, signal control, infrastructure notification, and infrastructure awareness.
These implement dedicated messages, such as the Signal Phase and Timing (SPAT)
message for the intersection information service, which informs on the traffic light state
and the remaining time until the traffic light changes. Harmonization of the C-ITS-based
services for the release 1 (which is often referred to by the notion of the Day 1 services)
across Europe was achieved in particular through the C-ROADS project, see [54] for an
Austrian perspective. Typical use cases are dynamic speed limit information or road
works warnings. Note that platoon management is not included in the Day 1 services.
The first platooning-related messages for Austrian C-ITS applications are defined in the
ECo-AT release 4 specified in [55] of 2018 which covers the use cases

• platoon support information for automated vehicles and
• situation-based distance gap for automated vehicles.
While the C-ROADS project is concerned with the infrastructure-side harmonization

of C-ITS, the CAR 2 CAR Communication Consortium takes a vehicle-centered perspec-
tive. The C-ITS services and use cases are categorized depending on their technology
readiness levels in the categories:

• Day 1 (awareness driving via status data),
• Day 2 (sensing driving via sensor data), and
• Day 3+ (cooperative driving via intention and coordination data).

The C-ITS roadmap of this vehicle-centered perspective is given in [56].
However, further harmonization activities beyond Day 1 are necessary to address

advanced use cases such as those covered in Section 1.3.3.

1.3.5 The Impact of Platooning on Road Safety

The impact of platooning on road safety has both positive and negative aspects. Of
course, the reduction of inter-vehicle distances, which is one main goal of platooning,
produces inherent safety issues regarding collisions within the platoon that need to be
dealt with specifically. Therefore, the demands on the vehicle safety systems are generally
higher. ACC systems with collision avoidance have been commercially available for years.
However, these ADAS still depend on the human driver in complex scenarios until full
automation (SAE level 5) is feasible for entire routes. The risk of accidents in situations
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1 Introduction

where safety systems fail or responsibility is returned to the driver is therefore one
relevant aspect of platooning safety.

In contrast, over 90% of road accidents are caused by human errors, as reported
in [57] for the United States. With regard to HDV accidents on motor- and expressways
in Austria, as reported by Statistik Austria for 2014-2018 and presented in [40], 62% are
caused by inattention, distraction, fatigue, sleepiness, and substance impairment; 21%
are caused by inadequate inter-vehicle distances or speeds; 9% are caused by right of
way violations and overtaking maneuvers; only 4% are caused by technical defects. The
use of ADAS can therefore make a significant contribution to road safety especially in
the main application are of HDV platooning. The KONVOI project claimed to have
demonstrated safe platooning in mixed traffic, but no details on the results are publicly
available. “On the basis of the real traffic drives it could be shown, that a safe operation
of platoons is possible.”, see [34]. However, the question arises here as to which additional
advantages platooning can realize over ADAS which focus on the ego vehicle alone. The
main potential lies in the interaction of cooperative platooning vehicles which enables
precautionary measures in the sense of timely adjustments regarding speeds and inter-
vehicle distances, as discussed in [48]. This will require corresponding test runs in the
future.

In regard to HDV platooning of vehicles with driver assistance (SAE level 1) the
Austrian Road Safety Board (KFV) defined a set of criteria for operation within the
project Connecting Austria, as presented in [40]:

• Minimum of two lanes;
• dissolution of platoons: 1000 m ahead of tunnels, 1600 m ahead of construction

sites, 1000 m ahead of hazard points such as accident black spots, 1000 m ahead of
motorway junctions, motorway stations and rest areas;

• route has only bends with curve radius > 1000m;
• sufficient length of acceleration and deceleration lanes.

According to these criteria, 43.6% of the analyzed route length (Austrian motorways) is
suitable for platooning, with stretches of 3.37 km on average. The Swiss federal office
for roads (ASTRA) has a similar view, according to which truck platooning is limited
due to the high number of tunnels and road accesses in Switzerland, as published in [58].
From this can be concluded that only few application areas of platooning with low levels
of automation exist. Mercedes-Benz Trucks has concluded in 2019 that there is no
business case for truck platooning, also because of such criteria; it now plans to refocus
its resources on developing autonomous, self-driving technologies in its trucks, as stated
in [59].
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1 Introduction

Figure 1.8: Basic concept of model predictive control in a time-discrete.

In summary, it can be said that the impact of platooning on road safety is closely re-
lated to the safety of automotive automation in general. An additional potential through
cooperative platooning can be identified, but its quantity needs to be determined.

To ensure safety in the context of platoon control systems, safety-related constraints
on the system states can be formulated. Model predictive control (MPC) can specifically
consider and obey constraints and is thus a suitable control approach in this context.

1.3.6 The Basic Concept of Model Predictive Control

The basic concept of model predictive control (MPC) is to choose the currently applied
control input based on the solution of a recurrent optimization problem, involving a
dynamic model of the controlled system (the prediction model). With this optimization
problem, the future input (from current time up to a specified time horizon) to the
prediction model is sought, which minimizes a given cost function involving cost terms
on predicted values of the inputs, states or outputs of the system while meeting given
constraints. The cost function is formulated in such a way that it quantifies the attain-
ment of specified control goals, such as accurate reference tracking or efficient actuation.
Limitations of the controlled system (e.g. physical limits) or limitations of the prediction
model (e.g. validity range of a linearization) are directly incorporated by the formulation
of constraints. The solution of this optimization problem at one time instant is called
the prediction of the MPC at this time instant.

In most cases, a time-discrete formulation is used which is illustrated in Figure 1.8. Let
the current point in time be tK . Let the running index k run from K to the prediction
horizon, such that N sampling points of the future inputs uk and future states xk are
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1 Introduction

considered each. The generic MPC problem is then to

minimize J(uK , . . . , uK+N−1, xK+1, . . . , xK+N )

such that ∀k ∈ {K, . . . ,K +N − 1} ,

xk+1 = f(xk, uk) ,

xk+1 ∈ X ,

uk ∈ U ,

by finding uK , . . . , uK+N−1, xK+1, . . . , xK+N ,

given xK ,

(1.2)

with the cost function J , the prediction model given in the form of a state transition
function f , and constraints on states and inputs formulated via sets X and U , respec-
tively.

In a so-called receding-horizon strategy, only the optimal value of uK is applied as
the current control input to the actual system. When transitioning to the next time
step, the time horizon of the optimization problem is moved, i.e. K → K + 1. Hence,
the names moving horizon control and MPC are often used synonymously. The model
predictive controller (MPC) recurrently solves the optimization problem on-line, whereby
the current measurement of the controlled system xK is used to determine the initial
conditions for the prediction model during each time step, i.e. xK+1 = f(xK , uK). Thus,
the arising control law depends on an assessment of the current system state xK via the
cost function J , which effectively closes the feedback-loop. Since solving the optimization
problem can be arbitrarily complex depending on its mathematical structure, often linear
or linearized models as well as linear or quadratic cost terms are used which leads to
well-tractable optimization problems in the form of linear- or quadratic-programming
problems.

1.3.7 State of the Art of Model Predictive Platoon Control3

Major challenges regarding the longitudinal control of automotive platoons include: ob-
taining fuel efficient behavior even in mixed traffic, dealing with partial information and
communication constraints, guaranteeing safe operation, and achieving string stability.
An overview on active research regarding these challenges with focus on variants of MPC
is given in the following.

Look-ahead control (LAC) is an MPC variant which incorporates knowledge of future

3The text in this section has previously been published as part of the publication [1].
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1 Introduction

disturbances, in particular the road topography ahead, to further reduce fuel consump-
tion and travel time. This optimization problem is either treated in a centralized fashion
as in [60] or a distributed control setting is considered where often only a single speed-
profile is optimized as evaluated in [61] based on [38]. In [43] a two-layer predictive
control architecture is proposed, where the upper layer (platoon coordinator) plans a
single speed-profile for the distributed MPCs which guarantee safety; [62] adds gear
shift management.

Distributed Model Predictive Control (DMPC) splits the overall optimization prob-
lem into local MPC problems to reduce the communication effort and computational
complexity. The inherent degree of decentralization of optimal controllers for spatially
invariant systems is shown in [63] and a neighbor communication scheme is derived based
on this in [64], using dual decomposition. In [65] a DMPC algorithm for heterogeneous
platoons with unidirectional topologies is proposed. Communication of predictions and
bounds regarding the local control actions are proposed in [66] to achieve robust DMPC.
In contrast, [67] argues in favor of centralized optimization based on wireless broadband
communication (i.e. LTE) in real-time.

Guaranteeing the safe operation of a platoon requires the feasibility of a collision-free
braking maneuver at any time. A simple formula for calculating the critical headway
distance of a vehicle conservatively is given in [68], whereas [69] proofs and implements
a closed form solution of the safe inter-vehicle distance assuming a double integrator
with input delay. In [70] a pursuit-evasion game is formulated to calculate safe sets of
platoons considering nonlinear dynamics. In [71] it is argued that the consideration of
the worst-case behavior of the predecessor in an open-loop optimal control setting (i.e.
emergency braking maneuver at any time) is too conservative because all possible distur-
bance realizations have to be coped with. Instead, non-conservative closed-loop minimax
MPC settings can be formulated, but they lead to intractable optimization problems [72].
A modified, tractable formulation is shown in [73] based on communication.

String stability is an important requirement of vehicle following control systems, where
disturbances of states are not amplified along the “string” of vehicles. In fact, string
instability of human-controlled vehicles can cause the emergence of traffic jams. Various
definitions of string stability are proposed in literature, as discussed in [15]. Cooperative
adaptive cruise control (CACC) achieves string stability even for tightly spaced platoons
by including feed-forward information of the preceding vehicle’s acceleration. This is
experimentally evaluated in [17] and extended with the consideration of event-triggered
communication in [74]. In the DMPC setting, string stability can be enforced by explicit
constraints, e.g., with respect to the amplification of accelerations as in [75], [76] or with
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1 Introduction

respect to the amplification of position errors as in [77].

1.4 Research Questions

Based on the aim of this work to design a MPC for distributed cooperative platooning
(Section 1.2) and under consideration of the respective state of the art (Section 1.3.7),
the following research questions are formulated.

Research questions

1. How to safely enable reduced inter-vehicle distances of a platoon based on
cooperative behavior?

2. How to incorporate V2V/V2I communication to allow for situation-aware dis-
tributed control?

3. How to design a simulation framework for validation and demonstration of the
elaborated platooning control concept?
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1 Introduction

Figure 1.9: Connecting Austria’s cooperate design, composed from [78].

1.5 Project Reference

The holistic cooperative platooning control concept was developed within the Austrian
flagship project Connecting Austria in the course of this thesis, see Figure 1.9 for an
illustration on the project’s cooperate design. Its abstract quoted from the project
website [2] reads:

The flagship project Connecting Austria brings technology leaders and
end-users together to demonstrate and evaluate four specific use cases for
semi-automated and energy-efficient truck platoons. Key objectives is the
evidence-based evaluation of energy-efficient truck platoons as a pre-requisite
for competitive strength of Austrian industries such as logistics, telematics
and infrastructure providers, automotive suppliers, as well as vehicle devel-
opment and cooperative research.

The national flagship project’s unique contribution is its specific focus on
infrastructure issues and on parameterized traffic perspectives when evaluat-
ing energy-efficient and semi-autonomous truck platoons. This particularly
includes platoons at intersections before entering motorways and after leaving
motorways.

Connecting Austria leverages Austrian strategic strengths as pioneer in C-
ITS infrastructure and continues international success stories such as ECo-
AT (Austrian part of the C-ITS Corridor), co-ordination activities in C-
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Roads, as well as the pioneering role in vehicle-expertise. […]
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Linear and Non-Linear Automotive Platoon Control Stability and Performance,”
XI International Conference on Structural Dynamics, 2020

In addition, the degree candidate participated in the editorial process of an upcoming
textbook presenting the results of the project Connecting Austria:

• A. Schirrer, A. Gratzer, S. Thormann, W. Schildorfer, M. Neubauer, and S. Jakubek,
Eds., Energy-Efficient and Semi- Automated Truck Platooning. 2021

1.7 Structure of this Work

The remainder of this thesis is structured as follows. In Chapter 2, novel distributed
model predictive control methods for cooperative platooning are proposed and the use-
case specific trajectory planning problems are formulated. This chapter forms the
methodological basis for the treatment of the first and second research question stated in
Section 1.4. In Chapter 3, a cooperative platooning simulation framework is presented
which is, in turn, utilized to validate the methods and control structures proposed in
Chapter 2. This chapter, as well as this thesis, is concluded by the answers to the
research questions including a short discussion and possible directions for future work.
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2 Methodology

A holistic concept for cooperative platoon control and its co-simulation-based validation,
illustrated in Figure 2.1, was developed over the course of this thesis. Each platooning
vehicle is controlled by a local MPC, which sets the desired acceleration of the lower-level
controller. This MPC is specifically formulated such that a safe stop is always possible.
Available information from the platoon coordinator as well as communicated predictions
and agreements from the preceding and the following platooning vehicle are exploited
for improved efficiency.

Figure 2.1: Holistic concept for cooperative platoon control.

