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Abstract

With the advent of autonomous driving, concepts like road trains or platoons are becoming
more popular. In these arrangements, vehicles travel at separations of only 5 to 10m between
them. These short inter-vehicle distances allow compacting vehicle flows resulting in increased
throughput on highways. In addition, there are also fuel/energy savings as the magnitude of
aerodynamic resistance acting on vehicles is reduced.

These benefits increase when reducing inter-vehicle separations to below 5m. However, it
becomes extremely difficult to guarantee safety, especially, when braking in an emergency.
The longitudinal and lateral control systems developed so far aim to achieve string stability in
the cruise scenario, i.e., to prevent that small variations at the lead magnify towards the trail.
Unfortunately, this has no relevance during emergency braking, since control systems incur
saturation, i.e., the condition where computed output brake forces exceed those that can be
applied by actuators. This is because all vehicles have to apply their maximum brake forces
in order to minimize the stopping distance of the platoon and reach a complete standstill. As
a result, emergency braking requires special attention and needs to be designed and verified
independent of the cruise scenario.

Braking in an emergency is mainly characterized by the problem of heterogeneous deceler-
ation capabilities of vehicles, e.g., due to their type and/or loading conditions. As a result,
a deceleration rate possible by one vehicle may not be achievable by its immediately leading
or following vehicles. Not addressing this heterogeneity leads to inter-vehicle collisions.

Moreover, transitions in the road profile increase the complexity of such brake maneuvers.
Particularly, when there is a transition from a flat road to a steep downhill, an already
saturated brake controller cannot counteract the effect of the downhill slope. Hence, its
deceleration magnitude will be reduced, potentially leading to intra-platoon crashes that
would otherwise not occur on a flat road.

In this work, we first analyze the problem of emergency braking in platoons operating
at inter-vehicle separations below 5m and under idealized conditions (i.e., flat road, instan-
taneous deceleration, etc.). For this case, we propose a cyber-physical approach based on
exploiting space buffers that are present in the separations between vehicles, and compare it
with straightforward schemes (such as Least Platoon Length and Least Stopping Distance)
in terms of achieved aerodynamic benefits, overall platoon length, and stopping distance. We
then consider realistic conditions (in particular, changing road profiles as mentioned before)
and investigate how to design a brake-by-wire controller present at each vehicle that accounts
for this. We further extend our proposed cyber-physical approach by adding cooperative be-
havior. In particular, if an individual vehicle is unable to track its assigned deceleration, it
coordinates with all others to avoid inter-vehicle collisions, for which we propose a vehicle-
to-vehicle (V2V) communication strategy.

Finally, we present a detailed evaluation of the proposed cyber-physical approach based
on high-fidelity vehicle models in Matlab/Simulink. Even though more work is needed to-
wards a real-life implementation, our simulation results demonstrate benefits by the proposed
approach and, especially, its feasibility.
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Chapter 1.

Introduction

A quarter of Europe’s greenhouse gas emissions are caused by the transportation sector.
Specifically in 2014, road transport alone has contributed to more than 70% of these emis-
sions. Therefore, for transitioning to a low-carbon economy, and simultaneously meeting
people’s increased mobility demands, areas for action have been identified, e.g., using re-
newable energy, electrifying vehicles, and making use of digital technologies to increase the
efficiency of road transport [5].

The necessity to increase the road transport’s efficiency arises because the existing infras-
tructure falls short in meeting the requirements of the ever increasing number of vehicles.
Even though new roads are being added, they cannot be improved/extended at the same pace
with which vehicles are sold. This results in a vehicle throughput of highways of only around
2000 vehicles per hour at an average inter-vehicle spacing of 35m [56], leading to traffic jams,
more pollution, and simply a waste of time.1

In order to better utilize the existing infrastructure and, thereby, improve vehicle through-
put, concepts like cooperative driving or platoons as illustrated in Fig. 1.1 are gaining in
importance [43] [20] [17] [82] [72] [56]. In these vehicle arrangements, group of vehicles travel
together at very short separations of 5 to 10m between them [24]. The lead vehicle is usually
a manually driven truck, whereas the following vehicles (trucks or cars) are automated and
experience reduced aerodynamic force, thereby, resulting in fuel/energy savings. The lead
vehicle’s actions — braking or accelerating — are communicated to all following vehicles
through wireless messages typically based on IEEE 802.11p [36] [37] [13] [29] [45]. Con-
trol systems present at each following vehicle perform the necessary longitudinal and lateral
maneuvers [24] [43] [42].

The concept of platooning has attracted lot of attention both from academia and industry
around the globe, especially, from the goods transportation sector. As a result, with the sup-
port from ongoing standardization of vehicle-to-vehicle (V2V) and vehicle-to-infrastructure
(V2I) communication, the following topics need to be addressed for platoons:

1Although flying cars such as AeroMobil [6] promise to ease this situation, these will presumably make up a
small percentage of the total number of vehicles in the future. In addition, they will certainly bring about
problems like coordinating take-off and landing that are even more difficult to solve.

9
0

Figure 1.1.: An example of a platoon
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Chapter 1. Introduction

• Coordination and formation: Platoons can be formed between vehicles with the
same destination or using a common road stretch to reach different destinations. Hence,
there is a need of a system that coordinates vehicle movements and allows them to join,
operate, and leave a platoon [46] [52] [72] [78] [79].

• Longitudinal and lateral control (i.e., cruise control): Once a vehicle joins and
operates in a platoon, longitudinal and lateral control systems perform vehicle ma-
neuvers by controlling clutch, brakes, acceleration, and steering wheel. These systems
maintain a preset cruise speed, and an appropriate distance and alignment to the im-
mediate vehicle ahead [9] [39] [41] [47] [51] [77] [84] [86].

• Wireless communication: Critical information needs to be exchanged in a wire-
less manner. This constitutes the backbone of platoon operation, both in cruise and
brake scenarios. Therefore, standards have to be established with respect to messages,
technologies, and protocols used [35] [33] [34] [38] [36] [37].

• Cybersecurity: It is very important to ensure that malicious attackers do not inject
false messages into the platoon network, thereby, affecting vehicle control [27] [28]. The
effects of such events are catastrophic as vehicles generally travel at highway speeds of
around 100km/h. On the other hand, the implemented cybersecurity measures should
impart a minimum overhead to inter-vehicle communication such that real-time require-
ments can still be met [31].

In this work, the focus is basically on longitudinal control, in particular, we are concerned
with braking in an emergency. We note that traditional cruise controllers for platoons do not
guarantee a safe braking in such a case, which requires special attention as detailed next.

1.1. Scope and Motivation
The inter-vehicle separations currently employed in platooning are in the range of 5 to 10m.
However, further compacting platoons has a positive impact on vehicle throughput and, in
addition, wind tunnel experiments have demonstrated that even the lead vehicle experiences
benefits when the separations are below 5m. The optimum fuel/energy savings are obtained
at separations of around 1m [56] [57]. As a result, in this work, we focus on inter-vehicle
separations below 5m, i.e., less than one vehicle length.

On the other hand, at such inter-vehicle separations, it becomes considerably more difficult
to guarantee a safe operation, in particular, when braking in an emergency. In such a scenario,
the goal is not to simply brake the whole platoon at a deceleration rate that is comfortable
for in-vehicle passengers and stop in a long distance, rather the distance to a hazard or other
road traffic ahead might be short, thereby, demanding that all vehicles apply their maximum
possible brake forces in order to minimize the stopping distance of the platoon and reach
a complete standstill. Further, during the whole maneuver it has to be ensured that no
intra-platoon collisions happen. The short inter-vehicle distances (below 5m) coupled with
heterogeneous braking capabilities of vehicles make such maneuvers extremely dangerous.

So far, classical and modern control techniques have already been used to develop cruise
controllers for platoons [75] [15] [85]. These controllers aim to achieve string stability [67] [68].
That is, small variations in a platoon lead’s velocity and, hence, the corresponding variations
in the separation to its immediately following vehicle are guaranteed not to amplify as they
propagate towards the tail of the platoon [67] [68].

Unfortunately, ensuring string stability does not guarantee a collision-free braking [8] [9].
Especially during emergency, the vehicles have to decelerate at their maximum capabilities
and this implies control systems incur saturation, i.e., the condition where computed output
forces exceed those that can be applied by actuators. In addition, vehicles differ in terms of

2



1.2. Contributions

their type, and/or loading conditions and their resulting maximum deceleration capabilities.
As a result, if one vehicle brakes at a deceleration rate, the same rate might not be possible
for its immediately leading and/or following vehicles, thereby, potentially leading to collisions
depending on the inter-vehicle separation.

Another important factor to be considered during emergency braking are road-profile tran-
sitions the vehicles undergo. For example, if a vehicle already braking at its maximum de-
celeration on a flat road enters a downhill, it cannot negate the effect of grade, which aids
vehicle motion. As a result, its deceleration magnitude reduces and a safe brake maneuver
can no longer be guaranteed. Therefore, to guarantee safety all the above mentioned factors
have to be addressed.

Thus, emergency braking needs to be analyzed, and verified independent of the cruise
scenario. Apart from minimizing the stopping distance, fuel/energy savings for all vehicles,
and short platoon length are also needed. These can be achieved only by maintaining the
inter-vehicle separations below 5m. Such short separations increase the design complexity
of brake maneuvers. Hence, in this work, we address emergency braking and propose a
cyber-physical approach. The details are presented in the next section.

1.2. Contributions
In this work, we consider vehicles with heterogeneous deceleration capabilities (due to differ-
ent vehicle types and/or loading conditions) in a platoon scenario at inter-vehicle separations
below 5m (in order to maximize the aerodynamic benefits and achieve a short platoon length).
We address the problem of braking in an emergency, and minimize the stopping distance of
the whole platoon. In this direction, the following contributions are made:

• In Chapter 4, initially, we introduce our inter-vehicle communication strategy based
on IEEE 802.11p. Then, we assume idealized conditions of braking on a flat road
and an instantaneous deceleration tracking by all vehicles, and introduce the intuitive
approaches for emergency braking namely Least Platoon Length and Least Stopping
Distance. Their shortcomings are detailed and their advantages are combined into
an approach named Subplatoon. However, there are certain shortcomings with this
approach as well, particularly, in utilizing the maximum deceleration capabilities of
vehicles during an emergency. We overcome them in our cyber-physical design named
Space Buffer which utilizes the inter-vehicle separations and minimizes the stopping
distance of the platoon. The separations are comprised of two parts namely safeguard
and space buffer. Safeguard is reserved exclusively for communication loss between
vehicles, whereas the space buffer in all the inter-vehicle separations are utilized, and
we compute each individual vehicle’s reference deceleration that needs to be tracked
once emergency braking is initiated. The inputs to all the above mentioned approaches
are stopping distances of vehicles from a common cruise velocity (typically around
100km/h) under idealized conditions as mentioned above.

• In reality, no vehicle can achieve its assigned deceleration instantaneously, and emer-
gency braking might happen on varying road profiles as well. Hence, we consider these
realistic conditions in Chapter 5 and introduce brake-by-wire controllers. During emer-
gency braking, these controllers present at each vehicle are responsible for tracking the
reference decelerations computed as per our Space-Buffer approach. Since controller
related effects like rise and settling time exist in tracking an assigned deceleration, we
derive an expression of vehicle stopping distance on a flat road that takes these effects
into account (which are neglected by the existing standard expression of stopping dis-
tance). Apart from flat roads, the designed brake-by-wire controllers can track their
assigned decelerations on uphill road profiles as well.

3
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• The most challenging conditions for emergency braking are presented by downhill road
profiles. As a result, some brake-by-wire controllers cannot track their assigned decel-
erations. This is because they are already decelerating at their maximum limit on a flat
road (in order to minimize the overall stopping distance as per our approach). Hence,
in a downhill, these controllers cannot negate the effect of grade and, hence, they fail
to track their assigned decelerations. As a consequence, the affected vehicles need a
longer distance to stop. Therefore, in such a scenario, it cannot be guaranteed that the
whole platoon brakes in a safe manner anymore. Clearly, one can design the system for
the worst case instead, i.e., considering the steepest possible downhill. However, this is
a pessimistic approach with the cost of a longer stopping distance on a flat road. This
longer distance entails the risk of colliding with other road traffic ahead, thereby, jeop-
ardizing safety. As a result, in Chapter 6, we rather extend our Space-Buffer approach
to compensate for variations from the flat road profile, particularly downhill, by en-
abling cooperation/coordination among vehicles. The idea is that a vehicle broadcasts
a distress message, if it is unable to track its assigned deceleration. Other vehicles in
the platoon then adapt their decelerations to avoid collisions.

• Finally, in Chapter 7, we first perform a detailed evaluation of the intuitive, Subplatoon,
and Space-Buffer approaches under idealized conditions. We demonstrate that our
Space-Buffer approach performs best when all the three parameters are considered
simultaneously, i.e., achieved aerodynamic benefits, overall platoon length, and stopping
distance from a common cruise velocity. Subsequently, we consider realistic conditions
of braking and evaluate our controller-based Space-Buffer approach. Even in the most
challenging conditions of steep downhill braking, we demonstrate how our approach
enables cooperation/coordination among vehicles and ensures no inter-vehicle collisions
happen, while simultaneously minimizing the stopping distance. We illustrate all these
through detailed simulations involving high-fidelity vehicle models. Towards the end,
we also analyze the number of wireless communication packets that can be lost in all
the presented approaches without affecting safety.