The platoon coordinator is understood to be an abstract entity that issues recommen-
dations for actions to the platooning vehicles based on additional knowledge. Given the
use case of a platoon at a signaled intersection, it is assumed that the platoon coor-
dinator receives information of the next green phase via infrastructure-to-vehicle (I2V)
communication. By carrying out a centralized but simplified trajectory optimization
where time consumption and actuation effort is minimized the platoon coordinator is
able to plan and recommend efficient motion trajectories for crossing the intersection. In
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2 Methodology

turn, the local MPCs track these planned trajectories in a safe manner, enabling group
maneuvers such as a simultaneous start-up.

However, the boundary conditions of such traffic optimizations are only partly known.
For example, if non-platooning vehicles are present and their future behavior is uncertain,
then continuous adaption of these planned trajectories is necessary. Utilizing event-
triggered vehicle-to-vehicle (V2V) communication to enable cooperative behavior, the
platoon efficiently adapts to the sudden presence of a non-platooning vehicle and thus
realizes situation-awareness.

The proposed concepts and control structures are validated and tested by a platooning
co-simulation of high-fidelity vehicle dynamics. While it is a pronounced goal to use
simple and generic models for the design of the MPC to focus on the development of
novel control methods, this simulation framework examines the control performance and
robustness in a more realistic setting. Additionally, this co-simulation framework can be
connected to a force-feedback wheel to experience the closed-loop platooning behavior.

2.1 Novel Distributed Model Predictive Control Methods for
Cooperative Platooning1

In this section, a local MPC for the ego vehicle is proposed which incorporates novel
DMPC methods for cooperative platooning based on the stated research questions in
Section 1.4.

2.1.1 A Generic Model Predictive Controller

A generic MPC is presented in the following to introduce notation used throughout this
work. In this work, a discrete linear time-invariant prediction model of the state-space
form

xk+1 = A xk +B uk , (2.1)

with state vector xk, control input vector uk, system matrix A, and input matrix B, is
assumed. Integer number subscripts k ∈ Z refer to the sampling time instant t = kTS of
the subscripted quantity throughout this work, where TS denotes the uniform sampling
time.

The recurring optimization problem is formulated from the current point in time
tK = KTS with index K ∈ N up to the control horizon tK+N−1, such that the set of

1The results presented in this section have previously been published as part of the publication [1].
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2 Methodology

N ∈ N+ sampling points,

K(tK) = {K,K + 1, . . . ,K +N − 1} , (2.2)

is considered. To shorten the notation, a future sample qk with k > K of a physical
quantity q refers to its prediction qk := qk|K made at tK . Past samples with k < K and
the current sample qK refer to measurements of q.

The future input values uk at the sampling points specified by K(tK) are stacked into
a vector, which is referred to as the input sequence

U =
[
uT
K uT

K+1 · · · uT
K+N−1

]T
. (2.3)

The current state xK is considered to be known. The future states, which are determined
by xK and the future inputs U via the state equation (2.9), are stacked into the state
sequence

X =
[
xT
K+1 xT

K+2 · · · xT
K+N

]T
. (2.4)

The generic MPC problem at time tK is that of finding the optimal input sequence U∗

and the optimal state sequence X∗ minimizing the cost function JK ,

(U∗,X∗) = argmin
U ,X

JK(U ,X;xK) (2.5a)

s.t. xk+1 = A xk +B uk , ∀k ∈ K(tK) (2.5b)

uk ∈ Uk , (2.5c)

xk+1 ∈ Xk+1 , (2.5d)

whereby only the first component in the optimal solution U∗ is applied to the system,
according to the receding horizon principle. Problem-specific formulations of the cost
function JK , the allowed input set Uk, and the allowed state set Xk+1 are defined later.
The prediction model (2.5b) is defined in the following section.

2.1.2 Modeling of a Platooning Vehicle

Each vehicle (within and outside the platoon) is identified by an index i ∈ Z, whereby
the notation p(i) is used to refer to the i-th vehicle’s absolute front bumper position p.
Its length is denoted by L(i) as depicted in Fig. 2.2.

When the focus is laid on an individual vehicle (the ego vehicle), then its index i, the
predecessor’s index i−1, and the follower’s index i+1, are abbreviated as ego, pre, and
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2 Methodology

i+ 1

fol

i

ego

i− 1

pre

L(i)

p(i) d(i)

v(i), a(i)

Figure 2.2: Geometric specifications of a vehicle with a follower and a predecessor.

fol, respectively. Whenever unambiguous, the ego vehicle’s index is dropped throughout
this work. The inter-vehicle distance between the ego vehicle and its predecessor is given
by

dego = ppre − pego − Lpre . (2.6)

The longitudinal kinematics of the ego vehicle relating its position p, velocity v, and
acceleration a is given by the first-order system of differential equations

ṗ = v and v̇ = a , (2.7)

where the time derivative of a quantity p is denoted by ṗ.
With state vector x =

[
p v

]T
and control input u := a, the state-space form of (2.7)

is given by

ẋ =

[
0 1

0 0

]
x+

[
0

1

]
u. (2.8)

A discrete-time model is obtained for uniform sampling time TS and zero-order hold of
the input u in the form

xk+1 = A xk +B uk . (2.9)

Integer number subscripts k ∈ Z refer to the sampling time instant t = kTS of the
subscripted quantity throughout this work.

The acceleration and the velocity of the ego vehicle is constrained by

amin,k ≤ uk ≤ amax,k (2.10a)

vmin ≤ vk ≤ vmax , (2.10b)

where (2.10a) could depend on the velocity (due to power constraints of the engine) and
may require iterative (SQP) solution of the MPC problem.

Also, the control actions are robustified by considering dynamic restrictions of the low
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2 Methodology

level controlled vehicle. For this purpose, it is assumed that acceleration a is built up
through first-order dynamics (see Remark 1) with time constant τ ≥ 0 (a vehicle-specific
tuning parameter),

τ ȧ+ a = ν (2.11)

and that the reference acceleration ν is bounded analogously to (2.10a), giving the
dynamic constraint

amin,k ≤ νk ≤ amax,k . (2.12)

Applying the backward Euler discretization method to (2.11) yields

νk = (1 + α)uk − αuk−1 with α = τ/TS , (2.13)

so that (2.12) can be rewritten in terms of uk.

Remark 1 Ref. [16, ch 5.3] argues that low level controllers for cruise control track
a desired acceleration with first-order dynamics. Ref. [81] additionally considers an
input delay. In this work, no explicit model of the (uncertain) closed loop dynamics
of the low level controlled vehicle is used to prevent the MPC from inverting these
dynamics. However, the dynamic constraints (2.12)-(2.13) are a simple yet effective
means to incorporate vehicle-specific knowledge and have been observed to robustify the
control design.

The constraints on the ego vehicle (2.10) are formulated as corresponding input/state
sets

Uν,k = {uk : amin,k ≤ νk(uk, uk−1)} , (2.14a)

Ua,k = {uk : amin,k ≤ uk ≤ amax,k} , and (2.14b)

Xv,k = {xk : vmin ≤ vk ≤ vmax} . (2.14c)

where the virtual output νk is defined above in (2.13).
To clarify the notation when multiple constraints are utilized in the MPC problem, the

allowed input set Uk in (2.5c) respectively the allowed state set Xk+1 in (2.5d) are defined
by intersecting the considered constraint sets. The constraints (2.14a) and (2.14b) are
thus applied together by defining the allowed input set as Uk = Uν,k ∩ Ua,k.
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2 Methodology

2.1.3 Reference Tracking

A simple reference tracking scheme is used which serves as an interface for environment
information. This information includes local distance and velocity measurements of
the predecessor, recommended maneuvers provided by the platoon coordinator, and
communicated predictions from the predecessor.

2.1.3.1 Formulation of the Cost Function for Tracking

Using a linear quadratic tracking objective as in [82, ch 4.4], the cost function is of the
general form

JK = x̃T
K+NP x̃K+N︸ ︷︷ ︸
terminal cost

+
∑

k∈K(tK)

(
x̃T
kQx̃k + rũ2k

)
︸ ︷︷ ︸

stage cost

, (2.15)

where x̃k and ũk generally denote the deviations from the state reference sequence xref,k

and the input reference sequence uref,k,

x̃k = xk − xref,k and ũk = uk − uref,k . (2.16)

The input reference is chosen here as

uref,k ≡ 0 . (2.17)

The weighting matrices P = PT ⪰ 0 and Q = QT ⪰ 0 (both symmetric and positive
semi-definite) are chosen here as

Q =

[
qp 0

0 0

]
and P = 0 . (2.18)

Leaving the scalar weights qp ≥ 0 and r ≥ 0 as tuning parameters. Consequently, the
cost function (2.15) simplifies to

JK =
∑

k∈K(tK)

qp(pk − pref,k)
2 + ru2k . (2.19)

The position reference sequence pref,k will be calculated in each time step based on
information provided by the platoon coordinator and/or the preceding vehicle.
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2 Methodology

2.1.3.2 Calculation of the Position Reference Sequence

A strategy to formulate a suitable reference for the tracking cost function (2.19) is
proposed in the following. First, it is assumed that a planned maneuver (planned tra-
jectory) is available in the form of a position sequence pplan,k. To cope with situations
which involve mixed traffic, i.e. interaction with individual non-controlled other vehicles,
a desired minimal inter-vehicle distance dmin is defined. In addition, a default behavior
characterized by a desired velocity vdes is applied if the planned maneuver cannot be
tracked sufficiently closely and becomes invalid. Finally, available predictions of the
predecessor motion are accounted for by modifying the reference sequence appropriately.
The construction of the position reference sequence pref,k for an ego vehicle is detailed
in Algorithm 1.

Algorithm 1 Construction of the Position Reference Sequence
1: get control mode decisions from Algorithm 2
2: if planned maneuver is executed then
3: pref,K:K+N ← pplan,K:K+N

4: else ▷ execute default behavior: vref,K:K+N := vdes
5: pref,K ← pK ,
6: for k ∈ K(tK) do
7: pref,k+1 ← pref,k + TSvdes .

8: if ego vehicle has predecessor then
9: if communicated predecessor prediction is used then

10: ppreK:K+N ← pprecom,K:K+N

11: else ▷ use simple prediction: vpreK:K+N := vpreK

12: for k ∈ K(tK) do
13: pprek+1 ← pprek + TS v

pre
K .

14: for k ∈ K(tK) do ▷ “cut-off” reference
15: pref,k ← min(pref,k, p

pre
k − Lpre − dmin) ,

16: return pref,K:K+N ▷ position reference sequence

2.1.4 A Novel Method to Guarantee Safety

In this section, a method is proposed that extends the local MPC of the ego vehicle to
ensure vehicle safety with respect to emergency braking. First, the concept of fail-safe
trajectories is presented. Building on this, a safety-extended MPC is proposed and its
properties investigated. This formulation effectively separates the collision safety from
designing the tracking control specifications. It will be shown that this concept is also
helpful in fault cases such as communication loss.
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2 Methodology

2.1.4.1 Fail-Safe Trajectories of Platooning Vehicles

As a fundamental safety requirement, a safe emergency braking maneuver that brings
the ego vehicle to a full stop without collision must be possible at any time. This
requirement is formulated by requiring the existence of fail-safe trajectories.

Definition 1 A trajectory p(t ≥ tK) is fail-safe at time tK , if it guides the ego vehicle
to standstill at time tstop, i.e.

ṗ(t) ≡ 0, p(t) ≡ p(tstop) ∀t ≥ tstop , (2.20)

and avoids collisions for all permitted control actions of its predecessor and its follower,
such that

p(t) ≤ p(t) ≤ p(t) , ∀t ≥ tK (2.21)

holds, where p(t) and p(t) are bounding trajectories concerning the follower respectively
the predecessor which fulfill

p(t) ≥ pfol(t) + L , and (2.22a)

p(t) ≤ ppre(t)− Lpre , (2.22b)

with braking trajectories pfol(t), ppre(t) of the following an preceding vehicles, respectively.

In this work, the following two assumptions are taken:

Assumption 1 A lower bounding trajectory concerning the predecessor p(t) fulfilling
(2.22b) is known to the ego vehicle.

A conservative choice of p(t) can be calculated via (2.7) by considering an immediate
emergency braking maneuver of the predecessor with acceleration trajectory

apre(t) =




apremin vpre(t) ≥ 0

0 else,
(2.23)

where apremin is a guaranteed lower acceleration limit of the predecessor which is known to
the ego vehicle.

Assumption 2 The follower avoids collisions with the ego vehicle, so that p(t) ≤ p(t)

holds in (2.21) and does not need to be considered by the ego vehicle.
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2 Methodology

no
m
in
al

position

ti
m
e

p

fail-safe

time to react

bound vs.

follower p

bound vs.

predecessor p

Figure 2.3: Fail-safe trajectories of the ego vehicle.

Fig. 2.3 illustrates this fail-safe trajectory concept. Fail-safe trajectories of the ego
vehicle are located inside the indicated fail-safe region (gray area), which is determined
by the dynamic capabilities of the ego vehicle, constrained by the bounding trajectory
concerning the predecessor p(t) (dashed curve to the right of the gray area). If the
ego vehicle continues to track a nominal trajectory (dash-dotted line) without state
information of its predecessor and follower past the initial time, then there is a limited
time left to react. From that time on, the ego vehicle would need to diverge from the
nominal trajectory (at the circle-shaped marker) and apply the fail-safe trajectory (solid
red curve), i.e. initiate an emergency braking maneuver, to safely avoid collision with
its predecessor. These considerations constitute the basic idea of the safety-extension
proposed in the following.

The non-collision requirement (2.21), given Assumption 2, is utilized to formulate the
state set

Xp,k = {xk : pk ≤ pk + s− dbuffer} , (2.24)

where the scalar slack variable s ≥ 0 and the buffer distance dbuffer ≥ 0 are added for
practical settings to cope with model errors and uncertainties. Note that dbuffer tightens
(negative sign) the non-collision requirement, while s softens (positive sign) it.

2.1.4.2 Safety Extension of the Local MPC

Inspired by the discussion above, a local safety-extended MPC formulation is proposed
in the following which effectively separates the design of safety aspects from tracking
control design through two coupled optimization problems: the (optimistic) tracking
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2 Methodology

problem and the (pessimistic) fail-safe problem.
This safety extension is illustrated in Fig. 2.4, where the optimized ego vehicle’s posi-

tion trajectories are shown for both problems. The tracking problem (bold solid line) is
formulated as presented in Section 2.1.1 to 2.1.2 with a reference trajectory (dashed line),
without considering safety aspects versus unexpected/failing behavior. In contrast, the
fail-safe problem (thin solid line) only seeks to keep the ego vehicle within the fail-safe
region. These two optimization problems are coupled, such that their solutions are equal
during the first ntol samples. Hence, at least the time period Ttol = ntolTS would be left
to react and thus diverge from the optimized trajectory of the tracking problem, which
is referred to as tolerance time Ttol.

position

ti
m
e

fail-safe

prob.

p

ref
ere

nce
tra

cki
ng

pro
b.

Ttol

p

Figure 2.4: The local safety-extended MPC with tolerance time Ttol tracks a reference
trajectory.

In Fig. 2.4 it can be seen that the long tolerance time Ttol (circle-shaped markers
indicate coupling) forces the safety-extended MPC to initiate braking towards the end
of that time period even for the tracking trajectory to retain safety. In turn, if the MPC
problem is re-solved with updated neighbor information (and no emergency braking of
the predecessor has occurred), then unnecessary braking will be avoided.

Technically, the augmented input (state) sequence Û (X̂) is formulated by concate-
nating the fail-safe input (state) sequence U fs (X fs), such that

Û =

[
U

U fs

]
and X̂ =

[
X

X fs

]
(2.25)

hold. Quantities of the fail-safe problem are denoted by the superscript fs. The coupled

27

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

2 Methodology

problem at time tK is to solve

min
Û ,X̂

(
JK + εJ fs

K + rss
)

(2.26a)

s.t. ∀k ∈ K(tK), ∀j ∈ {K,K + 1, . . . ,K + ntol}, (2.26b)

xk+1 = A xk + b uk ,

uk ∈ Uk , xk+1 ∈ Xk+1 ,

}
tracking prob. (2.26c)

xfs
k+1 = A xfs

k + b ufsk ,

ufsk ∈ U
fs
k , xfs

k+1 ∈ X
fs
k+1 ,

}
fail-safe prob. (2.26d)

xfs
K = xK , uj = ufsj , . . . coupling (2.26e)

s ≥ 0 , . . . slack (2.26f)

whereby only the optimal value of uK is applied to the system. Here, the state/input
sets can be formulated as

Xk+1 = Xv,k+1 , (2.27a)

X fs
k+1 = Xk+1 ∩ Xp,k+1 , (2.27b)

Uk = Ua,k , (2.27c)

U fs
k = Ua,k ∩ Uν,k , (2.27d)

from the definitions in (2.14) and (2.24). The cost function in (2.26a) is composed of:
the tracking term JK(U ,X,xK) from (2.19), the shaping term εJ fs

K , and the slack term
rss. Therein, the parameter ε ≥ 0 is chosen sufficiently small (i.e. εJ fs

K ≪ JK), and the
slack cost rs ≥ 0 is chosen sufficiently large.

Note that the coupled problem (2.26) is a quadratic program (QP), if the proposed
quadratic cost terms (2.19), (2.28) are used and no velocity dependence for the con-
straints (2.10a), (2.12) is formulated.

Remark 2 The solution of (2.26) regarding the fail-safe problem, e.g. U fs, is not
unique in general, since multiple fail-safe position sequences pfsk may exist. Shaping can
be accomplished via εJ fs

K with ε > 0 and

J fs
K =

∑

k∈K

(
lfsstop pfsk +

(
ufsk

)2
)

, (2.28)

where the weight lfsstop affects the point in time when standstill is reached in the fail-safe
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2 Methodology

problem.

Remark 3 Tuning for the actual vehicle dynamics and the maximal velocity is necessary
for the parameters τ , dbuffer, qp, r because of the idealized MPC design model (2.9). While
the parameters τ and dbuffer are used to accommodate for model errors, the tracking
behavior is determined by qp and r. The prediction length N must be large enough so
that a standstill is feasible in the fail-safe problem. Note that the concrete values of the
parameters ε, rs, and lfsstop do not significantly affect the behavior of the safety-extended
MPC.

2.1.4.3 Interaction Between Tracking and Fail-Safe Problems

To study the interaction between the stated tracking problem and the fail-safe problem,
the optimization problem of the safety-extended MPC (2.26) of the ego vehicle with the
parameter values in Table 3.1 is calculated once for a varied initial inter-vehicle distance
d and tolerance time Ttol. The position reference sequence in (2.19) is calculated via
Algorithm 1, without a planned maneuver and without consideration of the predecessor.
The maneuver is defined by vdes = 80 km/h with the ego vehicle and its predecessor in a
steady motion.

uk

ufs
k

time t, in s

initial inter-vehicle distance d, in m

u
K
,
in

m
/s

2

10 12 14 16 18 20 22

0 2 4 6 8

−2

−1.5

−1

−0.5

0

-6

-4

uK

0

2

Figure 2.5: Control input uK calculated by the safety-extended MPC for varied param-
eters, top. Tracking and the fail-safe trajectory for d = 15m, Ttol = 0.5 s,
bottom.
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2 Methodology

≥ L

Figure 2.6: Separated fail-safe regions in the platoon setting.

In Fig. 2.5, top, five curves for Ttol ∈ {0.1, . . . , 0.5 s} depict the calculated control
input uK versus the initial inter-vehicle distance d. The interaction between the track-
ing problem and the fail-safe problem occurs below a parameter-dependent critical d

(indicated by cross-shaped markers), which is an indicator for the achievable minimal
inter-vehicle distance in steady state motion. Note that no interaction would occur for
Ttol = 0 s, so that uK = 0 would hold independent of d.

For the parameter case d = 15m, Ttol = 0.5 s (indicated by the circle-shaped marker),
the solution of the tracking and the fail-safe problems are shown in Fig. 2.5, bottom.
The input sequences uk and ufsk coincide from 0 s to Ttol = 0.5 s because of the coupling
(2.26e).

2.1.4.4 Consequences in the Platoon Setting

To extend the safety properties from the single-vehicle context to safe platooning, it
will be assumed that each vehicle realizes safety with respect to its preceding vehicle
(Assumption 2). Starting at the platoon leader, suitable worst-case preceding bounds of
the non-platoon vehicle are required, and the leader establishes and communicates worst-
case bounds of its deceleration to its follower. Each platoon vehicle, in turn, utilizes the
received bounds to realize its fail-safe behavior, and transmits its own worst-case bounds
to its follower.

As a result, each vehicle remains within its fail-safe trajectory region if necessary, and
the fail-safe regions of different platoon vehicles are separated at least by the vehicle
length, as illustrated in Fig. 2.6. Consequently, the platoon as a whole is safe with
respect to the modeled worst-case scenario.
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2 Methodology

2.1.5 Novel Methods to Improve Efficiency

To improve efficiency of the local MPC control actions with respect to the global platoon-
ing objectives, systematic formulations of “agreed-upon” behavior within the platoon are
developed below. First, a method to guarantee restricted decelerations and communi-
cate these bounds within the platoon is outlined which improves platooning efficiency in
terms of spacing. Second, nominal driving corridors are designed as a means to incorpo-
rate planned trajectories from the centralized platoon coordinator, efficiently switch to
suitable control modes given a surrounding traffic situation and communicate predictive
information only if necessary, yielding a highly flexible and efficient control architecture
for situation-aware platooning.

2.1.5.1 Deceleration Bounds and Safe Distances

Studying the behavior of the safety-extended local MPC in Section 2.1.4, it becomes
evident that inter-vehicle distances can be reduced if the tolerance time Ttol is reduced,
or if the predecessor’s worst-case deceleration bounds are increased (i.e., if the preceding
vehicle guarantees less severe deceleration) when the ego vehicle’s braking deceleration
remains unchanged.

To motivate the braking hold-back strategy below, safe distances are studied in the
platoon setting. The safe distance dsafe (cf. [69]) between two vehicles is defined as the
minimum inter-vehicle distance d(tK), such that no collision occurs in the future (i.e.
t ≥ tK) if the ego vehicle reacts appropriately to an emergency braking maneuver of the
predecessor. A closed form solution of dsafe is presented in [69] assuming:

Assumption 3 The relevant worst-case scenario for the ego vehicle is a simplified emer-
gency braking maneuver wherein

• the predecessor decelerates with apremin as given in (2.23),

• the ego vehicle decelerates with amin after a delay ∆, such that

a(t) =




amin (t ≥ ∆ ∧ v(t) ≥ 0)

0 else
holds. (2.29)

Example 1 Given a platoon of three vehicles driving at 80 km/h and given Assumption 3
holds (delay ∆ = 0.5 s). How to reduce the safely realizable platoon length by means of
agreed-upon individual deceleration bounds a

(i)
HB?
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2 Methodology

If the platoon vehicles are ordered from the weakest deceleration capabilities at the
leading vehicle to the strongest possible deceleration at the platoon tail, then smaller safe
inter-vehicle distances dsafe can be realized (cf. [70]). Therefore, the braking capabilities
of the platoon leader should be limited as far as possible, such that a(1)HB is preferably large
(close to zero); the braking capabilities of the platoon tail (last vehicle of the platoon)
should not be limited, such that a

(3)
HB = a

(3)
min. In contrast, it is not trivial to find the

optimal value of the deceleration bound for the inner vehicle a
(2)
HB. For this example, the

resulting safe distances for a varied value of a(2)HB are given in Table 2.1.

Table 2.1: Safe distances for a varied guaranteed bound a
(2)
HB. Here, a(1)HB = −3m/s2 and

a
(3)
HB = −7m/s2 are used.

a
(2)
HB d

(2)
safe d

(3)
safe d

(2)
safe + d

(3)
safe

−3m/s2 11.11m 0.66m 11.77m
−4.2m/s2 1.3125m 1.3125m 2.625m
−5m/s2 0.94m 2.19m 3.13m
−6m/s2 0.75m 5.25m 6.00m
−7m/s2 0.66m 11.11m 11.77m

In Example 1, an optimal configuration is found at a
(2)
HB = −4.2m/s2 which minimizes

the total safe distance d
(2)
safe+d

(3)
safe and thus the platoon length.

2.1.5.2 Braking Hold-Back Strategy to Improve Efficiency

Building on the observations above, a traffic-sensitive hold-back strategy is proposed
as a means to trade braking aggressiveness against intra-platoon efficiency in real time.
The basic idea of this hold-back strategy is that platooning vehicles (particularly the
leader) can decide, based on the individual traffic in front of the platoon (and in consul-
tation with the platoon coordinator), to limit (hold-back) their own braking capability
temporarily and communicate these bounds to the followers to allow for smaller inter-
vehicle distances. Note that each vehicle i in the platoon obeys an individual deceleration
bound, referred to as the hold-back acceleration a

(i)
HB. In terms of inter-vehicle distances,

it is advantageous if a(i)HB > a
(i+1)
HB holds, as shown above in Example 1.