Even though more work is needed towards a real-world implementation of our Space-Buffer
approach, we demonstrate its benefits in this work, especially, the feasibility.

1.3. Models and Assumptions
In the following, we present and discuss models and assumptions used as a basis for this work:

• Category of vehicles. For simplification, we assume two-axle vehicles, i.e., mostly
passenger cars and utility vehicles. The presented work can also be extended to multi-
axle vehicles like trucks and truck-trailer combinations, having implications in the de-
sign of brake-by-wire controllers, but otherwise none.

• Maximum deceleration. A vehicle’s loading condition affects its maximum achiev-
able deceleration magnitude. As explained later, this is a function of both the brake-
force distribution to the vehicle’s front and rear axles (i.e., what percentage of the brake
force acts on the front and rear axles) and the weights acting on them. Therefore, we
assume that the vehicles are equipped with the necessary sensors that estimate/measure
the same.

• Brake-by-wire systems. Conventional brake systems are designed for manual oper-
ation and typically based on hydraulics. However, for operating in a platoon, brake
systems have to be automated making brake-by-wire systems necessary. These are usu-
ally of electromagnetic nature and can be activated with a control signal that regulates
the brake force.
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• Reference-deceleration tracking. We assume that there are no quantization errors
up to two decimal places in reference deceleration tracking by brake-by-wire controllers.
We can later remove this restriction, clearly, resulting in longer stopping distances,
however, the proposed approach remains valid.

• Road-profile transitions/maximum platoon length. Once an emergency brake
maneuver is initiated, we assume that there is at most one road-profile transition, for
example, from flat road to downhill or from one grade/slope to another, etc. This is no
serious limitation for highways, where road profile changes tend to be rather smooth.
However, it implies limiting the maximum allowable length of a platoon, which we
further assume to be around 200m.

• Maximum grade. For uphill and downhill road profiles, we consider a maximum
grade/slope of eight degrees (8°), which is in line with the European highway standards
[83] and around the globe.

• Cruise velocity of the platoon. We consider that, when an emergency brake maneu-
ver is initiated, the velocity of the platoon is around 100km/h. This is a typical speed
on highways. Clearly, this speed is common to all vehicles in the platoon. In prin-
ciple, the maximum allowable cruise velocity can be further increased, however, this
changes also the real-time requirements affecting, in particular, the sampling period
of the brake-by-wire controller present at each vehicle and the periodicity of wireless
messages exchanged between vehicles.

• Intra-platoon communication. During emergency braking, critical information has
to be exchanged between vehicles in a wireless manner. Hence, platoon vehicles are
required to be equipped with transceivers that broadcast and receive information over
the allocated frequency band in Europe according to European Telecommunications
Standards Institute (ETSI). Clearly, fail-safe behavior must be implemented in case of
communication loss,2 however, this is out of the scope of this work. Finally, based on
the the results from [11], we consider a negligible propagation delay of wireless packets
(introduced later) within the platoon. This is in line with the selected cruise speed of
100km/h and platoon length of 200m.

1.4. Structure of the work

The rest of this work is organized as follows. In the next chapter, we introduce principles and
fundamentals of this work. We begin by briefly reviewing the inter-vehicle spacing policies
used in platooning. This is then followed by a discussion of wind-tunnel experiments with
platoons demonstrating their aerodynamic benefits. Next, the impact of loading conditions
on braking dynamics of a vehicle are outlined. We then introduce the existing standard
expression of stopping distance, on which all our emergency braking approaches are based.
During emergency braking, vehicles are required to track their assigned reference decelera-
tions. Hence, the computations performed by brake-by-wire systems to exert the necessary
brake force are also presented in this chapter. For the design of brake-by-wire systems, in par-
ticular brake-by-wire controllers, we extract a vehicle model in a state-space representation.
Finally, we conclude the chapter by introducing the ongoing standardization of V2V and V2I
communication based on IEEE 802.11p. Deviations from the standard and the modifications
employed in this work are also detailed.

2For example, any vehicle in a platoon could initiate an emergency brake maneuver, if a given number of
messages from its immediately leading vehicle are lost, in the end, dissolving the platoon for the sake of
safety.
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In Chapter 3, we review existing works with respect to platooning. We begin by briefly
looking at the existing projects which typically deal with longitudinal and lateral control of
vehicles in the cruise scenario. We further review relevant works dealing with brake scenarios,
which in contrast to the former are less in number. Finally, we conclude by identifying a gap
in existing research and explain how our work bridges the same.

In Chapter 4, we begin by introducing our inter-vehicle communication strategy. Then, un-
der idealized conditions of braking, we introduce the intuitive approaches. We then combine
these approaches into the Subplatoon approach. Subsequently, we introduce our proposed
Space-Buffer approach, which is a cyber-physical design based on provisioning space buffers
in between vehicles. Our approach allows balancing the overall stopping distance, platoon
length, and aerodynamic benefits as opposed to the other potential approaches.

In Chapter 5, we consider realistic conditions of braking, introduce brake-by-wire con-
trollers and discuss their performance specifications. We also derive an expression of a vehi-
cle’s stopping distance on a flat road under controller action.

In Chapter 6, we extend our Space-Buffer approach to compensate for variations from the
flat road profile by enabling coordination/cooperation among vehicles in situations of distress,
i.e., when certain vehicles are unable to track their reference decelerations, especially in a
downhill. All other vehicles then adapt their decelerations to prevent inter-vehicle collisions
and, thereby, guarantee a safe brake maneuver.

In Chapter 7, we perform an extensive evaluation of our Space-Buffer approach and present
the results. We begin by comparing it with the other approaches and, then, simulate it on
different road profiles to demonstrate that the coordination scheme ensures safe braking. To
this end, we make use of high-fidelity vehicle models developed in Matlab/Simulink. Finally,
chapter 8 concludes this work by identifying possible extensions and future developments.
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Chapter 2.

Principles and fundamentals

In this chapter, we cover the principles and fundamentals of our approach. In this direction,
we first introduce the spacing policies typically used in platoons. Then, the details about
aerodynamic force and its magnitude reduction for individual vehicles during platooning are
presented. Next, the impact of loading conditions on the braking dynamics of a vehicle are
explained. This is followed by the standard expression of stopping distance, which helps us
in the design of our Space-Buffer approach. Then, the computations performed by brake-by-
wire systems to achieve an assigned deceleration during emergency braking are introduced.
Subsequently, for the design of such systems, we model the braking dynamics in a state-
space representation. Finally, we outline the existing and ongoing standardization of wireless
communication to facilitate information exchange between vehicles.

2.1. Platoon spacing policies

In this section, we introduce the spacing policies commonly used in platooning. For ease
of explanation, we consider a platoon of 3 vehicles. As explained further, the separations
between vehicles can be constant or a function of speed. However, irrespective of the spacing
policy used, the individual vehicle controllers have to ensure string stability in the cruise
scenario.

2.1.1. Constant spacing policy

In this spacing policy, the separations between vehicles are a constant sc [69] as shown in
Fig. 2.1. This common inter-vehicle separation would usually be decided by the lead vehicle
or even the road infrastructure can recommend this by communicating it through a road
side unit (RSU). The individual vehicle controllers are responsible for maintaining the preset
separation to their immediate lead vehicle. Any variations in this separation caused due to
acceleration/deceleration of the platoon lead or the immediate lead vehicle have to be reduced
to zero.

Existing works have used this spacing policy with separations in the range of 5 to 10m [24].
With respect to achieving string stability, critical information like the lead vehicle’s velocity
are required by all individual vehicle controllers, which is typically conveyed by wireless
communication [69]. Relying only on information obtained from in-vehicle sensors does not
guarantee string stability [67].

sc sc

V

Figure 2.1.: Constant spacing policy
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Figure 2.2.: Constant time headway policy

2.1.2. Constant time headway policy
In this spacing policy, the inter-vehicle separations are not constant, but a function of platoon
cruise velocity. It increases linearly with an increase in velocity. Hence, the desired spacing
between vehicles as shown in Fig. 2.2 can be expressed as [32]:

sdes = s0 + hx́, (2.1.1)

where h is referred to as time headway or time gap in seconds and is a constant. It is
usually decided by the platoon lead. The platoon cruise velocity in m/s is denoted by x́. The
inter-vehicle separation can be further increased through the parameter s0 which denotes
the minimum separation between vehicles in meters (m). Hence, sdes (also in m) represents
the desired separation between vehicles [32]. For example, if h= 1s and s0 = 1m, then, the
inter-vehicle separation would be 31m at a platoon cruise velocity of 30m/s (108km/h). This
separation reduces to 16m for a cruise velocity of 15m/s (54km/h).

Recent works done in [41], [47], and [84] employ time headway below 1s. Apart from
platooning, this spacing policy is also used in advanced driver assistance systems (ADAS)
like adaptive cruise control (ACC), where a vehicle cruises at a speed set by the driver. If
any other vehicle is encountered in its path, a safe distance would be maintained as per this
policy [63].

In comparison to constant spacing policy, the achieved fuel/energy savings and vehicle
throughput are lesser due to the larger inter-vehicle separations. For ensuring string sta-
bility, inter-vehicle communication is not required. Information obtained from local sensors
suffices. Thus, this spacing policy is ideal for platoons with a mix of both automated and
non-automated vehicles [69].

2.1.3. Nonlinear spacing policies
One of the popular nonlinear spacing policy is the variable time headway [32]. In this policy,
the time headway is not constant, but a function of the relative velocities between two
consecutive vehicles. For example, if a preceding vehicle is traveling faster than a following
vehicle, the relative velocity can be considered positive and the time headway can be reduced.
On the contrary, if the lead vehicle is traveling slower than its following vehicle, the relative
velocity is negative and, in this case, the time headway has to be increased [32].

This spacing policy was introduced in the early stages of vehicle automation where V2V
communication was not yet standardized and implemented. Hence, there was a need of a
spacing policy that produced small errors by vehicle controllers [32]. However, since the
introduction and ongoing standardization of V2V and V2I communication, all works have
concentrated on either the constant time headway or the constant spacing policy.

In this thesis, apart from minimizing the stopping distance when braking in an emergency,
our goal is to simultaneously achieve optimum fuel/energy savings, and short platoon length.
Hence, we employ the constant spacing policy. In particular, our inter-vehicle separations are
in the range of 2 to 4m. At such short separations, the magnitude of aerodynamic force acting
on all vehicles, including the platoon lead would be reduced when compared to operating in
isolation. The details of the same would be introduced in the next section.
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2.2. Aerodynamic effects

In this section, we first introduce factors that influence the magnitude of aerodynamic force
acting on a vehicle. Then, the details about magnitude reduction during platoon operation
are outlined. Finally, generalizations that can be made for longer platoons are enumerated.

There are a number of forces that oppose the motion of a car. The most prominent
ones are the rolling resistance, grade resistance, inertia, and aerodynamic force [48]. The
energy required for a passenger car traveling at speeds higher than 80km/h to overcome the
aerodynamic resistance is greater than the energy required to overcome the rolling resistance
of tires and resistance in the transmission [53] [48].

There are two sources generating aerodynamic resistance. First, the airflow over the ex-
terior of a vehicle body and, second, the airflow through an engine’s radiator system, and
vehicle’s interior for cooling, heating, and ventilating purposes. Of these two, the former ac-
counts for more than 90% of the total aerodynamic resistance and generates normal pressure
and shear stress on the body of a vehicle [48].

The external aerodynamic resistance consists of the following two components: pressure
drag and skin friction. The pressure’s normal component on a vehicle body acting against its
motion gives rise to pressure drag, whereas the shear stress in the boundary layer adjacent
to the external surface of a vehicle body causes skin friction. Of these two, the pressure
drag constitutes more than 90% of the total aerodynamic resistance of a typical passenger
car. The skin friction becomes prominent only for long vehicles likes buses and tractor-trailer
combinations [48].

Overall, the aerodynamic resistance acting on a vehicle is given by the following equation
[48]:

Ra =
ρ

2
CDAfV

2
r , (2.2.1)

where ρ is the air-mass density in kg/m3, CD is the coefficient of aerodynamic resistance
encapsulating all the components mentioned above, Af is frontal or projected area of a
vehicle in m2 along the direction of travel. Finally, Vr represents a vehicle’s speed relative to
the wind in m/s [48].

An important observation from the above equation is that the aerodynamic resistance is
proportional to the square of speed. Thus, if the speed of a vehicle is doubled, there is a
fourfold increase in the energy required to overcome the aerodynamic resistance [48].

2.2.1. Factors affecting aerodynamic force

It is clear from the above (2.2.1) that even air-mass density influences aerodynamic resis-
tance, apart from a vehicle’s velocity, and its design characteristics. The air-mass density
is dependent on atmospheric conditions like ambient temperature and altitude. There is a
14% reduction in the aerodynamic resistance when the ambient temperature increases from
0 °C to 38 °C. Further, an increase in altitude of 1219m will lead to a 17% decrease in aero-
dynamic resistance. Therefore, to account for these factors, the value of air-mass density is
considered as 1.225kg/m3 in performance calculations [48] and, hence, we use the same in our
work as well.