A platoon-wide hold-back time tHB is defined as the absolute timestamp until which
each vehicle guarantees a weaker braking action bounded by a

(i)
HB. It is realized via a

countdown synchronously within the entire platoon, such that the limiting hold-back
accelerations are guaranteed from current time tK up to time tHB. If the traffic situation
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2 Methodology

0

amin

aHB

amin

tHB

time t

optimistic

pessimistic

Figure 2.7: Course of the minimal agreed-upon acceleration over time of the ego and
preceding vehicle, respectively, during operation of the hold-back strategy.

allows, the leader repeatedly prolongs tHB via communication to the followers otherwise
it elapses. Therefore the number of hold-back samples nHB corresponding to tHB, such
that tHB = tK + TS nHB holds, is locally updated from past time tK−1 to tK by

nHB →




nHB hold-back continued

max(nHB − 1, 0) else.
(2.30)

This strategy robustifies the concept against communication loss, which leads automat-
ically to a safe expiration of the hold-back phase. Given the current value of nHB, the
the minimal acceleration bound amin,k in constraint (2.14b) of the ego vehicle is defined
as

aegomin,k =




aegoHB k −K < nHB

aegomin else,
(2.31)

as illustrated in Fig. 2.7.
As a consequence of (2.31), the lower bound of the predecessor position ppre(t) to

guarantee fail-safety is changed as well, if the predecessor is part of the platoon. Instead
of using the constant worst-case acceleration of the predecessor apremin for the calculation
of ppre(t) via (2.23), the estimated sequence of the minimal acceleration

apremin,k =




apreHB k −K < nHB

apremin else
(2.32)

is used, similar to (2.31). This bound can be constructed by the vehicle alone even if
communication to the predecessor is lost temporally. The effects and interpretations of
this hold-back scheme will be illustrated in Section 3.2.2.
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2 Methodology

2.1.5.3 Corridor-Based Reference Selection & Prediction Update

Sharing relevant information on the current traffic situation is vital to ensure high pla-
toon control performance. In addition, it is important to avoid the transmission of un-
necessary information to secure the reliability and the quality of the network, as argued
in [74]. For this purpose, an efficient strategy is proposed to choose a suitable control
mode (Algorithm 2) and to selectively send critical predictive information updates to
follower vehicles (Algorithm 3).

For this purpose, spatial driving corridors related to the planned position sequence
p
(i)
plan,k and the last communicated (shared) prediction sequence p

(i)
com,k of vehicle i are

formally defined, cf. [83], as

C
(i)
plan,k = {x

(i)
k : |p

(i)
k − p

(i)
plan,k| ≤ δp} , and (2.33)

C
(i)
com,k = {x

(i)
k : |p

(i)
k − p

(i)
com,k| ≤ δc} , (2.34)

where the spatial tolerances δp, δc ≥ 0 are appropriately chosen.
The suitable control mode (which defines the calculation of a well-suited reference

trajectory) is determined based on the ego and preceding vehicle’s plan-corridors Cegoplan,K

and Cpreplan,K as detailed in Algorithm 2 and consequently defines the actions taken in
Algorithm 1.

A robust and efficient concept to inform a following vehicle i of the predicted actions
of its predecessor i−1 is to send such prediction updates only selectively when the new
predecessor’s prediction p(i−1) differs significantly from its last communicated trajectory
p
(i−1)
com . This is realized by testing if the new prediction leaves the corridor C(i−1)

com which
triggers the update, see Algorithm 3 for details.

Algorithm 2 Control Mode Decision
1: if ∃pegoplan,K:K+N ∧ x

ego
K ∈ Cegoplan,K then

2: ▷ planned trajectory available and valid
3: decision: “execute planned maneuver”
4: else
5: decision: “execute default behavior”
6: if ∃pprecom,K:K+N ∧ x

pre
K ∈ Cpreplan,K then

7: ▷ communicated prediction available and valid
8: decision: “use communicated prediction”
9: else

10: decision: “use simple prediction”
11: return decisions
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2 Methodology

Algorithm 3 Update Plan and Prediction via Communication
1: ▷ all quantities refer to the ego vehicle
2: if platoon coordinator updates plan then
3: receive pplan,K+1:end

4: send pcom,K+1:end ← pplan,K+1:end

5: if ∃k ∈ K : xk /∈ Ccom,k then ▷ ego outside corridor
6: send pcom,K+1:K+N ← pK+1:K+N

7: discard pcom,K+N+1:end and pplan,K+N+1:end

8: if ∄pcom,K+N+1 then ▷ pad communicated prediction
9: ∆p← pcom,K+N − pcom,K+N−1 ▷ simple prediction

10: pcom,K+N+1 ← pcom,K+N +∆p

11: return pcom,K+1:end and pplan,K+1:end

Remark 4 As will be seen in Section 3.2.4, string stability is empirically observed if
sufficient predictive information of the preceding vehicle is transmitted. Additionally,
it was observed that larger tolerance times improve the string stability characteristics
while interactions of the tracking problem with the fail-safe problem occur, i.e., the
inter-vehicle distance would fall below the safety-critical distance without the coupling
(2.26e). However, it is outside the scope of this work to formally proof the string stability
characteristics of this distributed MPC scheme. Further empirical string stability studies
are presented in [80] in a systematic approach.

2.1.6 Distinction from Related Work

The control architecture proposed here is similar to the one in [43], where in particular
situation-awareness with regard to traffic ahead is developed. In contrast to safety con-
straint formulations via precomputed safe sets, as in [43], [69], or [76], here it is utilized
as an extended optimization problem which enables flexible formulations of agreed-upon
behavior which is exploited to allow dense spacing. The event-trigger used in [83] to se-
lectively trigger cooperative optimization is formulated identically in this work, whereas
here its integrated in a novel non-iterative optimization scheme.

2.2 Trajectory Planning by the Platoon Coordinator

To incorporate real-time infrastructure information in the distributed MPC scheme,
maneuver-specific trajectory planning is used to provide recommendations for actions
of the local MPC. In this work, these recommendations take the form of a planned
position trajectory, a desired velocity, and a desired minimal inter-vehicle distance, as
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2 Methodology

detailed before. It is assumed that the platoon coordinator is informed about the posi-
tions and velocities of the platooning vehicles, such that the trajectory planning task can
be formulated in a centralized fashion for all platooning vehicles. The transmission of
recommended platooning maneuvers in the form of an explicit position trajectory serves
here as a base line implementation of such an interface and may have to be adapted, for
example to relative coordinates, for a suitable implementation in practice.

While the local MPC does potentially have a more detailed model of the vehicle
dynamics at its disposal, the trajectory planning task of the platoon coordinator could
be better informed by the infrastructure and its wider (platoon-wide) system context.
This infrastructure information possibly includes speed limits, permitted inter-vehicle
distances, green light information, or preview information of the road topography ahead.
Additionally, the trajectory planning task is less time critical since its recommendations
have only informative character. Thus trajectory planning enhances the platooning
actions from a global perspective of the traffic system, while trajectory tracking control
takes a local perspective of the controlled vehicle. The proposed safety extension and
the corridor-based prediction update scheme ensure situation-aware actions even if the
planned position trajectory is not safe or valid.

In this work, the trajectory planning task is formulated and implemented focusing
on two specific platooning use cases. These use cases originate from defined use cases
in the Connecting Austria project [2]. The trajectory planning for both use cases was
implemented as a Matlab [84] functionality over the course of this thesis including a
parametrization interface. Matlab is a proprietary multi-paradigm programming lan-
guage and numerical computing environment developed by the Mathworks, Inc. This
parametrization interface formally defines the valid domains of input parameters, serves
as documentation, and provides versioning.

In the first platooning use case TrafficLightTransit a platoon is passing over a signaled
intersection, as illustrated in Figure 2.8a. It is assumed that the platoon coordinator
receives real-time information of the next green phase via infrastructure-to-vehicle (I2V)
communication. By carrying out a centralized but simplified trajectory optimization
where time consumption and control effort are minimized in a weighted sense the platoon
coordinator is able to plan and recommend efficient motion trajectories for crossing the
intersection. In turn, the local MPCs track these planned trajectories in a safe manner,
enabling group maneuvers such as a simultaneous start-up.

In the second platooning use case DangerSpot a platoon dissolves before reaching a
construction site, as illustrated in Figure 2.8b. It is assumed that the platoon coordinator
is informed of the location of this danger spot and the upcoming change of the speed
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2 Methodology

(a) TrafficLightTransit use case (b) DangerSpot use case

Figure 2.8: Platooning use cases originating from two use cases in the Connecting Austria
project [2]: (a) truck platoon drives on the road approaching an intersection
with traffic lights for pedestrians, prioritized public transport and other traf-
fic participants, taken from [85]; (b) three trucks have formed a platoon and
approach a hazardous location, taken from [86].

limit and permitted inter-vehicle distances sufficiently early via I2V communication. The
platoon should establish these driving conditions and allow a safe hand-over to the human
driver in these safe conditions. In order to allow sufficient time for the handover to the
human driver, this required platoon configuration is to be maintained for a given time
span before reaching the danger spot. Thus the initial and the terminal configuration of
this platooning maneuver are known, so that a trajectory optimization problem for an
optimal state transition can be formulated. For this optimization problem the control
effort and the deviation from the terminal configuration during the handover period
are minimized. Note that this platooning use case also covers generic state transition
problems of the platoon including, for example, catch-up scenarios with a predefined
time span, platoon dissolution before reaching a freeway exit, or the entry into a zone
with a changed speed limit.

In the following, the centralized trajectory optimization problem is formulated in
general and afterwards the formulation of the specific platooning use cases are detailed.

2.2.1 Centralized Trajectory Optimization of the Platoon

The centralized trajectory planning problem of the platoon coordinator can be formu-
lated as an optimization problem, analogously to the generic MPC problem (2.5). The
trajectories are planned for a platoon consisting of n vehicles, whereby the index set of
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2 Methodology

these vehicles is given by
P = {1, 2, . . . , n} . (2.35)

Solving (2.5) once with initial time t0 at time index K = 0 gives the optimal input
sequence U∗ and the optimal state sequence X∗, which represent the planned trajectories
for all vehicles of the platoon. The trajectories are planned from t0 to the planning
horizon tN , such that the index set K = {0, 1, . . . , N − 1}, cf. (2.2), consists of

N = tN/TS ∈ Z+ (2.36)

samples.

2.2.1.1 Modeling of the Platoon

The prediction model (2.5b) for the platoon is composed of n state equations (2.9), such
that




x
(1)
k+1

x
(2)
k+1
...

x
(n)
k+1




︸ ︷︷ ︸
xk+1

=




A

A

. . .
A




︸ ︷︷ ︸
In⊗A




x
(1)
k

x
(2)
k
...

x
(n)
k




︸ ︷︷ ︸
xk

+




B

B

. . .
B




︸ ︷︷ ︸
In⊗B




u
(1)
k

u
(2)
k
...

u
(n)
k




︸ ︷︷ ︸
uk

(2.37)

holds, where In denotes the identity matrix of size n and the symbol ⊗ denotes the
Kronecker product.

In the following, Platoon-wide speed limits vmin and vmax are enforced by

vmin ≤ v
(i)
k ≤ vmax , ∀i ∈ P , ∀k ∈ K . (2.38)

Minimal inter-vehicle distances d
(i)
min are enforced via

d
(i)
k ≥ d

(i)
min , ∀i ∈ P\1 , ∀k ∈ K , (2.39)

where P\1 denotes the set of all platooning vehicles except for the first. Minimal time
gaps ∆t

(i)
min are enforced via

p
(i−1)
k − p

(i)

k+m(i) ≥ L(i−1) , ∀i ∈ P\1 , ∀k ∈ {1, . . . , N −m(i)} , (2.40)
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2 Methodology

where the number of shifted samples m(i) is given by

m(i) =
∆t

(i)
min

TS
∈ N . (2.41)

Optionally, a predictively known trajectory p
(0)
k of a non-platooning vehicle with index

i=0 preceding the platoon is considered. In this case the index set P in (2.39)–(2.40) is
modified to account for this additional vehicle, such that P = {0, 1, . . . , n} holds.

Note that no explicit formulation of the allowed input set Uk in (2.5c) and the allowed
state set Xk+1 (2.5d) is given throughout Section 2.2.1 to simplify the notation of the
described constraints.

To plan useful trajectories for maneuvers over wide velocity ranges, individual velocity-
dependent upper acceleration bounds a(i)max (and constant lower acceleration bounds a(i)min)
are formulated, such that a non-linear input constraint,

a
(i)
min ≤ u

(i)
k ≤ a(i)max

(
v
(i)
k

)
, ∀i ∈ P , ∀k ∈ K , (2.42)

is enforced, cf. (2.10a). Thus, a non-linear optimization problem arises.

2.2.1.2 Iterative Optimization Scheme

In contrast to the safety-extended MPC problem (2.26) being a quadratic program with
linear constraints (QP), a sequential quadratic programming (SQP) method is used to
deal with the non-linear acceleration constraint (2.42).

Assuming the function a
(i)
max(v) to be monotonously decreasing, a simple bound update

scheme is sufficient where a sequence of QPs with iteration index j is solved. The
constraint (2.42) is reformulated with time-dependent bounds as in (2.10a), such that

a
(i)
min,k ≤ ju

(i)
k ≤ ja

(i)
max,k (2.43)

is enforced at j. Iterating from j to j + 1, the bound is updated by

j+1a
(i)
max,k = a(i)max

(
jv

(i)
k

)
, (2.44)

whereby the initial value at j=0 is given by

0a
(i)
max,k = a(i)max(v

(i)
0 ) . (2.45)

Note that (2.43)–(2.45) are enumerated over i ∈ P and k ∈ K.
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2 Methodology

The iteration is terminated if the condition on the absolute error

ϵ =

√∑

k∈K

(
j+1a

(i)
max,k − ja

(i)
max,k

)2
≤ ϵ , (2.46)

is fulfilled, where ϵ = 0.1m/s2 is chosen.
In the following use case descriptions, the iteration index j is suppressed to simplify the

notation. Except for the acceleration constraint (2.42), the trajectory planning problem
remains a QP.