A number of vehicle design and operational factors influence the coefficient of aerodynamic
resistance CD. In particular, the shape of a vehicle’s body including its forebody, afterbody,
underbody, wheel wells, drip rails, window recesses, external mirrors, and mud flaps all
influence the coefficient of aerodynamic resistance. In addition to the shape, a vehicle’s
attitude, commonly referred to as the angle of attack, which is the angle between a vehicle’s
longitudinal axis and the ground, and other operational factors like radiator open or blanked,
windows open or closed, etc., also affect the coefficient of aerodynamic resistance [48].
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Figure 2.3.: Drag coefficient ratios for three close-following vehicles [57]

The vehicle loading conditions influences both ground clearance, i.e., distance between the
vehicle body and ground, and angle of attack. Hence, the value of CD is also affected. For
passenger cars, CD’s value can be obtained from wind-tunnel tests [48]. These values typically
lie in the range of 0.311 – 0.475 and the same is used in our work for simulation.

Finally, the frontal area of a vehicle Af can be determined from accurate vehicle drawings.
If they are not available, a photograph taken from the front can also be used [48]. Usually for
passenger cars, Af varies in the 79 – 84% range of the area calculated from their overall width
and height. Therefore, in our work, we consider Af to be in the 2m2 – 2.5m2 range [48].

2.2.2. Aerodynamic effects during platoon operation

A vehicle closely following another vehicle will have reduced magnitude of its CD and, hence,
experiences reduced aerodynamic force. This is the principle behind existing platoon strate-
gies where several cars or trucks follow a lead vehicle at distances of 5 to 10m. The lead
vehicle will usually be a truck so that the following and trail vehicles benefit the most from
reduced aerodynamic force [24] [1]. However, at these separations, the lead vehicle is devoid
of benefits [56] [57].

The University of California along with the United States Department of Transportation
conducted several experiments as part of the California PATH program [56] [57]. These
experiments considered platoons with different number of vehicles and demonstrated that
even the lead vehicle experiences fuel/energy savings, when the inter-vehicle distances are
reduced to less than one vehicle length (5m), i.e., approximately in the range of 1 to 4m.

The ratio of aerodynamic drag coefficient when traveling in a platoon (CD) to the aero-
dynamic drag coefficient of the same vehicle in isolation (CDO) is plotted in Fig. 2.3 for a
three-vehicle platoon as a function of vehicle lengths. Here, vehicles are assumed to have the
same height [56] [57].

At inter-vehicle distances of 1 vehicle length or greater, the lead vehicle is unaware of the
following vehicles and almost has no benefits. The following and trail vehicles experience
reduced aerodynamic force up to a distance of 10 vehicle lengths. Since only the following
and trail vehicles benefit at such inter-vehicle distances, this is said to be a weak interaction
regime. The lead vehicle begins to experience significantly less aerodynamic force only when
the inter-vehicle distance reduces to less than 1 vehicle length. This is said to be a strong
interaction regime as the benefits are mutual. In this case, the drag coefficient ratio for the
trail vehicle also decreases but not so rapidly — see Fig. 2.3.
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In the strong interaction regime, there will be a reduction in the drag coefficient ratio for the
lead vehicle up to a spacing of 0.20 vehicle lengths. Further, until zero spacing, it is more or
less constant. Interestingly, at 0.35 vehicle lengths, the drag coefficient ratio of the lead is less
than that of the trail vehicle and continues to be the same until zero spacing. This counter-
intuitive behavior can be attributed to complex aerodynamic interactions [56] [57] that go
beyond the scope of this work. We can figuratively say that the following and trail vehicles
push the air mass towards the lead vehicle’s rear part and, hence, the latter experiences a
sort of tailwind [56] [57].

The middle or second vehicle’s drag coefficient ratio is constituted by two plateau regions
— from 0.1 to 0.2 and from 0.3 to 0.5 vehicle lengths. Due to the combined effects stemming
from both the lead and trail vehicles, the second vehicle benefits the most and has the lowest
drag coefficient ratio [56] [57].

An example. To better understand Fig. 2.3, consider a vehicle having a drag coefficient
of 0.45 (CDO) when traveling in isolation. Now, consider two vehicles of the same height
follow this vehicle at a close distance of 0.2 vehicle lengths, i.e., 1m. As per Fig. 2.3, at such
a distance, the value of CD/CDO is 0.62 for the lead vehicle. This results in its new drag
coefficient to be 0.62 × 0.45= 0.279. When these values for CD are substituted in (2.2.1),
we find a 38% reduction in the magnitude of aerodynamic force during platoon operation
assuming, the velocity is constant in both the cases.

Due to reduced aerodynamic force, the fuel consumption also reduces when traveling in a
platoon. The California PATH program [56] considered two-, three-, and four-vehicle platoons
at different inter-vehicle separations of 0.6 to 1.2 vehicle lengths. Fuel/energy savings were
logged for each configuration. In the two-vehicle platoon case, the average fuel savings at
0.6 vehicle lengths (approximately 3m) was observed to be much greater than the average
savings for the same two-vehicle platoon at a spacing of 1.2 vehicle lengths (approximately
6m). Increasing the number of vehicles in the platoon, increased the overall average fuel
savings with more savings at shorter inter-vehicle separations. Particularly, at separations of
0.6 vehicle lengths, the average fuel savings for two-, three-, and four-vehicle platoons were
5.5%, 7.5%, and 8.5% respectively. The following vehicles, i.e., in between the lead and trail
vehicles, exhibited the most savings of around 10%, where as the trail vehicle, i.e., the last
vehicle in the platoon, around 7%, and the lead vehicle between 3 to 4%. [56].

Based on these aforementioned factors, there are some generalizations that can be made
for platoons with more than 3 vehicles. These are as follows [57]:

• The drag-coefficient ratio for a lead vehicle and for each of the subsequent vehicles up
to the nth is independent of the number of vehicles given that there are at least n+1
vehicles.

• The vehicles in between the lead and trail vehicles of a platoon experience the least
drag coefficients and, thereby, have the most fuel/energy savings.

• Adding vehicles to a platoon reduces the average drag-coefficient ratio for the whole
platoon. However, this asymptotically approaches a value of around 0.5 as per Fig. 2.3,
considering that inter-vehicle separations are reduced to zero, which is not achievable
in practice.

• As the inter-vehicle distances vary, the trail vehicle will experience the least variation
in its drag-coefficient ratio.

In this work, we consider a maximum of 20 vehicles operating in platoons. Note that even
though more than 20 vehicles can be studied and analyzed theoretically, from the perspec-
tive of real-world implementation, too many vehicles cannot be part of a platoon due to
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Figure 2.4.: Forces on a two-axle vehicle during braking [48]

infrastructure issues. Finally, it is important to note that aerodynamic force opposes vehicle
motion, and its magnitude is reduced during platooning. This naturally leads to a brake
system performing more work to bring the vehicle to a complete standstill during brake ma-
neuvers. Hence, braking in a platoon results in a longer stopping distance, when compared
to braking in isolation.

Further, when designing brake maneuvers, the heterogeneous deceleration capabilities of
platoon vehicles have to be considered. If not, inter-vehicle collisions happen. The factors
causing these non-homogeneous deceleration capabilities of vehicles are explained in the next
section.

2.3. Braking dynamics
In this section, we first look at the forces acting on a two-axle vehicle during braking. Then,
the impact of loading conditions on maximum achievable deceleration magnitude is outlined.
Subsequently, we introduce the standard expression of stopping distance. This is followed
by the calculations performed by a brake-by-wire system for achieving a desired deceleration
during emergency braking. Finally, for designing the critical part of such systems, i.e., brake-
by-wire controllers, we model the braking dynamics in a state-space representation. These
controllers are present at each vehicle and ensure safe emergency braking.

2.3.1. Forces during braking
The forces acting on a two-axle vehicle during braking are shown in Fig. 2.4 [48]. The rolling
resistances at the front and rear axles are denoted as Rrf and Rrr respectively in Newtons
(N). Ra is the aerodynamic resistance also in N , as represented by (2.2.1). It is acting at
a height ha in meters (m) from the road surface. The forces in N generated by a vehicle’s
brake system acting at its front and rear axles are denoted as Fbf and Fbr respectively. The
weights acting on the front and rear axles in N are denoted as Wf and Wr respectively. The
draw-bar load or trailer (if any) denoted as Rd is also in N . It is acting at a height hd (in
m) from the road surface [48].

The linear deceleration of a vehicle along the longitudinal axis is denoted as d in m/s2.
Similarly, the acceleration due to gravity also in m/s2 is denoted as g. The vehicle’s center
of gravity is at a height h in m from the road surface. Its distance in m from the centers of
front and rear axles are l1 and l2 respectively. The total wheel base combining both l1 and l2
also in m is denoted as L. Finally, the road on which the vehicle is traveling makes an angle
θ in degrees with the horizontal [48].
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The rolling, aerodynamic, and uphill grade resistances oppose the motion of a vehicle and
aid as additional forces during braking. However, the force generated by a vehicle’s brake
system acting at the tire-road interface is the major decelerating force. Thus, the total
resultant force acting on a decelerating vehicle can be expressed as [48]:

Ftotal = Fb + frW cos(θ) +Ra ±W sin(θ), (2.3.1)

where Ftotal is the resultant total force in N . The brake forces generated by a vehicle’s brake
system acting at the front and rear axles, previously denoted as Fbf and Fbr respectively are
combined into one resultant total force Fb also in N . fr is the coefficient of rolling resistance,
and W is the vehicle’s weight (Wf +Wr) in N [48].

The rolling resistances at the front and rear axles previously denoted as Rrf and Rrr

respectively are a function of the coefficient of rolling resistance fr, vehicle weight W , and
road angle θ. As a result, frW cos(θ) represents the combined rolling resistance. With respect
to the grade resistance W sin(θ), it is important to note that the positive term has to be used
when the vehicle is on an uphill. In a downhill, the negative term has to be used [48].

Assuming, no trailers are being towed, the magnitude of draw-bar load Rd (see again
Fig. 2.4) is 0 and, hence, it does not appear in the equation. Finally, even though there is
transmission resistance, its contribution to overall braking is extremely small and neglected
in (2.3.1).

2.3.2. The impact of vehicle loading conditions

Even though passenger cars belong to the same performance category and are equipped with
similarly performing brake systems (to a great extent), their braking capacities will differ
because of their loading conditions. The loading conditions are a function of number of
occupants in a car, additional loads that are being carried, their distances from a vehicle’s
center of gravity and, hence, the forces they exert on the front and rear axles.

Similar to the weight transfer from the front to rear axle during acceleration, there is also
a weight transfer due to inertia from the rear to the front during braking. That is why
passengers of a car experience being pushed backwards when a car accelerates, and thrown
forwards when a car decelerates. Therefore, the weights acting on the front and rear axles
respectively during braking are expressed as [48]:

Wf =
1

L
[Wl2 + h(Fb + frW )], (2.3.2)

and
Wr =

1

L
[Wl1 − h(Fb + frW )]. (2.3.3)

The maximum brake forces sustained by the front and rear axle wheels are a function of
the coefficient of road adhesion µ, and the weight acting on that axle. These maximum forces
for front and rear axles respectively are expressed as [48]:

Fbfmax = µWf , (2.3.4)

and
Fbrmax = µWr, (2.3.5)

where Wf and Wr are as represented by (2.3.2) and (2.3.3) respectively.
An important aspect of the above two equations is that as long as the brake force supplied

to an axle is less than the product of coefficient of road adhesion µ and the weight on that
axle, the corresponding wheels do not lock. When the brake force equals this product, the
wheels are at the point of locking. If the wheels of both the front and rear axles are at
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Figure 2.5.: Forces and moments acting on a wheel during braking [48]

the point of locking simultaneously, the maximum deceleration magnitude of a vehicle is
achieved. However, when the magnitude of brake force at any axle exceeds this product, the
corresponding wheels get locked. In other words, locked wheels of any axle indicate that the
magnitude of brake force distributed to that axle is more than that it can handle [48].

The reason for wheels locking can be better understood by specifically looking at the forces
and moments acting on a single wheel during braking as shown in Fig. 2.5. Assume that Fb

denotes the brake force at this wheel, developed at the road-tire contact patch when a brake
torque Tb is applied. About the tire center, this brake force has a moment Tt. Its direction
is opposite to that of the applied brake torque Tb. Thus, the tire’s angular deceleration ώ is
caused by the difference between Tt and Tb. It is expressed as [48]:

ώ =
Tt − Tb

Iw
=

Fbr − Tb

Iw
, (2.3.6)

where the mass moment of inertia of the tire about its center is denoted as Iw, and r represents
the radius of the tire. The tire accelerates when the difference between Fbr and Tb is positive.
On the contrary, it decelerates when this difference is negative [48].

Apart from the tire’s angular deceleration, the brake force Fb also causes the linear decel-
eration of the tire center dc and is expressed as [48]:

dc =
Fb
W
g

, (2.3.7)

where W denotes the weight on the wheel. Therefore, a tire gets locked when the magnitude
of brake torque Tb is large and, hence, the angular deceleration ώ is high. Note that a locked
tire implies its angular velocity ω is zero, but not its linear velocity [48].

Hence, brake force distributed to locked wheels at any axle have no effect on braking and
the vehicle slows down only with the help of sliding resistance between the skidding tires and
the road. In order to prevent wheels locking, brake force distribution to the axles must be
in proportion to that of their normal loads. This distribution can in fact be computed as
follows [48]:

Kbf

Kbr
=

Fbfmax

Fbrmax
=

l2 + h(µ+ fr)

l1 − h(µ+ fr)
, (2.3.8)

where the proportions of total brake force on the front and rear axles are represented by Kbf

and Kbr respectively.