2.2.2 Use Case 1: TrafficLightTransit

An optimal drive is being sought, which leads the platoon over the intersection with
efficient control actions and at the same time as early as possible during the green phase
of the traffic light, as illustrated in Figure 2.9. Additionally, two auxiliary optimization
problems are formulated. The maximum drive is the fastest possible trajectory of the
platoon leader at any time until the beginning of the green phase, so that the traffic light
is not run over. The minimum drive is the slowest possible trajectory of the platoon tail
(last vehicle of the platoon) at any time until the end of the green phase, so that the
traffic light is reached at latest. These trajectories are then used to formulate appropriate
constraints for the optimal drive problem.

Next, the main problem of finding the optimal drive of the platoon is formulated which
depends on the auxiliary problems. These are formulated afterwards.

2.2.2.1 Optimal Drive of the Platoon

The cost function of the optimal drive problem J is formulated as

J = wtJt + wuJu , (2.47)

Jt = −
1

vmax

∑

i∈P

p
(i)
N , (2.48)

Ju = UTU , (2.49)

where Jt is an assessment of the time efficiency, Ju are costs regarding the actuation
effort, and the respective weighting parameters are given by wt and wu.

The velocities at the planning horizon v
(i)
N are optionally constrained to reach the
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2 Methodology

Figure 2.9: Trajectory planning for a platoon transiting a traffic light controlled inter-
section. The occupied space of each vehicle is depicted by individual colored
faces whereby the lighter areas refer to the demanded time gaps which are
velocity-dependent. Note that the minimum drive of the platoon tail is de-
picted here by the corresponding rear end position trajectory for illustrative
reasons, in contrast to the definition given in (2.53).

uniform terminal velocity vend, such that

v
(1)
N = v

(2)
N = . . . = v

(n)
N = vend (2.50)

holds.
The green time of the traffic light from tgreen to tred with the corresponding number

of samples
Ngreen =

tgreen
TS

∈ N and Nred =
tred
TS
∈ N (2.51)

is respected by using the maximal drive trajectory pMAX,k and the minimal drive trajec-
tory pMIN,k from the solution of the auxiliary optimization problems (which are outlined
afterwards). The position of the leader p

(1)
k is thus bounded by

p
(1)
k ≤ pMAX,k , ∀k ∈ {1, . . . , Ngreen} , (2.52)
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2 Methodology

while the position of the platoon tail p(n)k is bounded by

p
(n)
k ≥ pMIN,k , ∀k ∈ {1, . . . , Nred} . (2.53)

2.2.2.2 Auxiliary Problems: Maximal and Minimal Drive

In contrast to the optimal drive problem, the maximal and the minimal drive problem
include only a single vehicle – the leader respectively the platoon tail. Moreover, the
planning horizon tN is changed to the end of the green light phase, such that N := Nred

and tN := tred holds for these problems.
The cost function of the maximal drive problem JMAX is formulated as

JMAX = −
N∑

k=1

wkpk , wk =




1 k ∈ {1, 2, . . . , Ngreen}

wreg else ,
(2.54)

where the small-valued weighting parameter wreg for regularization is chosen as wreg=10−6.
The cost function of the minimal drive problem JMIN is formulated as

JMIN =
N∑

k=1

pk . (2.55)

Note that these cost functions are linear, so that the auxiliary problems are linear pro-
grams (LPs).

In both problems, the considered vehicle i, i.e. i=1 for maximal drive and i=n for
minimal drive, does not pass the stopping line pstop before the traffic light switches to
green, via enforcing

p
(i)
k ≤ pstop , k ∈ {1, . . . , Ngreen} , (2.56)

but reaches pstop at least at the planning horizon N , via enforcing

p
(i)
N ≥ pstop . (2.57)

2.2.3 Use Case 2: DangerSpot

In planning maneuvers for the DangerSpot use case, an efficient transition from the
initial to a demanded final platoon configuration at the danger spot position pdanger is
being sought, as illustrated in Figure 2.10. This configuration is defined by the uniform
platoon velocity for manual driving vman and the demanded hand-over inter-vehicle
distances d

(i)
man. In addition, this demanded platoon configuration should already be
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2 Methodology

Figure 2.10: Trajectory planning for a platoon approaching a danger spot at pdanger,
enabling a handover to the human driver with given velocities vman and
distances dman.

kept a given hand-over period Tman before reaching pdanger.
Assuming that the velocity during the handover period Tman is kept constant at vman,

the handover distance ∆pman is given by

∆pman = vmanTman . (2.58)

Thus the handover starts for every vehicle at the handover position

pman = pdanger −∆pman . (2.59)

Since the point in time where a platooning vehicle reaches pman is solution dependent,
a conservative approximation assuming the vehicle drives at the speed limit vmax from
its initial position p

(i)
0 to the handover position pman is used to formulate the period of

tracking of the demanded platoon configuration, such that the tracking time instants
are given by

t
(i)
track =

(
pman − p

(i)
0

)
/vmax , ∀i ∈ P . (2.60)
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2 Methodology

These tracking time instants correspond to the indices

k
(i)
track =

⌊
t
(i)
track

TS

⌋
, (2.61)

with sampling time TS. Note that the floor function ⌊·⌋ is used for approximation. The
index set of samples to track the demanded platoon configuration K(i)

track of vehicle i is
thus given by

K
(i)
track =

{
k
(i)
track, . . . , N

}
. (2.62)

The demanded inter-vehicle distances d
(i)
man for manual driving are given by the more

restrictive demand of the two demands: respecting minimal time gaps ∆t
(i)
man and re-

specting minimal inter-vehicle distances d
(i)
man,min; such that

d(i)man = max
(
vman∆t(i)man , d

(i)
man,min

)
, ∀i ∈ P (2.63)

holds.
The cost function J of the DangerSpot trajectory optimization problem is formulated

as
J = wvJv + wdJd + wuJu (2.64)

with the tracking costs regarding the velocity

Jv =
1

v2scale

∑

i∈P




∑

k∈K
(i)
track

(
v
(i)
k − vman

)2
/N

(i)
track


 , (2.65)

the tracking costs regarding the inter-vehicle distances

Jd =
1

d2scale

∑

i∈P




∑

k∈K
(i)
track

(
d
(i)
k − dman

)2
/N

(i)
track


 , (2.66)

and the costs regarding the actuation effort

Ju =
1

u2scaleN
UTU . (2.67)

These cost terms are weighted by the respective weighting parameters wv, wd, and wu

as well as related to the individual number of tracked samples N
(i)
track =

∣∣∣K(i)
track

∣∣∣ and the
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2 Methodology

number of overall samples N . Additionally, a scaling is used, such that each cost term
is dimensionless and the cost terms are of comparable value. The dimensioned scales
vscale, dscale, and uscale define comparable values of the quantities velocity, distance, and
acceleration, respectively.

A terminal constraint is used to ensure that the demanded platoon configuration is
attained at least at the planning horizon tN . Therefore, first the platoon tail has to pass
the danger spot at pdanger via enforcing

p
(n)
N ≥ pdanger . (2.68)

Second, the platoon has to reach the demanded velocity vman via enforcing

v
(i)
N = vman , ∀i ∈ P . (2.69)

Third, the platoon has to reach the demanded inter-vehicle distances d
(i)
man via enforcing

d
(i)
N = d(i)man , ∀i ∈ P . (2.70)

Exemplary results of these trajectory optimization problems are presented and dis-
cussed within the following chapter in Section 3.2.3. Next, the co-simulation-based
validation approach is presented.
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3 Simulation and Results

In this chapter, the methods proposed in this work are implemented and tested in a
custom-developed co-simulation framework via Matlab [84] and individual trucks simu-
lated by the simulation software Truckmaker [87] developed by IPG Automotive GmbH,
see Figure 3.3. Truckmaker simulates detailed vehicle dynamics including multi-body
dynamics of masses and chassis, as well as parameterized gear box, clutch, engine, and
tire component models. Especially the drive train dynamics, the occurring dead times
(different in acceleration vs. braking operation), as well as the dynamic response of
the entire powertrain to acceleration / braking signals deviate significantly from the
idealized MPC design model (2.9).

While this co-simulation-based validation approach is an appropriate means to put
the robustness of the proposed control methods under realistic vehicle dynamics to test,
it also serves for the purpose of demonstration. The co-simulation can be connected to
a force-feedback steering wheel, making it possible to experience platoon behaviour in
traffic.

Next, the implementation of the co-simulation framework is detailed. Afterwards, the
results of the co-simulation-based validation are presented and finally the stated research
questions are answered.

Figure 3.1: Demonstration of the proposed control methods using a force-feedback steer-
ing wheel.
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3 Simulation and Results

Coordinator
Worker 1 Vehicle 1

Worker n Vehicle n

Data Queue
parpool TM4SL

Figure 3.2: Software architecture of the co-simulation framework.

3.1 The Platooning Co-Simulation Framework

Since Truckmaker does (currently) not support the simulation of multiple vehicles, a
custom-developed solution based on parallel computing is used to implement the simula-
tion of the platoon dynamics. In addition, this approach enables decoupled development
of the applied optimization problems. Simulating a coupled problem in a distributed
manner while exchanging data between the simulation subsystems is referred to as co-
simulation, as surveyed in [88].

The software architecture of the implemented co-simulation framework is illustrated
in Figure 3.2. The methods and simulation studies developed in this work are imple-
mented primarily in Matlab. Multiple instances of Truckmaker are coordinated by a
central Matlab session (the coordinator), which establishes global time stepping. Also
the optimization problems due to MPC and trajectory planning are managed by the
central session and preferably solved by Gurobi [89] developed by Gurobi Optimization,
LLC. Note that other solvers may as well be used with minor interface adaptions, but
Gurobi has proven to be particularly suitable and is thus applied as the primary solver
in this work. Real-time computation of the co-simulation including the MPC control
computations is feasible for several trucks.

To experience the closed-loop platooning behavior, one of the platooning vehicles (the
ego vehicle) can be manually driven by means of a force-feedback wheel. By running the
prepared demo case

• root/010_base/_run/run_showcase.m
via Matlab, the user can drive the ego vehicle within a platoon on a round course which
is shown in Figure 3.3. The user operates the demo run by means of the force-feedback
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3 Simulation and Results

Figure 3.3: Platooning demonstration co-simulation show case of a truck platoon driving
on a round course (screenshot taken from Truckmaker).

wheel of type Thrustmaster T300 RS, as shown in Figure 3.4:

• By operating the left and right wing buttons, the user can switch between auto-
matic and manual driving mode, respectively. In automatic mode, the longitudinal
dynamic driving task of the ego vehicle is executed by the safety-extended MPC
proposed in this work and the lateral dynamic driving task is executed by a de-
fault controller supplied by Truckmaker. In manual mode, the user executes both
driving tasks by means of the steering wheel, the gas pedal, and the brake pedal.
Note that shifting is not necessary, since a vehicle with automatic gearbox is used.

• The distributed MPC is executing the default maneuver, which includes a desired
velocity vdes and a desired minimal inter-vehicle distance dmin, as presented in
Section 2.1.3.2. By operating the buttons △ and ×, the desired velocity vdes can
be increased and decreased, respectively. By operating the buttons □ and ⃝,
the desired minimal inter-vehicle distances dmin can be increased and decreased,
respectively.

The methods and simulation studies implemented are grouped into the following mod-
ules:

TruckmakerPlatoonSimulation manages the distributed co-simulation of the platoon
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3 Simulation and Results

Figure 3.4: Operation of the platooning show case by means of the Thrustmaster T300
RS force-feedback steering wheel, composed from [90].

dynamics. The interface between Matlab and Truckmaker is realized via a dedi-
cated Simulink [91] model provided by Truckmaker for Simulink (TM4SL) which is
included in Truckmaker and a custom-developed interface using asynchronous func-
tion calls, as shown in Figure 3.2. Simulink is a Matlab-based graphical program-
ming environment for modeling, simulating and analyzing multidomain dynamical
systems developed by the Mathworks, Inc. These Simulink models are simulated
by parallel computing on Matlab parallel pool workers (the Matlab parpool). The
main Matlab class in this module is called SysPlatoon.

SafeMPC implements the novel methods for distributed model predictive platoon con-
trol formulated in Section 2.1. The corresponding computations are carried out by
the central Matlab session. To formulate and solve the MPC problems, the Matlab
toolbox Yalmip [92] developed by Johan Löfberg and the solver Gurobi have been
applied. The main Matlab class in this module is called SafeMPC.

TrafficLightTransit/DangerSpot implements the trajectory optimizations regarding the
TrafficLightTransit/DangerSpot use case formulated in Section 2.2/2.2. The opti-
mization problems are purely formulated in Matlab and are either solved by Gurobi
or directly within Matlab (by a solver named quadprog). A parameterization in-
terface is implemented to support large-scale parameter studies. This interface
provides inherent plausibility checks and versioning of the input and output data.
The main Matlab class in this module is called Optimize_TrafficLightTransit
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3 Simulation and Results

/ Optimize_DangerSpot.

3.1.1 Basic Functioning of a Cooperative Platooning Co-Simulation Study

The basic functioning of the co-simulation studies conducted below is explained in the
following and outlined in Algorithm 4. Functionalities regarding the platooning co-
simulation, the MPC, and trajectory planning are implemented in an object-oriented
fashion with main classes SysPlatoon, SafeMPC, and Optimize_TrafficLightTransit
/ Optimize_DangerSpot, respectively.

Before the co-simulation starts, the initialization is done. Some parameters affect all
modules of the co-simulation: the number of vehicles n, the sampling time TS, and the
number of time steps simulated N . Based on these parameters, the memory for the
logging data, in particular the vehicle states x and control inputs u, is allocated. Next,
the platooning co-simulation, the MPC, and optionally the trajectory planning are ini-
tialized. Here, initialization refers to creation of the corresponding objects platoon, mpc,
and planning, including their parameterization. The parameterization of these objects
is outlined in the following section. If the co-simulation study at hand includes trajec-
tory planning of the platoon coordinator, then planned trajectories pplan are calculated
by evaluating the method run of the trajectory planning object planning. Note that the
trajectory planning task may also be executed within the run time of the co-simulation.

Afterwards, the co-simulation time stepping loop starts. Each time step tK → tK+1

includes the evaluation of the MPC control laws, the application of the control inputs to
the vehicles, the management of the Truckmaker simulations, the reading of the Truck-
maker simulation results, and the management of the prediction update. Optionally also
the management of the braking hold-back and an adjustment of the default maneuver
may be included.

First, the regulation is done for each vehicle i. Therefore the MPC control law is
evaluated via the method simstep of mpc . Note the difference in the evaluation between
the platoon leader and the followers. Then the calculated control input u

(i)
K is applied

to the vehicle by setting the input property of platoon. Afterwards, the next time
step of the corresponding Truckmaker simulation is triggered via the method simstep.
When the regulation loop is finished, the method endstep waits for the completion of
the current time step of all Truckmaker simulations. The reason for the separation of
the simulation management into simstep and endstep is that in this way the MPC
problems can be solved in parallel to the Truckmaker simulations.

Second, measurements of the vehicle states are read from the output property and
written to the corresponding logging data vector x

(i)
K .
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3 Simulation and Results

Algorithm 4 Cooperative Platooning Co-simulation Study
1: ▷ Initialization
2: define n, TS, N
3: allocate x

(1:n)
1:N , u(1:n)1:N

4: initialize platoon from class SysPlatoon
5: initialize mpc from class SafeMPC
6:
7: ▷ Trajectory planning
8: ▷ initialize planning from class Optimize_TrafficLightTransit
9: ▷ p

(1:n)
plan,(1:N) ← planning.run()

10: ▷ mpc.communicate_plan(p(1:n)plan,(1:N))
11:
12: ▷ Co-simulation time stepping loop
13: for K ∈ {1, 2, . . . , N} do
14: ▷ Regulate
15: for i ∈ {1, 2, . . . , n} do
16: if i > 1 then
17: u

(i)
K ← mpc(i).simstep(k,x(i)

K ,x(i−1)
K ) ▷ follower

18: else
19: u

(i)
K ← mpc(i).simstep(k,x(i)

K ) ▷ leader
20: platoon.input(i) ← u

(i)
K

21: platoon.simstep(i)
22: platoon.endstep()
23:
24: ▷ Collect measurements
25: for i ∈ {1, 2, . . . , n} do
26: x

(i)
K+1 ← platoon.output(i).state

27:
28: ▷ Communicate
29: mpc.update_prediction(mode)
30: ▷ mpc.holdback_start(nHB, a

(1:n)
HB ) or mpc.holdback_stop()

31: ▷ mpc.change_default_maneuver(v(1:n)des , d
(1:n)
min )
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3 Simulation and Results

Third, the V2V communication is done. Only the use of the method update_prediction
of mpc is mandatory. Depending on the update mode, each vehicle may communicate its
prediction to its follower (see Algorithms 2, 3):

• `corridor' results in the position-corridor-based prediction update described in
this work above;

• `always' triggers the prediction update in each time step;
• `never' does not perform any communication; the controllers work in a decentral-

ized fashion based only on their local measurements.
Optionally, the braking hold-back strategy can either be started/continued via the
method holdback_start with given number of hold-back samples nHB and hold-back ac-
celerations a

(i)
HB or expired via the method holdback_stop. Also optionally, the default

maneuver may be changed during the study via the method change_default_maneuver
with new desired velocities v

(i)
des and new desired minimal inter-vehicle distances d

(i)
min.

Finally, post processing and plotting of the results may be done. Recall that the Al-
gorithm 4 is written in pseudo code to clarify the basic functioning of the cooperative
platooning co-simulation studies conducted in this work. While the actual implementa-
tion is considerably more complex, the most relevant functionalities are found in this
outline. See Appendix A for further details regarding the implementation.

3.2 Co-Simulation Based Validation

The proposed platoon control methods are investigated with the co-simulation framework
in three selected scenarios:

1. The capabilities of the safety-extended MPC are demonstrated in an emergency
braking maneuver of the platoon leader.

2. A communication loss is showcased while the proposed hold-back strategy is ap-
plied.

3. The performance of the nominal driving corridor formulation is evaluated.
These scenarios consider a platoon of three trucks (tractor units without trailers) which
are parameterized identically in TruckMaker®. The default model

• Demo2AxleSemiTruck4x2_Volvo
is used with an 8-speed automatic gearbox. This default model is based on “typical,
unvalidated data for 2-axle semi-truck 4x2”. The vehicle mass is 7000 kg. The maximal
torque of approximately 2200 Nm is provided for angular velocities of 1000 to 1500
rotations per minute.

Each individual truck is interfaced via a lower-level controller: a PI-acceleration con-
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3 Simulation and Results

Figure 3.5: Lateral view on the HDV 3D-model used for the co-simulations, taken from
Truckmaker [87].

Table 3.1: Parameters for the safety-extended MPCs
aegomin −7m/s2 ego braking capacity
aegomax +2m/s2 maximal acceleration
apremin −8m/s2 predecessor braking capacity

τ 0.2 s time constant
L 10m vehicle length
TS 0.1 s sampling time
ntol 5 tolerance samples
N 80 prediction length
qp 1 weight on tracking
r 20 weight on acceleration
ε 10−6 weight on fail-safe shaping
rs 1010 weight on slack

lfsstop 100 weight affecting standstill
dbuffer 1.5m buffer distance
δp, δc 2m spatial tolerances
vmax 89 km/h maximum velocity

troller in a basic, non-optimized parameter setting. The platoon drives on a straight
and flat road. All vehicles are controlled by local safety-extended MPCs (2.26). The
parameter values given in Table 3.1 are used in all three scenarios.

Next, the three selected co-simulation scenarios are detailed and the results are dis-
cussed in Sections 3.2.1, 3.2.2, and 3.2.4. Since trajectory planning by the platoon
coordinator is only included in the third scenario where the nominal driving corridor
formulation is evaluated, the trajectory planning capabilities are evaluated between the
presentation of the second and third scenario in Section 3.2.3.
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3 Simulation and Results

3.2.1 Scenario 1: Safe Emergency Braking Capabilities1

The capabilities of the platoon under safety-extended MPC in an unforeseen emergency
braking scenario is demonstrated in a detailed co-simulation in this section. In Figure 3.6,
velocities, inter-vehicle distances, accelerations, and positions for each vehicle are plotted
over time.

Each platoon vehicle implements a safety-extended MPC (2.26), see Table 3.1 for
parameter values. The position reference sequence in (2.19) is calculated via Algorithm 1
and the prediction update is done via Algorithm 3, without a planned maneuver. The
default behavior is defined by vdes = 80 km/h, and the desired inter-vehicle spacing dmin =

1.5m is used.
The platoon is initialized in tight spacing at standstill and accelerates subsequently

until vdes is reached. The velocity trajectories coincide up to v ≈ 34 km/h since all vehicles
are parameterized identically, but thereafter larger inter-vehicle distances are necessary
due to safety reasons. A uniform motion is subsequently realized at time t ≈ 25 s. At
time t = 40 s the control action of the leader is abruptly overruled by an emergency
braking maneuver with a(1) ≈ −8m/s2. All vehicles come to a safe standstill, even
though an unmodeled input delay ∆ ≈ 0.3 s is present. This scenario shows that the
proposed safety-extended MPC enables the separation of the tracking control design
tasks and the safe operation of the platoon. In [79], the distributed platoon MPC is
extended by including road friction estimates and collision safety also under varying
road friction conditions is demonstrated.

1The results presented in this section have previously been published as part of the publication [1].
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3 Simulation and Results
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Figure 3.6: Validation of safety in the emergency braking case
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3 Simulation and Results
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Figure 3.7: Co-simulation validation of safe braking hold-back strategy under communi-
cation loss.
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3 Simulation and Results

Table 3.2: Hold-back operation parameters

a
(1)
HB −3m/s2 leader hold-back acceleration

a
(2)
HB −4.4m/s2 2nd vehicle hold-back acceleration

a
(3)
HB −7m/s2 tail hold-back acceleration

nHB 20 hold-back samples (if active)

3.2.2 Scenario 2: Communication Loss During Active Braking Hold-Back2

The dynamic platoon behavior and the operational safety accomplished by the proposed
braking hold-back strategy in Section 2.1.5.2 are highlighted in the following simulation
case. Initially the platoon drives in steady state at velocity v

(1)
des = 50 km/h. At time

t = 10 s the braking hold-back operation (see Table 3.1 and 3.2 for parameter values)
is activated, but communication is lost for t ∈ [30 s, 50 s], as illustrated in Figure 3.7.
Subsequently, the hold-back operation is re-established at t = 50 s. At t = 70 s, the
hold-back phase is again discontinued (let to expire). Simultaneously, a full braking
maneuver of the leader according to the agreed-upon deceleration bounds is started, cf.
(2.31).

In Figure 3.7, the velocities, inter-vehicle distances, accelerations, and the instanta-
neous braking distances, for each vehicle are plotted versus time. The instantaneous
braking distances correspond to the solution of the fail-safe problem when lfsstop in the
shaping term (2.28) is chosen sufficiently high. Note that overlaps of the braking dis-
tances, e.g., between the first and second vehicle at t ≈ 7.5 s, do not indicate a potential
collision – at equal braking distances, the vehicles are still separated by their inter-
vehicle distances. Each platoon vehicle implements a safety-extended MPC (2.26), see
Table 3.1 for parameter values. The position reference sequence in (2.19) is calculated
via Algorithm 1 and the prediction update is done via Algorithm 3, without a planned
maneuver. The default behavior is defined by v

(1:3)
des = (50, 55, 55)km/h, and the desired

inter-vehicle spacing dmin = 1.5m is used. Thus the platoon realizes the minimal safe
distances automatically, since the follower MPCs try to track a higher desired velocity.
Finally, all vehicles come to a safe standstill despite the simultaneous occurrence of full
braking and hold-back discontinuation.

This scenario clearly shows that the proposed hold-back strategy is capable of reducing
the platoon length significantly. However, situational awareness of the platoon is required
since the platoon length reduction is traded for increased braking distance.

2The results presented in this section have previously been published as part of the publication [1].
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3 Simulation and Results

3.2.3 Evaluation of the Centralized Platooning Trajectory Optimization

Before investigating the corridor-based reference selection and prediction update pro-
posed in Section 2.1.5.3, the capabilities of the developed trajectory optimization tools
are showcased for some exemplary platooning maneuvers:

• The results of the trajectory optimization regarding the TrafficLightTransit use
case is presented for two platooning maneuvers: In the first maneuver (Section 3.2.3.1),
a platoon approaches an intersection during the red phase such that a slow down
is necessary. In the second (Section 3.2.3.2), a platoon performs a simultaneous
start-up at the stopping line of an intersection when it turns green.

• The results of the trajectory optimization regarding the DangerSpot use case is pre-
sented for two platooning maneuvers: In the first maneuver (Section 3.2.3.3), a pla-
toon dissolves before reaching a construction site. In the second (Section 3.2.3.4),
a platoon is formed by a catch-up maneuver of the platoon tail.

Note that in the following presentation of these maneuvers, only selected parameter
values are given. See Appendix A for additional details.

3.2.3.1 Slow-Down when Approaching an Intersection

In this maneuver, a platoon of n = 3 vehicles (i = 1, 2, 3) initially drives in a uniform
motion at velocity v

(i)
0 = 50 km/h. The traffic light ahead is red with stopping line at

position pstop = 180m. Since the green light timing information is known to the platoon
coordinator, an efficient slow down can be planned. The lights will turn green and
afterwards back to red at times tgreen = 20 s and tred = 30 s, respectively. The platoon
formation is restricted by minimal inter-vehicle distances d

(i)
min = 5m and minimal time

gaps ∆t
(i)
min = 1.5 s. Thus the platoon coordinator plans trajectories which preferably

enable a pass-over at a high velocity in the moment the lights turn green.
The results of the trajectory optimization as formulated in Section 2.2.2 are shown in

Figure 3.9 whereby details on the graphical representation are given within the caption.
The time and actuation weightings are given by w

(i)
t = 1 and w

(i)
u = 0.1, respectively.