An example. Consider a vehicle whose loading conditions on the front and rear axles are
32% and 68% respectively (when at rest). The ratio of the height of center of gravity from
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Figure 2.6.: Impact of rear wheels locking [48]

the ground to the wheel base h
L is 0.18. The ratio of the distance of center of gravity from

the midpoint of rear axle to the wheel base denoted as l2
L is 0.32. Similarly, with respect to

the front axle, l1
L is 0.68. Substituting these values in (2.3.8) and considering the coefficient

of road adhesion µ as 0.85 and the coefficient of rolling resistance as 0.015, the maximum
deceleration magnitude would be achieved only when 47% of the generated brake force is
distributed to the front axle and the remaining 53% to the rear axle [48]. Note that this
brake-force distribution applies only to this particular loading condition. For other loading
conditions, the optimum brake-force distribution has to be computed accordingly.

A vehicle’s brake-force distribution to the axles is a difficult proportion to arrive at as both
the loaded and unloaded conditions have to be considered. Once this distribution is fixed,
based on the loading conditions, a vehicle may or may not achieve its maximum deceleration
magnitude during braking. Further, the wheels may get locked due to the aforementioned
factors [48].

The scenario of wheels locking is extremely dangerous as it leads to catastrophic events.
The locking of rear wheels result in the loss of directional stability. This is because their
capability to resist lateral motion is reduced to zero. Therefore, if side wind or road camber
or centrifugal force initiate a slight lateral movement, a yawing moment about the yaw center
of the front axle will be developed due to the inertial force. Then, the moment arm of the
inertial force increases as the yaw motion progresses further resulting in an increase in yaw
acceleration. Therefore, the rear end of the vehicle swings around 90°, moment arm gradually
decreases, and this eventually leads to the vehicle rotating 180° with the rear end as shown
in Fig. 2.6 [48]. This is particularly more dangerous on icy roads as the available friction is
low and the rate at which a vehicle’s kinetic energy dissipates is very slow [48].

Alternatively, if the front tires lock, a vehicle loses directional control and any steering
inputs from the driver have no effect on the wheels. The vehicle then skids in the direction of
the locked wheels. However, when the front tires lock, a driver can momentarily release the
brakes partially or completely and this would help in regaining vehicle control as the brake
force would be reduced or nullified. The same is not possible when the rear wheels lock and
no amount of expertise can restabilize the vehicle [48].

As a result, incorporating these factors and scenarios, regulations in many European coun-
tries require the front wheels to lock up before the rear wheels [48]. Modern technologies like
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antilock brake system (ABS) [66] [54] can detect and prevent locking of wheels and, thus, are
integrated into brake systems.

Even under optimal distribution of the brake force to the axles, there exists a limit to the
magnitude of maximum achievable deceleration. This is bounded by the coefficient of road
adhesion µ [16]. This is because the interaction between a vehicle and the road happens
through the contact patch of the tires. As a result, the maximum achievable deceleration
magnitude when normalized as g (acceleration due to gravity) will not exceed µ. This implies
that on dry asphalt surfaces where the coefficient of adhesion is 0.85, the maximum achievable
magnitude is 0.85g. However, for snowy surfaces, this value drastically reduces to a magnitude
of 0.2g [48].

In summary, loading conditions and the fixed brake-force distribution affect a vehicle’s
maximum achievable deceleration magnitude. Therefore, when designing emergency brake
maneuvers, the heterogeneous deceleration capabilities of vehicles in the platoon have to be
considered. In this direction, stopping distances of all vehicles from a common cruise velocity
are required. There exists a standard expression that computes this and the same is presented
in the next section.

2.3.3. Stopping distance
In this section, we introduce the standard expression for computing the stopping distance of
a vehicle. The stopping distance S (provided the wheels do not lock) is a function of various
parameters as [48]:

S =
γmW

2gCA
ln

(
1 +

CAVinit
2

ηbµW + frW cos(θ)±W sin(θ)

)
. (2.3.9)

In (2.3.9), W is the vehicle’s weight in Newtons (N), g denotes the acceleration due to gravity
in m/s2, CA is the aerodynamic constant as shown in (2.3.10), Vinit is the initial speed of the
vehicle in m/s, ηb is the braking efficiency as per (2.3.11), µ is the coefficient of road adhesion,
fr is the coefficient of rolling resistance, and θ is the road angle or inclination in degrees
(W sin(θ) takes a positive sign in an uphill and a negative sign in a downhill). The moment
of inertia of the rotating parts involved in braking is denoted as γm and termed equivalent
mass factor. It has a value of 1.03 to 1.05 for passenger cars. This factor indicates that a
brake system has to decelerate a mass slightly more than the vehicle’s mass (due to rotating
parts) [48]. In addition, we have [48]:

CA =
ρ

2
CDAf , (2.3.10)

and

ηb =
(dg )

µ
, (2.3.11)

where ρ, CD, and Af are as per (2.2.1), and d is the achieved deceleration in m/s2 (cannot
exceed a magnitude of 0.85g) [48].

Clearly, the stopping distance will be longer in case of heavy vehicles and lower decelera-
tion magnitudes. Further, the achieved stopping distance by braking at maximum possible
deceleration magnitude would yield different stopping distances on a complete uphill, flat,
and downhill road profiles. This is because the effect of grade force in a downhill cannot be
negated due to actuator saturation and, hence, the deceleration would be of lesser magnitude
than that achieved on flat and uphill road profiles.

On the contrary, in an uphill, the deceleration magnitude would be greater than that
achieved on flat and downhill road profiles. Hence, braking on complete uphill and downhill
road profiles of maximum steepness yield the best and worst stopping distances of a vehicle

16



2.3. Braking dynamics

respectively. Therefore, when designing platoon brake maneuvers, the impact of these road
profile changes on the achievable deceleration magnitudes have to be accounted for as well.

Note that a vehicle’s stopping distance on a flat road computed using (2.3.9) would be
shorter than that achieved in reality. This is because the time taken for brake activation is
not included, i.e., after the brake pedal activation, there is some dead time before the brake
pressure builds and reaches the actuators and this leads to the vehicle traveling a few meters
(depending on its velocity) [48].

Additionally, this standard expression assumes instantaneous deceleration. In reality, after
the dead time elapses and the brake pressure reaches the actuators, a controller regulates
the brake force and gradually tracks a reference deceleration. Even though the vehicle is
decelerating in this phase, the magnitude is not equal to the steady state value leading to
a longer stopping distance. Therefore, due to these factors, we can conclude that the value
computed by (2.3.9), for example, on a flat road (θ= 0) provides a stopping distance that a
vehicle can never achieve in reality.

In our work, we consider braking on a flat road and instantaneous deceleration tracking as
idealized conditions. Then, under these conditions in Chapter 4, we introduce our approaches
for emergency braking. Later in Chapter 5, we consider realistic conditions of braking and
derive an expression that computes a vehicle’s stopping distance incorporating the above
neglected factors.

Once emergency braking is initiated, all vehicles of a platoon are required to brake at
their assigned decelerations. This deceleration can be vehicle-specific or common to all and
is decided as per a chosen braking approach (introduced later). The brake-by-wire system
present at each vehicle perform certain computations and apply the necessary brake force.
In the next section, we outline these performed computations.

2.3.4. Brake-by-wire systems
Conventional brake systems use hydraulics to transport the pressure generated by brake pedal
to brake actuators. They are popular, but suitable only for manual driving. When operating
in platoons, due to short inter-vehicle separations, control systems perform the necessary
maneuvers. This implies that there is a need to command and control the brake actuators.
Thus, brake-by-wire systems are needed rather than traditional brake systems. Apart from
automation and control, the other advantage with these systems is the drastic reduction of
dead time or transport delay of brake pressure.

There are two categories of brake-by-wire systems namely electro-hydraulic brake and
electro-mechanical brake [89]. In the former, the hydraulic pressure is generated by a master
cylinder and transported to brake actuators using hydraulic lines very similar to traditional
brake systems. However, the cylinder is controlled through an electric motor. In the latter,
hydraulics is completely eliminated and the entire system including the brake actuators are
electrically controlled [89].

Irrespective of the category of brake-by-wire system used, the following computations are
performed once emergency braking is initiated. These are necessary to determine the brake
force needed to decelerate a vehicle at an assigned rate. Recall that apart from the force
generated by a brake system, there are additional forces that aid braking. Therefore, all
these forces have to be accounted for in the computations. In this direction, we begin by
using Newton’s second law of motion as below:

Ftotal = m · d, (2.3.12)

where Ftotal represents the resultant force in Newtons (N), m represents the mass in kilograms
(kg), and d represents the desired deceleration in m/s2. Substituting the above in equation
(2.3.1) we get:

Ftotal = Fb + frW cos(θ) +Ra ±W sin(θ) = m · d. (2.3.13)

17



Chapter 2. Principles and fundamentals

The mass of a vehicle can be replaced as below:

Ftotal = Fb + frW cos(θ) +Ra ±W sin(θ) =
W

g
d. (2.3.14)

Thus, the resultant deceleration (normalized by g) can be obtained as [48]:

Fb + frW cos(θ) +Ra ±W sin(θ)

W
=

d

g
. (2.3.15)

Therefore, to achieve a required deceleration, a brake-by-wire system has to account for
factors like road angle, aerodynamic force, grade resistance and, then, exert the required
brake force Fb. Along with this, the weight and brake force distribution on/to the front and
rear axles together with the magnitude of maximum possible brake force need to be known.
Modern vehicles are already equipped with sensors that can measure the same [48] [76] [81].
Additionally, the variation in aerodynamic force can be kept minimal by maintaining the
inter-vehicle separations (almost) constant.

Now that the computations performed by a brake-by-wire system are outlined, next, for
the design of controller in these systems we need a model of the vehicle’s braking dynamics.
This can be obtained from the forces acting on a two-axle vehicle as shown in Fig. 2.4. Thus,
our next section will focus on extracting this model.

2.3.5. A vehicle model in state-space representation

In this section, we model the braking dynamics of a vehicle using state-space representation.
For this, we first consider all the forces acting on a two-axle vehicle as shown in Fig. 2.4.
Then, we gradually refine and simplify our model so that it is suitable for brake-by-wire
controller design.

The aerodynamic, rolling, and grade resistances aid the vehicle during braking. As shown
in (2.3.1), the rolling and grade resistances are a function of vehicle weight W , and road
angle θ. A vehicle’s weight remains constant and, hence, based only on the road grade, the
combined magnitude of these two forces acting on a vehicle varies.

In particular, the variation in the magnitude of rolling resistance as a function of road
angle θ is extremely small. As mentioned before, we consider maximum road grade of 8°.
That is, cos(8°) is 0.99 and, for flat roads with θ= 0, cos(0°) is 1. Thus, during the whole
brake maneuver, regardless of road profile changes a vehicle undergoes, the rolling resistance
remains almost constant. It can be approximated as frWi, where fr is the coefficient of
rolling resistance, the vehicle’s weight is again denoted as W and the subscript i denotes the
vehicle’s position in a platoon of n vehicles (1≤ i≤n).

On the contrary, the grade force Wi sin(θ) can either aid braking (in an uphill) or oppose
it (in a downhill). However, in the case of flat roads, θ= 0 and, hence, sin(0°) is 0. Thus, the
magnitude of grade force is also zero. Therefore, depending on the road profile a vehicle is
currently in, the grade force acting on it can either aid or oppose braking or be nonexistent.
Hence, in our vehicle model, we consider the grade force as a disturbance.

Unlike the rolling and grade resistances, the aerodynamic resistance is dependent on the
vehicle i’s drag coefficient and varies quadratically with its velocity as [48]:

Rai = CAi · Vi
2, (2.3.16)

where Rai represents the aerodynamic resistance in Newtons (N) acting on the vehicle i.
Similarly, the vehicle i’s velocity in m/s is represented as Vi. The vehicle’s aerodynamic
constant CAi is given by [48]:

CAi =
ρ

2
CDiAfi , (2.3.17)
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where ρ, CDi , and Afi are as per (2.2.1).
We intend to use linear control theory for the design of our brake-by-wire controllers. To

this end, we neglect the aerodynamic force as per (2.3.16), i.e., we disregard the only nonlinear
component in our model. This results in the computation of a longer stopping distance with
some degree of pessimism, however, we guarantee safety by the proposed analysis.

Considering all these factors, we model only the force generated by a brake system and the
grade force (as disturbance).1 The input brake force exhibits a linear behavior, i.e., increasing
the brake force increases the magnitude of deceleration (until a maximum limit is reached
at saturation). Further, the achieved deceleration is independent of time. Thus, our model
constitutes a linear time invariant (LTI) system, for which we derive the following state-space
representation:2

ẋi = 0 · xi +
1

γm ·mi
· ui + zi, (2.3.18)

and
yi = 1 · xi, (2.3.19)

where the only state is the vehicle i’s velocity in m/s represented as xi. Similarly, its decel-
eration in m/s2 is denoted as ẋi, and its mass in kilograms (kg) is mi. The controlled input
ui is the brake force in Newtons (N), and the disturbance (grade force) acting on the vehicle
also in N is zi.

Note that (2.3.18) states Newton’s second law, i.e., the deceleration is equal to the (input)
brake force ui divided by the mass times the equivalent mass factor γm. Since the disturbance
zi (i.e., grade force in our case) affects the resultant deceleration, it is also present in the
equation.

Clearly, a brake-by-wire controller requires a vehicle’s resultant deceleration for reference
tracking instead of its velocity. The rate of change of velocity is acceleration/deceleration.
Therefore, by differentiating the output velocity from our state-space model, we can obtain
the vehicle’s deceleration. In reality, it is the contrary, i.e., vehicles are equipped with ac-
celerometers which directly measure a vehicle’s acceleration/deceleration and, then, using
standard algorithms, the velocity would be estimated [26].