The sampling time TS = 0.1 s is used. This results in sequential linear programs for the
minimal drive and the maximal drive problems with 300 unknown variables each, which
are solved within seven iterations each. The sequential quadratic program corresponding
to the optimal drive problem encompasses 1203 unknown variables and is solved within
two iterations. It can be seen that all vehicles slow down but no vehicle comes to a full
stop. Furthermore the platoon leader passes over the stopping line at approximately
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3 Simulation and Results

40 km/h which results in only a small loss in time considering the given maximal velocity
vmax = 50 km/h. Thus planning this maneuver can improve the platooning efficiency due
to reduced time loss of the platoon, increased traffic throughput, and reduced emissions
due to reduced acceleration intensity. However, if an unknown non-platooning vehicle is
waiting at the stopping line, then situational awareness is required, to efficiently adapt
the maneuver to the new circumstances. Section 3.2.4 below describes such a scenario
including an unknown non-platooning vehicle.

3.2.3.2 Simultaneous Start-Up at the Stopping Line

A simultaneous start-up of a platoon is a measure to increase traffic throughput by
minimizing the time delays between the individual start-up actions. While this coop-
erative platooning functionality can be realized without incorporation of infrastructure
information, an additional potential is shown here by exploiting green light information.

In this maneuver, a platoon of n = 3 vehicles (i = 1, 2, 3) is waiting at the stopping
line of the first intersection at position 0m. The stopping line of a second intersection
ahead is located at position pstop = 200m. The green light timing information of both
intersections is known to the platoon coordinator. At time t = 0 s the lights of the first
intersection turn green. Afterwards the lights of the second intersection turn green and
later back to red at times tgreen = 20 s and tred = 35 s, respectively. The platoon forma-
tion is restricted by minimal inter-vehicle distances d

(i)
min = 5m and minimal time gaps

∆t
(i)
min = 2 s. Thus the platoon coordinator plans trajectories which realize an efficient

start-up at the first intersection and an efficient pass-over for the second intersection.
Two different cases are evaluated with different cost weightings: in Case A the time

efficiency is of high priority with weighting w
(1)
t = 10 regarding the leader, while in Case

B the actuation efficiency is more important since w
(1)
t = 0. In both cases a zero time

weighting for the followers w
(2)
t = w

(3)
t = 0 is used. The actuation weighting is given

by w
(i)
u = 1. The results of the trajectory optimization as formulated in Section 2.2.2

are shown in Figure 3.9, where the left and the right columns correspond to Case A
and Case B, respectively. Details on the graphical representation of this figure are given
within the caption. The sampling time TS = 0.25 s is used. This results in sequential
linear programs for the minimal drive and the maximal drive problems with 140 unknown
variables each, which are solved for both cases within 7 and 9 iterations, respectively. The
sequential quadratic programs corresponding to the optimal drive problems encompass
483 unknown variables and is solved for both cases within 6 iterations.

In Case A, the platoon performs a fast start-up, so that the platoon leader passes
the second intersection when the green light phase starts at tgreen = 20 s. All vehicles
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3 Simulation and Results

Figure 3.8: Results of the trajectory optimization of a slow-down maneuver at a traffic-
light-controlled intersection. Regarding the position plot, top row: The con-
sumed space of the individual vehicles is illustrated by dark shaded areas in
the respective vehicle colors (see legend), while additional necessary space
due to minimal space and time gaps is illustrated by light shaded areas.
Note that the minimum drive of the platoon tail is depicted here by the cor-
responding rear end position trajectory for illustrative reasons, in contrast
to the definition given in (2.53).
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3 Simulation and Results

reach the maximum velocity vmax = 50 km/h shortly after the pass-over. It is noteworthy
that between an initial start-up phase and a terminal phase the vehicles realize identical
acceleration trajectories in a time-shifted manner.

In Case B the accelerations are relatively small for all times, such that the maximal
velocity is reached only at the end and the platoon tail performs the pass-over when the
green light phase ends at tred = 35 s.

3.2.3.3 Platoon Dissolution at a Construction Site

In this maneuver, a platoon of n = 5 vehicles (i = 1, 2, 3, 4, 5) initially driving at v
(i)
0 =

80 km/h approaches a construction site at position pdanger = 800m where a dissolution of
the platoon is mandatory because, for example, of legislative reasons, and thus required
inter-vehicle distances d(i)man = 50m for manual driving have to be established. Moreover
a hand-over period with duration Tman = 5 s for the human drivers with uniform motion
of the platoon at vman = 60 km/h is necessary to meet this reduced speed limit. Thus
the platoon coordinator plans trajectories which realize an efficient transition to this
required platoon formation.

The results of the trajectory optimization as formulated in Section 2.2.3 are shown in
Figure 3.11 whereby details on the graphical representation are given within the caption.
The weightings are given by wd = 1, wv = 1, and w

(i)
u = 0.1. The sampling time TS =

0.5 s is used. This results in a sequential quadratic program with 570 unknown variables,
which is solved within 2 iterations. It can be seen that all vehicles except the platoon
leader slow down immediately. Only the last two vehicles fall below vman = 60 km/h. All
vehicles except the third (middle) vehicle realize the inter-vehicle distance requirement
before realizing the velocity requirement. This observation may be interpreted given
the analogy of a body where the center of mass is kept at the same position to reduce
the actuation effort. All vehicles adhere to both requirements early enough so that a
hand-over to the human driver is possible. Thus planning this maneuver can improve
the platooning efficiency due to reduced braking actions. Note that a significantly longer
transition time is necessary if a minimal velocity of vman = 60 km/h is enforced. On the
downside, in the illustrated maneuver, the trailing traffic may be negatively affected
because of the slow-down of the platoon tail.

3.2.3.4 Catch-Up for Platoon Formation

In practice it is rarely the case that multiple HDVs take the same route. To attain high
platooning efficiency given this fact, establishing platoons en-route becomes a relevant
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3 Simulation and Results

Figure 3.9: Results of the trajectory optimization of a simultaneous start-up maneuver
for two cases: Case A, left column; Case B, right column. Regarding the
position plot, top row: The consumed space of the individual vehicles is il-
lustrated by dark shaded areas in the respective vehicle colors (see legend),
while additional necessary space due to minimal space and time gaps is illus-
trated by light shaded areas. Note that the minimum drive of the platoon
tail is depicted here by the corresponding rear end position trajectory for
illustrative reasons, in contrast to the definition given in (2.53).
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3 Simulation and Results
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Figure 3.10: Results of the trajectory optimization of a platoon dissolution maneuver
before reaching a construction site. The point in time where a vehicle
adheres to the distance and velocity requirement is indicated by markers +
and × (in the respective vehicle color, see legend within plot), respectively.
The point in time where a vehicle has to adhere to both requirements at
latest to ensure sufficiently long hand-over duration is indicated by a dotted
vertical line.
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3 Simulation and Results

platooning functionality with the emergence of intelligent transportation systems. A
future freight transportation system, as outlined in [20], may find a suitable single vehicle
nearby and propose a catch-up maneuver which integrates this vehicle into the platoon.
In this maneuver, initially a platoon of 2 vehicles is 435m ahead of a single vehicle. To
form a new platoon of n = 3 vehicles (i = 1, 2, 3), a catch-up maneuver is performed. It
is assumed that a so-called overboost is permitted for this case to promote economical
driving. This means that the pursuing vehicle is allowed to drive temporarily at v

(3)
max =

88 km/h to reduce the duration of this maneuver and, in turn, enable more platoon
formations of this type. The speed limit of the other (platooning) vehicles remains
unchanged at v(1)max = v

(2)
max = 80 km/h To reduce the impact on the subsequent traffic, the

first two vehicles are required to stay above vmin = 75 km/h. Here, the position pdanger is
used differently than described above. Since the duration such a catch-up maneuver can
take is practically limited, in this maneuver, a spatial limit is given with the formulation
of pdanger = 3000m. Thus the platoon coordinator plans trajectories which realize an
efficient catch-up of the new defined platoon tail, while limiting the required track length.

The results of the trajectory optimization as formulated in Section 2.2.3 are shown in
Figure 3.11 whereby details on the graphical representation are given within the caption.
The weightings are given by wd = 1, wv = 1, and w

(i)
u = 0.1. The sampling time

TS = 0.5 s is used. This results in a sequential quadratic program with 864 unknown
variables, which is solved within 2 iterations. It can be seen that the permitted speed
limits are fully exploited, such that the first two vehicles drive at the minimal velocity
vmin = 75 km/h for the most part of this maneuver while the platoon tail drives at
vmax = 88 km/h. Furthermore, it is reasonable that the efficiency of these trajectories is
satisfactory, since no actuation is planned for a large part of this maneuver. However,
note that coasting of the vehicles (no actuation causes negative accelerations) is not
modeled in this work, so that a zero acceleration level is likely to be suboptimal in
reality. The newly formed platoon of n = 3 vehicles drives in a uniform motion shortly
after t = 120 s.
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3 Simulation and Results
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Figure 3.11: Results of the trajectory optimization of a platoon dissolution maneuver
before reaching a construction site. The point in time where a vehicle
adheres to the distance and velocity requirements is indicated by markers
+ and × (in the respective vehicle color, see legend), respectively.
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3 Simulation and Results

3.2.4 Scenario 3: Validation of Corridor-Based Situation-Aware Platoon
Control with Efficient V2V Communication3

To illustrate the safety-extended, corridor-based platoon control concept outlined in
Section 2.1.5.3, a coordinated passage of the platoon over a signaled intersection is
investigated. It is assumed that the platoon approaches such intersection. The traffic
light is initially red and will turn green at a known time (communicated to the platoon
via I2V communication, for example). Also, a set of planned trajectories pplan for an
efficient crossing of the intersection be available as presented in Section 3.2.3.1, created
by assuming that no other traffic is present (dashed lines in Figure 3.12). The situation
is now complicated by the fact that another individual vehicle (“non-platooning vehicle”)
is present, waiting at standstill before the intersection and accelerating after the traffic
light has turned green. Consequently, the platoon needs to appropriately react to this
situation so as to safely and efficiently pass the intersection in the actual traffic situation.

Each platoon vehicle implements a safety-extended MPC, see Table 3.1 for parameter
values. The position reference sequence reference in (2.19) is calculated via Algorithm 1
and the prediction update is done via Algorithm 3. The default behavior is defined by
vdes = 50 km/h, and the desired inter-vehicle spacing dmin = 15m is used.

Figures 3.12 and 3.13 show the resulting platoon actions with three different intra-
platoon (V2V) communication strategies. The platoon initially approaches the intersec-
tion according to the plan. However, after time t = 15 s, it needs to depart from the
plan in order to safely brake behind the non-platooning vehicle (see Figure 3.12, left).
Only after that vehicle starts moving, the platoon can accelerate again and cross the
intersection. Note that the inter-vehicle distance between the platoon leader and the
“non-platooning vehicle” d(1) is most of the time larger than the plotting range in the
Figure 3.12 and 3.13, which is indicated by the dashed continuation of the corresponding
lines.

The results in Figure 3.12 detail the performance of the reduced-communication con-
cept with a corridor width of δc = 2m referred to as Case A, where prediction updates
of a preceding vehicle are only communicated to the ego vehicle if the current prediction
deviates more than 2m from the last communicated prediction information available
to the ego vehicle. It performs equally well as Case B (see Figure 3.13, top) in which
the predicted trajectories are sent to the respective followers in every time step, i.e.
δc = 0m. It is noteworthy that by sufficiently often communicating the predicted tra-
jectories backwards along the platoon, string stability is achieved here as indicated by

3The results presented in this section have previously been published as part of the publication [1].
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3 Simulation and Results
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Figure 3.12: Co-simulation validation of safe corridor-based situation-aware platoon be-
havior in a shaped intersection crossing maneuver. The platoon safely re-
acts to the presence of individual vehicle in a string stable manner with low
communication effort in Case A.
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Figure 3.13: Influence of amount of communication on platoon behavior (Case B versus
Case C): string-stable response with highest communication effort, collision-
safe but non-string stable behavior without V2V communication.
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3 Simulation and Results
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Figure 3.14: Amount of cumulated V2V messages sent in the reduced-communication
strategy Case A (fraction of total message count in Case B).

the simultaneous and almost congruent deceleration patterns of all platoon vehicles for
t ∈ [15 s, 20 s] (Fig 3.12, bottom right and Figure 3.13, top). The intra-platoon distances
are kept approximately constant at dmin during the scenario (Figure 3.12, top right).

With the corridor widths of 2m chosen in Case A, string stability can effectively
be maintained and communication effort is significantly reduced: The number of sent
messages (transmitting an updated prediction to the next follower) can be reduced to
less than 15% compared to Case B where prediction updates are sent in each time step
(as in Figure 3.13, top). In turn, not sending any updates of the predicted trajectories to
followers as in Case C, i.e. δc =∞, still results in a collision-safe behavior (established
by the safety extension of the MPCs), but string stability is lost and comfort/efficiency
is degraded (see Figure 3.13, middle and bottom).