Note that a brake-by-wire controller cannot track an assigned deceleration instantaneously.
Therefore, we use this extracted vehicle model, and later in Chapter 5 we introduce perfor-
mance specifications of brake-by-wire controllers, and derive an expression of vehicle stopping
distance on a flat road under controller action. By considering the controller related effects,
we address one of the realistic conditions of braking, i.e., non-instantaneous reference decel-
eration tracking.

Finally, in order to guarantee a collision-free emergency braking, apart from decelerating
at an assigned rate, all vehicles of a platoon are also required to periodically exchange critical
information. This can be achieved through V2V communication. To facilitate this, there is an
ongoing standardization at both regional and international levels. The details are introduced
in the next section.

1The rolling resistance could also have been modeled as a state. However, neither does it have any dynamics,
nor does it depend on the input brake force. Further, from Newton’s second law of motion, its contribution
to overall braking, is always frWi/(Wi/g)= 0.147m/s2 (assuming fr = 0.015 and g = 9.8m/s2). This is
extremely small and, hence, neglected.

2The standard state-space representation of an LTI system is of the form ẋi =Axi +Bui + zi and yi =Cxi +
Dui, where A, B, C, and D are the system, input, output, and feedforward matrices respectively. The
input vector is denoted as ui, xi is the state vector, yi is the output vector, and zi is the disturbance
vector. However, note that we have one-element vectors xi, ui, and zi. As a result, matrices A, B, C,
and D become scalars. Further, to be consistent with the standard representation, we explicitly make the
output yi equal to our only state xi.
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Figure 2.7.: ITS reference model [29]

2.4. Vehicle-to-vehicle communication (V2V)

Modern vehicles are equipped with sensors like radar, lidar, camera, and so on. However,
they have limitations with respect to the area that they can scan. For example, a radar can
scan the area in front of a vehicle and determine the velocity and current distance of only the
vehicle(s) in front. This obtained information is not shared with other neighboring/following
vehicles. If there are actions of undetected traffic that affects the vehicle, for example, an
abrupt brake maneuver, its detection would be very late and may lead to vehicular collisions,
thus impacting traffic safety.

On the contrary, if the actions of undetected traffic are communicated through wireless
messages, the appropriate warnings can be displayed to the driver through ADAS leading to
appropriate actions being performed well in advance. Thus, traffic safety can be ensured.

In this regard, through information and communication technologies, systems are devel-
oped to enable transportation of goods and humans by efficient and safe use of transport
infrastructure and means like cars, planes, ships, trains, and so on. These systems are col-
lectively termed intelligent transport systems (ITS) [33]. They are based on V2V and V2I
communication comprising of vehicle domain and infrastructure domain [45].

The vehicle domain comprises hardware and software present in each vehicle where the
ITS applications would be deployed. The architecture is based on international organization
for standardization’s (ISO) open system interconnection (OSI) reference model and is shown
in Fig. 2.7 [29] [45]. The OSI layers — Datalink and Physical are grouped into Access
layer. Similarly, Transport and Network layers are grouped into Networking and Transport,
whereas Presentation and Session layers in the OSI model are grouped into Facilities layer.
The Applications layer constitutes applications related to road safety and traffic efficiency.
They can communicate with other ITS applications with the support of the other layers. A
dedicated short-range communication technology based on IEEE 802.11p is used. Apart from
these layers, management and security related services, along with decentralized congestion
control (DCC) methods for balancing the network load are also included in the reference
architecture [33]. Therefore, a vehicle equipped with this reference architecture is collectively
termed ITS vehicle station (IVS) [45] [35].

On the other hand, the infrastructure domain comprises mainly of RSUs. They can com-
municate with an IVS by broadcasting critical information. Additionally, their aim is to
provide connectivity from vehicles to back-end services. Typically, the information broadcast
by RSUs would be managed by ITS central stations (ICS) [45].

ITS are standardized at both regional and international levels. For instance, in the USA it
is performed by IEEE 1609 [2], whereas in Europe, it is done by ETSI [3]. As part of V2V and
V2I communication (combined together as V2X), particularly for the exchange of messages
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Figure 2.8.: General V2X message format [45]. Apart from V2X payload, every message
also includes information for network and facility layer. For example, Sender’s
ID, speed, position, direction, timestamp and so on are part of the Network
layer along with addressing details for forwarding of messages. Messages can
be associated to respective applications through CauseCode, whereas different
subsequent messages of the same event are referenced through ActionId [45].

related to traffic safety and efficiency, and service announcements, ETSI has specified four
types of messages namely [45]:

• Cooperative awareness message (CAM): These are periodically sent by all vehi-
cles, RSUs, and even by infrastructure equipments like road signs, traffic lights, barriers,
and so on. These messages support several ITS applications. They comprise status and
attribute information of the ITS station. For example, a vehicle includes the time, its
position, motion state, dimensions, its type, and so on. The receiving ITS station is
then aware of the presence of the transmitting ITS station. Based on the position, if a
vehicle is too close, the receiving ITS station displays a warning to the driver to initiate
appropriate actions [36].

• Decentralized environmental notification message (DENM): These are event
triggered messages and would alert road users of a detected event. For example, road
hazard or certain traffic condition’s type and location are communicated through these
messages. They are shared to all affected vehicles that are located in a geographical
location. The receiving IVSs process and display appropriate messages to the driver.
The DENM can be repeated and persists until the event is present [37].

• Signal phase and timing message (SPAT): These messages are broadcast by RSUs
to indicate the remaining time of green light phase at a road intersection so that traffic
flow is optimized [45].

• Service announcement message (SAM): RSUs can advertise the services they offer
through broadcasting this type of message [45].

The general format of these messages is illustrated in Fig. 2.8 [45]. Apart from SAM, all
the other messages are sent on the allocated three channels in Europe — IEEE channel 176,
178, and 180 — as shown in Fig. 2.9 [29]. These are reserved exclusively for safety related
messages. The differences between USA and Europe standardizations with respect to the
allocation of channels can also be noted.
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Figure 2.9.: Channel allocations in US and Europe [29]. In Europe, channel numbers 176,
178, and 180 are reserved for messages (apart from SAM). Particularly, CAMs
and DENMs are sent over channel number 180.

Over the allocated control channel (CCH) in Europe, the two prominent message categories
sent are the periodic status update CAM and the event triggered DENM. These play a critical
part in the operation of platoons as well. Particularly, CAMs can be used for vehicle control,
both during the cruise and brake scenarios, whereas DENMs can be used to initiate brake
maneuvers [13] [14].

The medium access control (MAC) algorithm deployed in IEEE 802.11p is termed enhanced
distributed coordination access (EDCA). As per this, every node in the ITS first checks if the
channel is free during a short time period — arbitration interframe space (AIFS) (there are
different values of AIFS for different priority of messages as shown in Table 2.1). If the
channel is free, then the node transmits. Otherwise, it chooses a random back-off integer
value from the contention window (CW) range [0, CWmin] for that message priority. Then,
only when the channel is sensed free during certain time periods referred to as slot time (13µs
for a 10MHz channel), this value is decremented. Once the value reaches zero, the node
transmits without any further delay. If there are other transmissions simultaneously, packet
losses and distortions happen. As no acknowledgments are present, the transmitting node is
unaware about the same [38]. For these reasons, ETSI recommends a channel utilization of
only 25% or less [34].

The recommended update frequency of CAM and DENM along with the random nature
of the 802.11p MAC protocol does not provide the necessary delay bounds for time-critical
traffic, for example, inter-vehicle communication in platoons [49] [71] [13]. Hence, one way to
shorten the delay is to reduce the update frequency of CAMs as part of the DCC algorithm
[34], but this affects a platoon’s safety. Therefore, works done in [12] [80] [58] [50] and [14]
have proposed protocols that either use the available bandwidth at the control channel, or
use the other available channels (apart from CCH). Hence, in the former approaches, the
protocol has to work on top of IEEE 802.11p, whereas in the latter, a separate transceiver

Table 2.1.: Access category (AC) priorities [38]
AC Priority CWmin CWmax AIFS (µs)

1 3 7 58

2 7 15 71

3 15 1023 110

4 15 1023 149
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is required to listen to other channels. However, this extra cost is justified by the resulting
fuel/energy savings from platooning [14].

With respect to the update frequency of messages, truck manufacturers propose a faster
update frequency of 50Hz for CAMs [10], i.e., one CAM every 20ms, as opposed to the
standard’s recommendation of 10Hz (100ms) [36]. Hence, in this work, we follow the truck
manufacturers recommendation for both CAMs and DENMs and deviate from the standard.
We also assume that a suitable protocol exists that provides the necessary communication de-
lay bounds, especially, for platoons operating at speeds of around 100km/h and at separations
below 5m. Our intra-platoon communication strategy with these modifications is introduced
in detail in Chapter 4.

Thus, V2V communication constitutes the backbone of platoon operation. It is also re-
quired in making any new vehicle to join an existing platoon, as well as an existing vehicle
to leave a platoon. As mentioned before, vehicles operating in a platoon should know their
maximum achievable deceleration magnitude and, hence, the resulting stopping distance.
Therefore, any new vehicle joining has to communicate this information to a platoon leader.
Then, the platoon lead, based on braking capacities and stopping distances of existing and
new vehicles, computes decelerations to be achieved by all vehicles (as per a braking approach)
during emergency situations. Then, the same is communicated to all vehicles. Further, once
the new vehicle is induced into the platoon, it has to broadcast critical information periodi-
cally both during cruise and brake scenarios.3

2.5. Summary
From the principles and fundamentals introduced in this chapter, we can conclude that coop-
erative driving or platoons are interesting because they result in fuel/energy savings. More
the number of vehicles and shorter the separations, the greater the achieved savings. These
savings are optimum when the platoon lead also experiences benefits. This can only happen
when the inter-vehicle separations are in the range of 1 to 4m. Hence, for operating at such
distances, the constant spacing policy is preferred over the constant time headway policy.

However, operating at separations below 5m makes emergency brake maneuvers extremely
dangerous. This is mainly due to different vehicle types and their heterogeneous loading con-
ditions resulting in nonhomogeneous maximum achievable deceleration magnitudes. There-
fore, this nonhomogeneity should be considered when braking a platoon to complete standstill
in the shortest possible distance. Further, the variations in road profiles during braking have
to be accounted for as well. If neglected, certain vehicles cannot track their assigned reference
decelerations, for example, due to braking in or after entering a steep downhill, potentially
leading to vehicular collisions. Thus, to ensure a safe and collision-free emergency braking,
coordination among vehicles is required. This can be accomplished through the exchange of
wireless messages based on IEEE 802.11p.

3An example algorithm for inducing a new vehicle into a platoon can be found in the appendix.
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Chapter 3.

Related work

In this chapter, we review the research done so far with respect to platooning. First, we begin
with existing platooning projects and, then, we look at works addressing platoon coordination
and formation. Next, works related to the cruise scenario, i.e., longitudinal and lateral control
of vehicles, are discussed. Finally, we consider the brake scenario and review existing works.
We conclude by identifying a gap in research and explain how our work bridges the same.

3.1. Overview of platooning systems

There are many variations of platooning based on goals, implementation, types of vehicles
participating, infrastructural requirements, level of automation of longitudinal and lateral
control, and so on. Based on these parameters the following platooning projects exist [23]:

PATH: The University of California along with the United States Department of Trans-
portation worked in a joint-venture project named PATH [56] [57]. The initial goal of PATH
was to increase the capacity of highways and, thereby, decrease traffic congestion, fuel con-
sumption, pollution, and accidents. The study showed that the capacity of passenger-car
lanes on highways can be safely increased by a factor of two to three, if vehicles operate in
platoons of up to 10 vehicles [23] [56] [57].

PATH demonstrated a platoon operation of 8 vehicles as early as 1997. The longitudinal
control was accomplished through radar, while the lateral control through magnetometer
sensors. Magnetic markers embedded in the center of the lane at every 1.2m of the test track
assisted the vehicles in keeping the lane. To facilitate coordination among vehicles, a radio
communication system was used [64]. Later in 1999, suitable changes were made to these
vehicles in order to measure their fuel consumption during platooning [56] [57].

Experiments were performed with platoons of 2 -, 3 -, and 4 -vehicles. For these config-
urations, fuel savings were logged at different inter-vehicle separations of 3 -, 4 -, 5 -, and
6 -meters. It was found that the average fuel savings increases with an increase in the num-
ber of vehicles and more savings are achieved at shorter separations. Overall, based on various
factors, an individual vehicle’s fuel savings were observed to be in the 0−10% range [56] [57].

More recently, the focus in PATH has shifted to platoons of heavy-duty trucks like tractor-
trailer combinations. Similar to passenger-car platoons, the inter-vehicle separations consid-
ered are 3 - and 4 -meters [23].

CHAUFFEUR I & II: While PATH initially concentrated on passenger vehicles, the Eu-
ropean Project CHAUFFEUR I [43] considered two heavy-duty trucks for automated vehicle
following. This application termed electronic tow bar involved a manually driven lead truck.
The following truck’s control was automated by obtaining critical information from the lead
vehicle through a bidirectional V2V communication system over a 2.4GHz microwave chan-
nel [43].

In addition to the wireless communication, particularly, for the following vehicle’s longi-
tudinal control, its relative position was obtained through an image processing system. A
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special pattern of infrared lights at the back of the lead vehicle aids this system to determine
the current distance [43].

With respect to lateral control, unlike PATH, no changes to the road infrastructure were
performed. The tests were carried out at inter-vehicle separation of 6m [43]. As part of
CHAUFFEUR II [20], the aim was to extend the electronic tow bar application to follow any
truck. Also, a demonstration of a three-truck platoon was performed. Suitable changes to
vehicle control architectures from CHAUFFEUR I were performed. In particular, the oper-
ating frequency for V2V communication was shifted from the initial 2.4GHz to 5.8GHz [20].

SARTRE: It is a more recent FP7 project, whose aim is to develop solutions that enable
vehicles to join and drive in platoons on public motorways without making changes to the
existing road infrastructure. In SARTRE, the lead vehicle is a manually driven truck, whereas
the following vehicles can either be trucks or passenger cars. These vehicles are automatically
maneuvered by longitudinal and lateral control systems [23].

To enable coordination among vehicles and, thereby, implement platoons in a safe manner,
V2V communication along with local sensors in each vehicle are used. The V2V communica-
tion is based on ITS-G5. The lead vehicle’s local signals like speed, acceleration/deceleration,
etc., sampled through its sensors are shared among the following vehicles, which are then used
as inputs to the control algorithms. Therefore, the control of the following vehicles’ is done
by their respective local systems, sensors, and actuators based on information from the lead
vehicle [23].

The main goal of control systems in the following vehicles is to ensure that the preset
distance to the immediate lead vehicle is maintained such that no external vehicles can
interfere with the platoon. Further, the path and trajectory of the lead vehicle are also
tracked. In case of emergency scenarios like evasive braking or loss of wireless communication,
these systems can take over vehicle control completely and maneuver them independently [23].

SARTRE demonstrated the operation of a 5-vehicle platoon on public roads near Barcelona,
Spain in May 2012 [23]. A prototype of the V2V communication system demonstrated that
the rear placement of antenna enables a better reach of the lead vehicle’s information to all
following vehicles, especially, for distances over 70m [22].

Grand cooperative driving challenge (GCDC): The rise of cost-effective and reliable
communication systems have driven the development of cooperative driving systems. As part
of 2011 GCDC competition, multi-vendor vehicles of both passenger and heavy-duty truck
types participated in cooperative driving. Both urban and highway scenarios were dealt in
this competition. Using information about surrounding environment, each vehicle performs
its longitudinal control such that the distance to its immediate lead vehicle is maintained [23].

Based on V2V and V2I communication along with sensor fusion technologies and control,
GCDC’s main goal was to fast track the development and demonstration of platooning or
cooperative driving systems. The participating teams used different sensor technologies and
the inter-vehicle communication was based on IEEE 802.11p and communication access of
land mobiles (ISO CALM) fast protocol [23]. The latter is concerned with IPv6 networking
between ITS stations communicating over the global internet [7].

SCANIA-platooning: Even heavy-duty vehicle manufacturers like SCANIA have shown
interest in platooning. Their main intention is to reduce fuel consumption and, hence, fleet
management costs. One of their projects termed Distributed Control of a Heavy Duty Vehicle
Platoon, partly funded by the Swedish government is in collaboration with KTH Sweden.
Its other project termed iQFleet also funded by the Swedish government is a collaboration
between VTI (Swedish National Road and Transport Research Institute), Trafikverket (The
Swedish Transport Administration) and KTH Sweden [23].
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While the former project aims at efficient control of a single truck with emphasis on safety,
in the latter, platooning is one of the topics researched. As a result, the focus is primarily
on platoon control with respect to road infrastructure, topology, and other road users. The
emphasis is particularly on the development of strategies and architectures to support and
route platoons in an optimal way [23].

Road tests were performed by transporting goods between two manufacturing plants in
different Swedish cities. During the first phase, professional truck drivers used ACC for pla-
tooning. Since the measurements were radar based, time headway of 2 to 3s were used. In
the second phase, V2V communication was used to enable shorter separations. These sepa-
rations would be further reduced in the later phases until truck drivers are comfortable with
the distances [23].

KONVOI: The inter-vehicle distances maintained during truck platooning have to be com-
fortable for the drivers and this indeed is one of the most significant factors in acceptance
of platooning systems. One project that addresses such criteria is the German national
project KONVOI started in 2005. Apart from driver acceptance, this project also studies
the economic and legal implementation of platoons along with its impact on traffic flow and
environment. In 2009, the project demonstrated the safe operation of four heavy trucks in
real traffic with inter-vehicle separations of 10m. Apart from V2V and V2I communication,
sensors like mono-camera, radar, and lidar were employed in the trucks. The lead truck was
manually driven by a professional driver with support from ACC and lane departure warning
(LDW) systems [4].

Energy ITS: Apart from research in the European and North-American continents, a signif-
icant project in the Asian continent is Energy ITS started in 2008 by the Japanese ministry
of economy, trade and industry. Its aims are fuel/energy savings and prevention of global
warming through the use of ITS technologies. The project also aims at mitigating the lack of
skilled drivers. With respect to tests conducted, three automated trucks operated at speeds of
around 80km/h with inter-vehicle distances of 10m. The reduction in energy consumption was
observed to be about 15%. Lateral control was achieved by lane marker detection through
computer vision, whereas longitudinal control was accomplished through V2V communication
in conjunction with radar and lidar [23].

3.2. Vehicle coordination for platoon formation

Even though vehicles of both passenger and heavy-duty types are considered for platooning,
more research has been done in the context of heavy-duty vehicles [86] [9] [51] [18] [59] [39] [65].
The reason for this is the significant fuel/energy savings and the associated cost benefits for
truck operators. Therefore, there is a need to coordinate the movement of trucks such that
they form platoons when traveling along their planned route to destination. In this section,
we review works that address coordination of trucks for platoon formation.

The problem of truck coordination is mainly characterized by the absence of a central
database to locate heavy-duty vehicles’ current position and their final destination. Addi-
tionally, a global coordinator for recommending routes for platooning opportunities is also
missing. Even if such a system with all the information is available, the fuel-optimal routing
problem becomes NP-hard in nature even for small road networks [46].

Hence, a distributed platoon coordination framework was proposed in [46]. Virtual con-
trollers placed at major road intersections are part of this distributed network. These con-
trollers adjust slightly the speeds of approaching heavy-duty vehicles and, thus, help in coor-
dinating platoon formation. It is important to note that only when the resulting fuel/energy
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savings from platooning are greater than the cost of adjusting speeds, these controllers pro-
pose a velocity adjustment to the approaching heavy-duty trucks [46].

Apart from this distributed network, a system that centrally coordinates the formation of
truck platoons was proposed in [79]. Through V2I communication, trucks connect to this
system and, in turn, the system helps to dynamically form platoons by computing/providing
routes and speed profiles. For this computation, constraints like speed limits, destination,
arrival deadline, and driver rest periods are considered [79].

Even though works based on distributed and central architectures have been proposed, as
of now, a commercial platooning system is still absent [52]. This leads to a very low number
of trucks participating in spontaneous platooning. The truck drivers usually rely on in-vehicle
systems like ACC or drive manually behind each other. The inter-vehicle distances in such
cases are usually large and, hence, the achieved fuel/energy savings are also less. This in
fact, was shown by the work done in [52] where a digital road network and vehicle probe
data were analyzed. To increase truck coordination possibilities, [52] proposes three schemes
namely catch up, departure, and transport [52].

In the catch up mechanism, the follower vehicle drives faster, usually around 15km/h and
catches up with a lead vehicle and continues before splitting up at its destination. In the
departure mechanism, a truck’s departure time is adjusted such that a platoon can be formed.
Finally, in the transport mechanism, roads segments were considered over a time period, and
platooning possibilities through possible transport rescheduling were analyzed [52].

In comparison to spontaneous platooning, coordination of truck movement yields more
fuel/energy savings. This was shown in [78]. Hence, the problem of coordination of a large
number of trucks was studied. Based on a first-order fuel model, pairwise fuel-optimal plans
are initially derived for two vehicles. Then, these pairwise plans for all trucks are input to a
clustering algorithm that determines the coordination leaders for different clusters [78].

More recently, the EU project COMPANION [72] aims at a system development for the
creation, coordination, and operation of platoons. Further, the end user acceptance, legal,
as well as standardization issues are also addressed. The inputs into this system are logistics
data, and environmental factors like traffic data and weather information. The truck drivers
would be assisted in joining and leaving a platoon through on-board and off-board systems
[72].

In this work, our emphasis is on the design of emergency brake maneuvers. Hence, we
consider that vehicles have already coordinated their movement and are operating in platoons.

3.3. The platoon cruise scenario

Once a platoon is formed, there are two critical scenarios to be considered during operation
namely cruise and brake. In this section, we review works that address the cruise scenario,
where each vehicle has to maintain a preset distance (as per a spacing policy) and an ap-
propriate alignment to its immediate lead vehicle and travel at a constant velocity. The
longitudinal and lateral control systems present at each vehicle are responsible for meeting
these objectives.

Any vehicle can easily maintain the necessary distance to its immediate lead, if the lead
vehicle is operating at a constant velocity. However, if the immediate or platoon lead is
accelerating or decelerating, there would be variations in the inter-vehicle separations. An
important property that describes the propagation of these separation errors along the platoon
is termed string stability [67] [68].

According to this, inter-vehicle separation errors between any two vehicles should not
amplify as they propagate along the upstream of vehicles [67] [68]. For example, if there
are variations in inter-vehicle separation of 3rd and 4th vehicle, it should not amplify into
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large inter-vehicle separation errors between 6th and 7th vehicle, and further until the end of
platoon.

Failing to achieve string stability will result in large inter-vehicle separations and, thus,
inter-vehicle collisions [63]. Therefore, controllers have to suppress the magnitude of separa-
tion errors as they propagate. In this direction, they can either rely on in-vehicle sensors like
radar or utilize V2V communication to obtain the necessary information [63].

As mentioned before, if only in-vehicle sensors are used, string stability can be guaranteed
only through the constant time headway policy [67]. On the other hand, if V2V communi-
cation is used, both constant spacing and constant time headway policies can achieve string
stability [63].

The central focus of all works related to the cruise scenario is to achieve string stability. In
this regard, classical control design techniques from the literature have been proposed [86], [9],
and [51]. Apart from standard techniques, formal methods and symbolic models [15] are also
used. A decentralized symbolic control with application to heavy-duty vehicle platooning
was proposed in [15]. The individual vehicle dynamics can be abstractly described using
symbolic models. Each symbol in a symbolic model denotes an aggregation of continuous
states. This formal design technique is helpful in addressing system specifications provided
through temporal logic or automata, which are hard to implement using classical control
design techniques [15].

Regardless of the control design technique chosen, the contents of information exchanged
through wireless communication plays a significant role in achieving string stability. In this
direction, the work done in [44] studies the stability and robustness of platoons with large
number of vehicles to external disturbances. Specifically, two decentralized control architec-
tures, namely, predecessor following and symmetric bidirectional, were compared. Further,
both classes of linear and nonlinear vehicle controllers were considered [44].

In predecessor following architectures, every vehicle’s control action would be dependent
only on the information from its immediate lead vehicle, whereas in symmetric bidirectional
architectures, it depends on the information from both its immediate lead and trail vehicles.
The information from both vehicles are weighed equally. The design guidelines from this study
state that symmetric bidirectional architectures have a much better robustness to external
velocity disturbances in comparison to predecessor following architectures. However, if there
are cost constraints due to the need of additional sensors to process information from both
front and rear vehicles, the study recommends predecessor following architectures. Further,
with these architectures, it is better to choose nonlinear control design techniques over linear
ones for vehicle maneuvers [44].

Once a controller is developed, string stability can be achieved with the help of critical
information exchanged over the control channel in the 5.9GHz band. Since non-platooning
applications also use the same allocated control channel, there is no guarantee that the
periodically exchanged critical information would reach all vehicles successfully. Packet losses
and distortions therefore impact safe cruise operation. Hence, control design should also
incorporate such limitations.

Specifically, to address congestion and reduce the network load, work done in [75] proposes
a nonlinear event-triggered controller. As per this, every vehicle’s controller decides when to
transmit its state information based on a trigger rule as opposed to time-triggered commu-
nication. Thus, this controller fares better in comparison to its time-triggered counterpart,
which transmits periodically irrespective of a change in the vehicle’s state [75].

Even in cases of lightly loaded networks and successful transmissions, vehicles towards
the end of the platoon might be outside the reach of the lead vehicle. Hence, packet re-
transmissions need to be performed by intermediate vehicles. This implies latencies and
communication delays and, thus, impacts string stability. These effects were studied in [88].
The mentioned work found that a platoon is string stable only when all its individual ve-
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hicle controllers perform their actions simultaneously. This implies that all vehicles should
experience the same delay in both the immediate and platoon lead vehicles’ information.
Particularly, the delay with respect to the immediate lead must be small [88].

Apart from longitudinal control, string stability is also considered from the perspective of
lateral control. If this is not ensured, the vehicle may enter adjacent lane or drive off the
roadway [77]. This may lead to accidents or severe injuries to passengers, and other road
users. Few works address this aspect because the turns on highways are not as significant as
in urban scenarios. This leads to steering inputs of lesser magnitude. The works done in [77]
and [39] with respect to lateral string stability are the most prominent.

Lateral string stability was achieved in [77] using only onboard sensors like camera or
radar, and relying on V2V communication to obtain the needed information from the vehicle
in front. The lateral control of a single heavy-duty vehicle was performed in [39] using the
approach of model predictive control (MPC). Preview information like curvature of the road
was used for vehicle maneuvers [77].