Finally, Figure 3.14 shows the ratio of messages sent from a vehicle to its follower in
the reduced-communication Case A of Figure 3.12. The ratio is given with respect to the
total message count of the outlined maneuver in Case B with prediction update in each
time step (Figure 3.13, top), in which predicted trajectories are sent from leader and
follower 1 to follower 1 and 2, respectively. Over time, it is noteworthy that as long as
the communicated, correctly time-shifted predictions remain valid (i.e., sufficiently close
to the newly computed predictions), no communication occurs. Once the waiting non-
platooning vehicle forces the leader to deviate from the planned maneuver trajectories
for t ∈ [12 s, 18 s], prediction updates become necessary. The intense communication
effort within t ∈ [20 s, 23 s] stems from the simple constant-velocity prediction model
utilized to predict the non-platooning vehicle’s trajectory (which performs, however, a
transient acceleration maneuver).

Further opportunities to efficiently reduce communication requirements can thus be
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3 Simulation and Results

spotted in applying more elaborate motion prediction of individual traffic. Note that
collision safety is achieved independently of V2V communication quality. In turn, V2V
communication could be realized via non-critical channels which potentially benefit from
parsimonious communication loads.

3.3 Conclusion and Future Work

The work presented in this thesis focuses on the development of novel methods for the
distributed model predictive control of cooperative platoons.

Reducing the inter-vehicle distances increases the platooning efficiency by means of
increased traffic throughput, reduced aerodynamic drag in case of heavy-duty vehi-
cle (HDV) platoons, and last but not least increased room for cooperative maneuvers.
While cooperative platooning offers the opportunity to establish agreed-upon behavior
via vehicle-to-vehicle (V2V) communication, the reduction of inter-vehicle distances is
a safety-critical endeavor which requires autonomous approaches. The first research
question therefore addressed how inter-vehicle distances could still be reduced based on
agreed-upon cooperative behavior.

Research Question & Finding 1

How to safely enable reduced inter-vehicle distances of a platoon based on cooper-
ative behavior?

The flexible safety extension for the distributed predictive controller proposed
in Section 2.1.4 accomplishes autonomous collision-free driving behavior, as vali-
dated in Section 3.2.1, while effectively separating the design of safety from the
remaining control design task. Smaller inter-vehicle gaps are enabled by letting
each vehicle commit to temporarily reduce (“hold back”) its braking authority if
possible in the current traffic situation, as proposed in Section 2.1.5.2. This con-
cept is formulated in a way to be robust against communication loss, as validated
in Section 3.2.2.

This braking “hold-back” strategy is thus particularly effective on roads with little traf-
fic and minimal occurrence of vulnerable road users, such as lightly frequented highways,
where the braking authority of the platoon leader could be significantly reduced. How-
ever, the application of this strategy depends on the situation-aware and safety-critical
monitoring of the surrounding traffic, which is beyond the scope of this thesis.

On roads with dense traffic as well as urban areas, the platooning efficiency is highly
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3 Simulation and Results

affected by external factors. With the emergence of cooperative intelligent transportation
systems (C-ITS), increasingly more traffic status information will be available for C-
ITS-participating road users. Hence, the second research question addressed how such
information can be exploited by a cooperative platooning control system.

Research Question & Finding 2

How to efficiently incorporate V2V/V2I communication to allow for situation-
aware distributed control?

An efficient strategy to choose a suitable control mode and to selectively send
critical predictive information updates to follower vehicles is proposed in Sec-
tion 2.1.5.3. The decision is based on a simple yet effective definition of agreed-
upon driving corridors to allow for high control performance at a drastically re-
duced V2V (vehicle-to-vehicle) communication demand. Traffic information from
the infrastructure is used to parameterize maneuver-specific trajectory planning,
presented in Section 2.2 and validated in Section 3.2.4, to recommend efficient
motion profiles to the local trajectory tracking controllers.

Many simplifications have been made throughout this work regarding the considered
cyber-physical system of a C-ITS-enabled cooperative platoon, which includes at least
longitudinal & lateral vehicle dynamics, vehicular safety & communication systems, and
traffic sensing & monitoring systems. While most of these simplifications were not fur-
ther considered, more realistic vehicle dynamics can be studied via a dedicated simula-
tion software. The third research question addressed how a simulation-based validation
approach could be implemented.

Research Question & Finding 3

How to design a simulation framework for validation and demonstration of the
elaborated platooning control concept?

A modular co-simulation framework for high-fidelity vehicle dynamics in a pla-
toon setting is developed in Section 3.1. The parallel-computing-based approach
enables the integration of an industry-standard vehicle dynamics software and
state-of-the-art optimization problem solving. While this co-simulation framework
is employed to validate and test the proposed concepts and control structures, it is
also capable of demonstrating these by means of a force-feedback steering wheel.
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3 Simulation and Results

Finally, possible directions for future work building on this thesis are presented. These
possible directions are based in part on the fruitful comments of the reviewers to the
journal publication [1], written by the degree candidate, on which this thesis is largely
based:

• Further investigations on the implementation of the proposed braking “hold-back”
strategy in mixed road scenarios, its impact on the overall traffic flow, and on the
associated parameter choices remain open as future work.

• A quantitative assessment of further simulation studies in realistic urban and long-
distance traffic settings by well-defined efficiency measures will be necessary to
evaluate the real-world performance of complex platoon control concepts such as
the proposed distributed MPC scheme.

• While model predictive control concepts achieve efficient, situation-aware, and safe
platooning, establishing formally verified string stability properties of closed-loop
platoon dynamics is difficult. The empirically observed results on the string sta-
bility properties of the prediction update method developed in this work could
serve as a starting point for future work. Note that some further related numerical
studies are conducted in [80].

• The proposed control system needs to be tested in experiments involving real
vehicles. Here, implementation requirements such as the real-time capabilities are
crucial. One step towards this goal is done in [79], were an adapted version of the
proposed control system is reformulated as an parameterized optimization problem
which leads to explicit model predictive control.
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A Implementation Details

In this section, selected implementation details and important development notes are
given. The version control system Git [93] is used to ensure reproducible software de-
velopment. An overview on the directory structure of the software repository is shown
below. Selected executable Matlab [84] scripts are located in the folder 010_base/_run
to allow for a quick start.

root

000_tools

start_matlab.bat

010_base

_run

DangerSpot

SafeMPC

TrafficLightTransit

TruckmakerPlatoonSimulation

020_dev

040_publications

master_thesis_thormann

Important notes on working with the software repository

Use the batch script start_matlab.bat in the tools folder to start the Matlab
session to ensure:

1. The Matlab working directory should always be set to be the root path of
the repository.

2. It is expected that the directory 010_base and its subfolders are on the
Matlab path.

When working on development code outside of 010_base (i.e., in 020_dev), add
necessary folders to the Matlab path.
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A Implementation Details

SysPlatoon

Descr_PlatoonParam

Descr_VehicleParam

Descr_VehicleOutput SimpleVehicleModel

Figure A.1: Class architecture of the Matlab class SysPlatoon.

TruckmakerPlatoonSimulation

• The current software and hardware requirements are:

– Matlab 2018b (including the toolbox Simulink 3D Animation)
– IPG Truckmaker 7.0.3
– Thrustmaster T300 RS force-feedback steering wheel (optional)

• The class architecture of the main class SysPlatoon is illustrated in Figure A.1.

– The class Descr_PlatoonParam describes parameters of the platooning co-
simulation which are not relevant to individual vehicles. Selected parameters
are given in Table A.1.

Table A.1: Selected properties of the Descr_PlatoonParam class.
n_veh Number of vehicles.

Ts Sampling time, in seconds.
id_ego_veh Index of vehicle which

do_use_thrustmaster Enable ThrustMaster steering wheel for manual driving of
the ego vehicle, if true.

veh Individual vehicle parameters, see Table A.2.
filename_road Road definition file (.rd5 format).

– The class Descr_VehicleParam describes parameters of the platooning co-
simulation relevant to individual vehicles. Selected parameters are given in
Table A.2.

– The class Descr_VehicleOutput describes the output signals which are re-
turned in the property output of SysPlatoon when the method endstep is
called.
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A Implementation Details

Table A.2: Selected properties of the Descr_VehicleParam class.
do_bypass_simulation Use simple linear model to bypass the TruckMaker simula-

tion, if true
bypass_tau PT1 time constant for simple bypass model, in seconds
bypass_nd Dead time for simple bypass model, in samples

do_display_vehicle Use IPGMovie for visualization, if true
user_defined_signals Struct which defines user-defined outputs read from Truck-

maker
pos_0 Initial position vector

SafeMPC

Param_SafeMPC formulateOpt_SafeMPC YalmipOpt

Figure A.2: Class architecture of the Matlab class SafeMPC.

– The class SimpleVehicleModel implements linear vehicle dynamics which are
evaluated if the simulation of a vehicle via Truckmaker is bypassed.

• Exemplary Matlab code for the initialization of an object of the class SysPlatoon
is given below.

n_veh = 3;
platoon = SysPlatoon(n_veh);
p = platoon.param;
p.Ts = 0.1;
p.id_ego_veh = 1;
p.do_use_thrustmaster = false;
p.filename_road = 'straight_road.rd5';
p.veh(1).pos_0 = 100;
p.veh(2).pos_0 = 50;
p.veh(3).pos_0 = 0;
p = platoon.init(p);

SafeMPC

• The class architecture of the main class SafeMPC is illustrated in Figure A.2.
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A Implementation Details

Optimize_TrafficLightTransit

optimize_intersection ValidOutput_TrafficLightTransit

Figure A.3: Class architecture of the Matlab class Optimize_TrafficLightTransit.

Optimize_DangerSpot

optimize_danger_spot ValidOutput_DangerSpot

Figure A.4: Class architecture of the Matlab class Optimize_DangerSpot.

– The class Param_SafeMPC describes parameters of the safety-extended opti-
mization problem (2.26). See Table 3.1 for an overview of these parameters.

– The function formulateOpt_SafeMPC formulates the safety-extended opti-
mization problem (2.26) by Yalmip [94] and the class YalmipOpt.

– The class YalmipOpt manages the formulation of optimization problems with
Yalmip.

TrafficLightTransit

• The class architecture of the main class Optimize_TrafficLightTransit is illus-
trated in Figure A.2. This class defines and validates the input parameters of the
regarding trajectory optimization. See Table A.3 for an overview of its parameters.

– The function optimize_intersection constructs and solves the optimization
problem regarding the TrafficLightTransit use case formulated in Section 2.2.

– The class ValidOutput_TrafficLightTransit describes valid outputs of the
trajectory optimization.

DangerSpot

• The class architecture of the main class Optimize_DangerSpot is illustrated in
Figure A.4. This class defines and validates the input parameters of the regarding
trajectory optimization. See Table A.4 for an overview of its parameters.
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A Implementation Details

Table A.3: Input Parameters for the trajectory planning tool for the TrafficLightTransit
use case.

Symbol Description Input parameter
Version of the input data this_version

n Number of platooning vehicles n_veh

L(i) Lengths of vehicles L_veh (vector)

p
(i)
0 Initial position of platooning vehicles x0 (vector)

v
(i)
0 Initial velocity of platooning vehicles v0 (vector)

d
(i)
min Minimal inter-vehicle distances d_min (vector)

∆t
(i)
min Minimal time gaps t_min (vector)

a
(i)
max Maximal accelerations amax (lookup table)

a
(i)
min Minimal accelerations amin (lookup table)

pstop Position of the stopping line x_signal

tgreen Time when switch to green occurs t_signal_green_start

tred Time when switch to red occurs t_signal_green_end

t0 Initial time t0

tN Planning horizon t_end

TS Sampling time t_sampling

wt, wu Cost function weighting obj (struct)

vmin, vmax Speed limits bnds (struct)

p
(0)
k Optionally, trajectory of a preceding vehicle front_vehicle (struct)

Plots results, if true do_show_plots
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A Implementation Details

Table A.4: Input Parameters for the trajectory planning tool for the DangerSpot use
case.

Symbol Description Input parameter
Version of the input data (decimal num-
ber)

this_version

n Number of platooning vehicles n_veh

L(i) Lengths of vehicles (vector) L_veh

p
(i)
0 Initial position of platooning vehicles (vec-

tor)
x0

v
(i)
0 Initial velocity of platooning vehicles (vec-

tor)
v0

d
(i)
min Minimal inter-vehicle distances (vector) d_min

∆t
(i)
min Minimal time gaps (vector) t_min

a
(i)
max Maximal accelerations (lookup table) amax

a
(i)
min Minimal accelerations (lookup table) amin

vmin, vmax Speed limits (struct) bnds

pdanger Danger spot absolute position x_danger

vman Desired velocity in handover period v_man

Tman Duration of handover period delta_t_man

∆tman Minimal time gap within platoon during
handover period

t_min_man

d
(i)
man Desired spatial distance in handover pe-

riod
d_man

t0 Initial time t0

tN Planning horizon t_end

TS Sampling time t_sampling

wv, wd, wu Cost function weightings obj

vscale, dscale, uscale and cost function scales (struct)
Time tolerance for reaching the tracking
goals: tol_track_v, tol_track_v

delta_t_error_limit

Velocity tracking tolerance tol_track_v

Distance tracking tolerance tol_track_d

Plots results, if true do_show_plots
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A Implementation Details

– The function optimize_danger_spot constructs and solves the optimization
problem regarding the DangerSpot use case formulated in Section 2.2.

– The class ValidOutput_DangerSpot describes valid outputs of the trajectory
optimization.
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