Recall that the core objectives of platoon cruise scenario — velocity and distance control,
and string stability — closely match that of advanced driver assistance systems like ACC.
Therefore, to accomplish these objectives it is not always necessary that completely new
architectures be developed. Hence, there are also works that rely on extending ACC with
V2V communication so that it is feasible for platoon cruise operation. The advantages of
doing the same were shown in [21] and [70]. These systems are termed cooperative ACC
(CACC).

Since the only architectural changes are addition of wireless communication, there are works
that have already implemented and tested the same. The notable ones are [41], [47], and [84].
An important result from these works is that the time headway value can be reduced to below
1s, resulting in increased vehicle throughput, and more fuel/energy savings in comparison to
using only ACC [41] [47] [84].

Even though all existing works in the cruise scenario focus on ensuring string stability, it
is important to note that this property has no relevance during braking. In other words,
ensuring string stability does not guarantee safe and collision-free brake maneuvers [8] [9].
Especially during emergency, the velocity of vehicles are drastically reduced and, additionally,
the maximum possible brake forces are applied by all vehicle controllers in order to minimize
the stopping distance of the platoon. This implies controllers incur saturation as there is a
limit to the brake force that can be generated and the corresponding deceleration that can be
achieved. Further, heterogeneous deceleration capabilities of vehicles have to be considered.
Therefore, there is a need to address and design emergency brake maneuvers separately,
independent of the cruise scenario.

Since string stability has no relevance during braking, we do not consider the same in this
work. Our only assumption with respect to the cruise scenario is that all vehicles are cruising
at a common velocity before emergency braking is initiated.

3.4. The platoon brake scenario

In this section, we review works that address the platoon brake scenario. In comparison to
cruise, they are less in number. Towards the end of this section, we identify a gap in existing
research and explain how our work bridges the same.

The work on platoon brake scenario began as early as 2001, where the benefits of vehicle
coordination were studied in [87]. The aim was to reduce the probability of inter-vehicular col-
lisions, their expected number, and the relative velocities at impact. Constant spacing policy
was used and the inter-vehicle separations were in the range of 1 to 4m. The study concluded
that, through coordination among vehicles, the above mentioned parameters’ values can be
significantly reduced in comparison to the uncoordinated case [87].
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Another work that supports the need for coordination among vehicles during braking is
[25]. The safety of platoons was evaluated with a stochastic model. The computation of
average number of collisions that occur in a platoon along with the probability of different
methods of collision occurrence were computed by the model. The study proposes a fast
dissemination of warning messages through the use of V2V communication, especially, during
emergency. Further, even if warning messages reach all the concerned vehicles, the variation
in drivers’ reaction time may still cause vehicular collisions. Thus, the study concludes
that cooperative/chain collision avoidance (CCA) techniques can eliminate the same and the
braking of all vehicles has to be initiated simultaneously [25].

Coordination among vehicles can be achieved through cooperative autonomous control
(CAC). The work done in [90] proposes a braking control protocol based on CAC. As per
this, information from neighboring vehicles obtained through V2V communication is utilized
and all vehicles decelerate to a target stopping position without collisions [90].

The work done in [74] demonstrated that coordination achieved through synchronized
braking can avoid rear-end collisions even when short inter-vehicle separations of 8m are
used in a platoon. As per [74], once an hazard is detected, the lead vehicle does not brake
immediately, rather it repeatedly broadcasts DENMs and after a preset waiting time, it brakes
together with all the following vehicles at a high deceleration rate1 of 12m/s2. Considering
interference from network traffic generated by non-platooning vehicles the study recommends
a minimum waiting time of 100ms after a hazard is detected so that the DENMs reach all
the vehicles [74].

Since the platoon lead is not decelerating during the waiting time, the stopping distance is
longer. To minimize this, as per [73], the platoon lead broadcasts a DENM and decelerates at
a low magnitude of 2m/s2. All the following vehicles with the exception of the trail decelerate
at the same magnitude upon receiving the DENM. However, the trail decelerates at a higher
rate of 8m/s2 upon DENM reception and broadcasts its acknowledgment. Upon receiving
this acknowledgment, its immediately leading vehicle switches from the deceleration of 2m/s2
to 8m/s2 and in turn broadcasts its acknowledgment and so on. Thus, this process continues
and all vehicles towards the lead sequentially switch from the lower to higher deceleration
magnitude upon reception of acknowledgment from their respective immediately following
vehicles [73].

Apart from vehicle coordination, the inter-vehicle distances during platooning also impact
the safety of brake maneuvers. Hence, optimal control and game theory were used in [18]
to determine the minimum possible safe separation in a heavy-duty vehicle platoon. This
separation is a function of several factors like vehicles’ relative velocities, their braking capa-
bilities, and their positions in a platoon. A two-truck platoon was simulated to be operating
both in cruise and brake scenarios. Additionally, both homogeneous and heterogeneous ve-
hicle masses were considered. The study showed that when operating at cruise speeds of
around 25m/s (90km/h), an inter-vehicle separation greater than or equal to 2m is safe. Fur-
ther, if such short separations are used, it is preferred to have the better braking vehicle as
the trail [18].

Similar to cruise scenario, V2V communication is also critical during brake maneuvers.
The brake actions of a platoon lead are broadcast and, hence, the associated communication
delay may affect safety. Thus, there exists a limit on the maximum possible delay. The
same was studied in [19]. As per this study, the maximum tolerable communication delay
between two similarly braking vehicles is given by their inter-vehicle separation divided by
their velocity (before braking) [19].

1Recall that the maximum achievable deceleration is limited by the coefficient or road adhesion. On dry
asphalt surfaces this is around 0.85g (8.33m/s2) [48]. As a result, decelerations greater than this magnitude
are not achievable in practice.
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Another work that considers communication latency is [55]. Additionally, this work also
considers the dependence of platoon safety on the contents of wireless message, their structure,
and reliability. For safe platoon braking, the study outlines the necessity of including brake
command from the lead in the wireless message, rather than just relying on speed and distance
information from radar and information from neighboring vehicles [55].

An important factor that affects communication delay is wireless network performance.
The platoon control from the perspective of control and network performance together was
considered in [40]. The worst-case upper bounds on inter-vehicle distances subject to network
performance metrics like packet losses were derived. The results recommend short inter-
vehicle spacings of less than 3m for 8-vehicle platoon, if the network is reliable. However, in
case of a non-reliable network, either a limit has to be imposed on the number of vehicles
or the maximum jerk, i.e., rate of change of deceleration, of vehicles has to be restricted to
4m/s2 [40].

Finally, even the impact of control system failures and the effects of drivers’ reaction times
on manual braking were studied in [65]. A two-truck platoon was considered and the study
concluded that the following vehicle had to brake at a higher deceleration magnitude than
the lead to avoid collisions in scenarios of control system failures [65].

Even though all the aforementioned works consider the aspects of safe brake maneuvers
in terms of vehicle coordination, inter-vehicle separation, and communication delays, it is
easy to note that there are no works specifically addressing emergency brake maneuvers
with heterogeneous deceleration capabilities of vehicles. The reason could be that tests are
performed in controlled environments with homogeneous vehicles and, since there are no
external traffic, these situations may not arise.

However, in the direction towards implementing platoons in real traffic, and further to-
wards autonomous driving, external (non-platooning) traffic does coexist with such vehicle
arrangements. Then, emergency brake maneuvers will be more common due to traffic jams,
accidents, construction work/obstacles on a highway, human errors (in non-automated vehi-
cles), and so on. Therefore, there is a need to design safe emergency brake maneuvers.

As explained before, the loading conditions of a vehicle affect its maximum achievable de-
celeration. Depending on the types of vehicles participating in a platoon, their individual
braking capacities will be nonhomogeneous and differ drastically. For example, a small pas-
senger car may brake better in comparison to a heavily loaded utility vehicle. This implies
that the former can come to a complete standstill in a much shorter distance than the latter.
Hence, these factors have to be accounted for when designing such maneuvers.

In addition, road profile transitions the vehicles undergo during braking impact their max-
imum achievable deceleration magnitude, i.e., a vehicle already applying its maximum brake
force will have its deceleration magnitude reduced if it enters a downhill. Road conditions like
wet/snow/glaze/oil also impact the achieved deceleration as the vehicles’ tires cannot grip
the surface. In such situations, coordination among vehicles becomes extremely important
to prevent collisions and guarantee a safe brake maneuver.

Thus, there is a need of an emergency brake maneuver/scheme/approach that takes into
account all these aforementioned factors, achieves coordination among vehicles, and accom-
plishes a safe and collision-free braking while simultaneously minimizing the stopping distance
of the platoon. Thus, we bridge this existing gap in the current research through this work.
We propose a cyber-physical design named Space Buffer and demonstrate its benefits, espe-
cially, its feasibility. Our approach can also be easily extended to the much less stringent
case of non-emergency braking in platoons.
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Braking under idealized conditions

In this chapter, initially, we introduce our inter-vehicle communication strategy common to
all the presented approaches. Then, we look into the two intuitive approaches for emergency
braking. Subsequently, based on these approaches, we introduce the Subplatoon approach.
Finally, our Space-Buffer approach is detailed. All these approaches are based on the stopping
distances of vehicles computed as per Section 2.3.3. For this computation, we assume that
emergency braking happens on a flat road, and all vehicles achieve their required deceleration
instantaneously. These two assumptions constitute our idealized conditions. Since in reality,
this would never be the case, the brake-by-wire controller introduced in the next chapter
accounts for realistic conditions and changing road profiles.

4.1. Intra-platoon communication

Our intra-platoon communication strategy is common to all the emergency braking ap-
proaches presented further and comprises three types of wireless messages namely live signal,
brake command, and distress message as shown in Fig. 4.1. These are sent over the frequency
band allocated in Europe by the ETSI [35]. Note that the focus of this section is not on
the structure or format of these messages, rather on their contents that are disseminated for
achieving vehicle coordination as explained below.

The live signal can be mapped to a CAM [36] based on IEEE 802.11p standard. However,
we deviate from the standard’s recommendation of a 100ms transmission period [36] and
choose a period of 20ms (to account for speeds of around 100km/h). Our choice is based on
the observations by truck manufacturers as mentioned in [62].

Live signals are broadcast both during brake and cruise scenarios from every vehicle i,
where i is an index representing a vehicle’s position in platoon, i.e., 1≤ i<n, and n is the
last vehicle (which does not need to send a live signal). Note that even though the live signals
from a vehicle are received by all its surrounding vehicles, they are processed only by the
immediately following vehicle. To this end, a live signal must include the index of the vehicle
from which it proceeds and every vehicle must know its immediately leading vehicle in the
platoon.

SG B

V

live signal

SG B

Figure 4.1.: Intra-platoon communication: live signal, brake command, and distress message
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For the sake of braking, in addition, a vehicle i’s live signal must include its deceleration
di, its velocity Vi, its position Pi in m (relative to the lead vehicle’s position), and the time
ti at which di, Vi, and Pi were measured. These information can be easily obtained by
a vehicle’s local sensors. For example, a combination of global positioning system (GPS)
and inertial measurement unit (IMU) can be used for high-accuracy absolute positioning
(i.e., coordinates) out of which a relative position can be derived or radar/lidar sensors can
be used (may be, also together with an IMU) for relative positioning. Further details are,
however, out of the scope of this work.

With respect to the Space-Buffer approach, the inter-vehicle separations are comprised of
two parts namely safeguard (SG) and space buffer (B) as shown in Fig. 4.1. As presented
later, only the space buffer is utilized during emergency braking. Therefore, apart from the
aforementioned deceleration, velocity, position, and its index, a vehicle i also appends the
minimum remaining space buffer (up to its position in the platoon) to its live signal. To
explain how this works, let Bi denote the remaining space buffer between vehicles i− 1 and
i, i.e., how much of the original B remains at the point in time of sending the live signal:

Bi = Pi −
[
Pi−1 +

(
Vi−1(ti − ti−1)−

1

2
|di−1|(ti − ti−1)

2

)]
− SG, (4.1.1)

where ti is the time at which Pi was measured, ti−1 is the time at which di−1, Vi−1, and
Pi−1 were measured for 1≤ i<n, and SG is the aforementioned safeguard between any two
vehicles. Clearly, (4.1.1) is valid as long as the deceleration di−1 remains constant in (ti−1, ti).
This can only happen when the vehicle is either decelerating at a constant assigned rate or
it is saturated at a lower magnitude, for example, by decelerating in a steep downhill (which
is a realistic condition). For this reason, vehicle i− 1 has to send an asynchronous live signal
(i.e., independent of the 20ms period) to i after its brake-by-wire controller settles at the
desired deceleration or saturates at a lower magnitude.1

Once Bi is computed, vehicle i determines the minimum remaining space buffer given by:

Bi = min (Bi−1, Bi) (4.1.2)

that is, the minimum between the minimum remaining space buffer as per its immediately
leading vehicle i−1 (sent within vehicle i−1’s live signal) and its own remaining space buffer
as per (4.1.1) is chosen and included in its live signal.

Apart from disseminating the crucial information mentioned above, live signals help in
detecting packet losses as well and, thereby, implementing fail-safe mechanisms. If a given
number of live signal updates are lost in a row, the affected vehicle dissolves the platoon by
assuming the worst case. That is, the affected vehicle assumes that its leading vehicles are
already braking and performs a (decentralized) emergency brake maneuver by broadcasting a
brake command (explained next). As a consequence, all its following vehicles begin to brake
and the platoon dissolves completely. However, this is supposed to be an extreme exception
when, for example, communication is lost completely.

Meanwhile, the brake command can be sent over a DENM [37] and is typically broadcast
by the platoon lead (with the exception described above) to initiate an emergency brake
maneuver. For safety reasons, a brake command has to be replicated over the live signal until
complete standstill.

Once a brake command is broadcast by the platoon lead, all the following vehicles including
the lead will begin braking simultaneously 20ms later. This is done in accordance with our
Space-Buffer approach. Note that our approach can also be easily extended to the case of
non-simultaneous braking, where the lead begins braking immediately. However, this 20ms

1In reality, deceleration tracking by brake-by-wire controllers is not instantaneous, rather it tracks the as-
signed deceleration with a delay. Further details about the brake-by-wire controllers as well as the reason
for their saturation in certain road profiles are presented in Chapter 5.
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Figure 4.2.: Least Platoon Length: The inter-vehicle separations are a constant. During an
emergency, all vehicles brake at the deceleration rate of the weakest vehicle.

delay has a negligible impact (of at most 0.6m, assuming platoon cruise velocity of 30m/s)
on the overall stopping distance [30].

During emergency braking, a distress message (also a DENM) is broadcast by any vehi-
cle that is unable to track its assigned deceleration, for example, when it enters a downhill
(realistic condition). The purpose is to inform all other vehicles to adapt their originally
assigned decelerations. Hence, after a distress message broadcast, all other vehicles perform
computations based on distress message’s contents (introduced later) and begin simultane-
ously tracking their respective new decelerations 20ms later. The distressed vehicle continues
sending distress messages (every 20ms) until this is acknowledged by its immediately lead-
ing vehicle over the live signal. In turn, this latter requires an acknowledgment from its
immediately leading vehicle and so on up to reaching the platoon lead.

Note that there can be cascaded distress messages from the same or different vehicles, e.g.,
when changing from one downhill to a steeper one. Simultaneous distress messages are less
probable, but also possible, if two or more identical vehicles incur a distress situation. In this
case, the vehicle being more distressed, i.e., the vehicle that has the maximum deviation from
its assigned deceleration, must be considered for further computations simply disregarding
all others.

Finally, it is important to note that we do not consider propagation delays for any of these
messages. Further, we assume that all vehicles are within the reach of the platoon lead (in
case of brake command broadcast) as well as the trail vehicle (in case of distress message
broadcast). These assumptions are based on the field trials done in [11], where vehicles within
300m range of the transmitter receive a broadcast message with 100% probability and almost
instantly (as mentioned before, we restrict our platoon length to 200m).

4.2. Intuitive approaches

Now that the common inter-vehicle communication strategy is introduced, in this section,
we look at the intuitive approaches for emergency braking, and identify their advantages and
disadvantages.

4.2.1. Least Platoon Length

In this approach, whole platoon brakes as the weakest vehicle, i.e., the vehicle that has the
lowest deceleration magnitude and, therefore, the longest stopping distance. Since this lowest
deceleration magnitude can be achieved by all other vehicles, a safe and collision-free brake
maneuver results. However, the resulting stopping distance of the platoon is dictated only
by the weakest vehicle. This implies that the platoon can come to a complete standstill in
a short distance, if the weakest vehicle’s deceleration magnitude is close to the maximum
possible (0.85g). On the contrary, if its magnitude is low, it would lead to a very long
stopping distance. In the latter scenario, this approach becomes undesirable for emergency
braking. The other disadvantage is that none of the other vehicles’ much greater deceleration
capabilities are utilized.
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Figure 4.3.: Least Stopping Distance: Vehicles are sorted as per their increasing stopping
distances, where 1 represents the vehicle with the shortest stopping distance
followed by the vehicle with the second best stopping distance and so on till
the last vehicle which brakes the worst. The inter-vehicle separations are not
constant, but vary as a function of the difference in stopping distances of two
consecutive vehicles. During an emergency, all vehicles brake at their respective
maximum deceleration capacities.

However, there are a couple of advantages associated with respect to achieved fuel/energy
savings, and overall platoon length, due to the constant separations sc as shown in Fig. 4.2.
For example, the inter-vehicle separations can just be 1m, as the fuel/energy savings are
optimum at this separation [56] [57]. This also leads to the shortest platoon length and, thus,
other road users can also coexist leading to much better utilization of the road infrastructure.

Finally, since every vehicle brakes at the rate of the weakest vehicle, any new vehicle join-
ing the platoon can easily be appended to the end. In the other approaches that would be
introduced further, this would not be the case.

An example. Consider a vehicle which can brake at a maximum deceleration magnitude
of 0.7g (i.e., 0.7× 9.8m/s2 = 6.8m/s2). Now, a trail vehicle intends to form a platoon and
follows up to maintain a distance of 1m. Even though this trail vehicle is of same height and
performance category as that of the lead vehicle, it is differently loaded and, as a result, its
maximum achievable deceleration magnitude is 0.6g (i.e., 0.6× 9.8m/s2 = 5.8m/s2). Since the
trail vehicle is the weakest of the two in terms of decelerating, once the platoon is formed
and an emergency brake maneuver is initiated, the deceleration rate of the platoon will not
exceed 0.6g. The lead vehicle calculates and exerts the necessary brake force such that its
deceleration is 0.6g (even though it is capable of decelerating at more than 0.6g).

Now, consider a third vehicle that joins this two-vehicle platoon, and it can achieve a
maximum deceleration of only 0.55g, the deceleration of the whole platoon is now restricted
to 0.55g. However, if this vehicle is capable of decelerating by more than 0.6g, it is required
to decelerate at only 0.6g as per this approach.

4.2.2. Least Stopping Distance

In contrast to Least Platoon Length, the Least Stopping Distance approach achieves optimum
stopping distance by allowing the vehicle with the strongest deceleration and, thereby, the
shortest stopping distance to lead the platoon. This is then followed by the vehicle with
the second best stopping distance, and so on until reaching the last vehicle which brakes the
worst. Since the best braking vehicle in a particular set of vehicles leads the platoon, the
optimum stopping distance results.

However, the inter-vehicle separations are not constant like in Least Platoon Length, but
these vary as a function of the difference in stopping distances between consecutive vehicles
as shown in Fig. 4.3, where vehicle 1 represents the best decelerating vehicle and vehicle n
represents the vehicle with the least deceleration capability. The greater the difference in
deceleration magnitudes of two consecutive vehicles, the greater their separations will be.
Thus, the achieved fuel/energy savings are also less and a longer platoon results.
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Figure 4.4.: Subplatoon: Vehicles are clustered into 2 subplatoons, where the inter-vehicle
separations in the subplatoons are a constant. However, the inter-subplatoon
separation varies as a function of the difference in stopping distances of the
chosen first subplatoon lead and the worst braking vehicle.

Finally, it is important to note that this approach needs the best braking vehicle in a par-
ticular set of vehicles to lead the platoon and the following vehicles are sorted as per their
increasing stopping distances. Hence, if any new vehicle intends to be a part of an existing
platoon, it has to join in at the appropriate position, which can be between existing vehicles
or at the end. It can also become the lead depending on its deceleration capability and the
capabilities of existing vehicles.

An example. Consider a vehicle with a maximum achievable deceleration of 0.7035g. It
can achieve a stopping distance of 69.57m (as per (2.3.9)) from a cruise velocity Vinit. Now,
another vehicle intends to form a platoon with this existing vehicle and is capable of deceler-
ating at a maximum of 0.7786g. It needs a stopping distance of 63.37m from the same cruise
velocity. Since the former vehicle is the weakest in terms of braking, the latter overtakes
the former during platoon formation and becomes the lead. The difference in their stopping
distances is 6.2m and, hence, the following vehicle has to maintain a separation greater than
this.

Now, if a third vehicle intends to join this two-vehicle platoon and can achieve a stopping
distance of 78.20m by decelerating at a maximum of 0.6193g, it can join in as the last vehicle.
This should maintain a separation greater than 8.63m (78.20 – 69.57) to the second vehicle.
Clearly, the inter-vehicle separations are varying and this leads to lesser fuel/energy savings
and a longer platoon. Particularly, the platoon lead in this example does not have any
fuel/energy savings as the separation with its immediately following vehicle is greater than
5m [56] [57].

Note that the third vehicle has a lesser deceleration capability than the existing first and
second vehicles and, hence, it was easily appended behind the second vehicle. If its decelera-
tion capability was much better or in between the existing vehicles, it would have become the
platoon lead or joined in between the two respectively. Then, the inter-vehicle separations
would have been adapted accordingly.

4.3. Subplatoon approach

Clearly, we would like to have a platoon with the highest possible aerodynamic benefits, the
shortest possible length, and the shortest possible stopping distance. To this end, we intro-
duce our Subplatoon approach, which is a hybrid solution based on the previously mentioned
intuitive approaches. The goal is to maintain inter-vehicle separations constant like in Least
Platoon Length and, at the same time, minimize the stopping distance.

The overall platoon is divided into 2 subplatoons as shown in Fig. 4.4. The first subplatoon
consists of all vehicles that can brake at a higher or same deceleration magnitude as that of
the platoon lead, and the second subplatoon consists of all vehicles that decelerate at a lesser
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magnitude than the platoon lead. As for Least Platoon Length, the second subplatoon brakes
at the rate of the weakest vehicle.

The inter-vehicle separations in each subplatoon are a constant similar to Least Platoon
Length, whereas the inter-subplatoon separation is a function of the difference in stopping
distances between the first subplatoon lead and the weakest vehicle. Even though this is
clearly more than the constant separations in each subplatoon, the fuel/energy savings are
considerably better than the Least Stopping Distance approach.

An example. Consider 1, 2, 3, . . . n vehicles as part of a platoon. Assuming vehicle 1 has
the shortest and vehicle n has the longest stopping distance, the first subplatoon lead will be
vehicle x that achieves stopping distance, platoon length, and aerodynamic benefits as close
as possible to their respective optimum values. As shown in Fig. 4.4, the first subplatoon
consists of all vehicles capable of braking at deceleration magnitudes that are same as or
higher than the lead, i.e., x, 1, 2, . . . x-1. The second subplatoon can be led by any vehicle
that has a lesser deceleration magnitude than x, i.e., n, n-1, n-2, . . . x+1. However, this
subplatoon has to brake at the rate of the weakest vehicle. Hence, the brake-by-wire systems
have to be configured such that all vehicles brake as n in the second and as x in the first
subplatoon respectively.

Note that Least Stopping Distance is a special case of the Subplatoon approach, where
there is exactly one vehicle per subplatoon, i.e., a total of n subplatoons. There can be any
number of subplatoons between 2 and n. However, for a chosen lead vehicle x, it is easy to see
that there cannot be any configuration with more than two subplatoons that yields a lesser
length for the whole platoon. This is because the stopping distance of the first subplatoon
is determined by x and that of the last subplatoon by n. Independent of the number of
subplatoons we have, the sum of their inter-subplatoon separations cannot be less than the
difference in stopping distances between x and n. On the other hand, having more than
two subplatoons might negatively impact aerodynamic benefits, since the inter-subplatoon
separations are usually large as already discussed.

With respect to any new vehicle joining an existing platoon, it can either join in the first
or second subplatoon based on whether its maximum deceleration magnitude is equal to or
greater than that of first subplatoon lead or less than that respectively. However, once the
subplatoon to join is determined, it is not necessary to join in at a particular position like in
the Least Stopping Distance approach. Hence, it can be easily appended towards the end of
the respective subplatoon.

Any new vehicle joining can also become the first subplatoon lead, if the combined aerody-
namic savings, platoon length, and stopping distance achieved are greater than the currently
achieved values. In such a scenario, the inter-subplatoon separation has to be adapted ac-
cordingly.

One major drawback associated with the Subplatoon approach is the large inter-subplatoon
separation. Since it is greater than the intra-subplatoon separations, other road users may
drive into this larger gap. Then, once emergency brake maneuver is initiated, the lead of the
second subplatoon needs this large separation and closes up to the last vehicle of the first
subplatoon. The existence of other road users will lead to vehicular collisions.

Finally, even though the Subplatoon approach achieves stopping distances better than
Least Platoon Length, the braking capacities of all vehicles apart from the first subplatoon
lead and the weakest vehicle are not used optimally. Hence, there is a need to further
minimize the achieved stopping distance such that it is closer to the value achieved with the
Least Stopping Distance approach. Towards this direction, we introduce our Space-Buffer
approach in the next section.
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SG B

V

SG B

Figure 4.5.: Space Buffer: Vehicles are sorted as per their increasing stopping distances. How-
ever, the inter-vehicle separations are a constant comprising of SG and B, where
SG is reserved exclusively for communication loss and only B is utilized during
emergency braking.

4.4. Space-Buffer approach
In this section, we introduce our Space-Buffer approach. Initially, we present the compu-
tations performed to obtain individual vehicle decelerations that need to be tracked once
emergency braking is initiated. Since the inter-vehicle separations are utilized to achieve
a short stopping distance, subsequently we prove that our approach results in a safe brake
maneuver.

4.4.1. Space buffer computations

In this section, we introduce the computations performed in our Space-Buffer approach to
arrive at individual vehicle decelerations to be tracked once emergency braking is initiated.
Similar to Least Platoon Length, inter-vehicle separations are the same for all vehicles and
kept constant. However, as mentioned before, these separations now consist of two parts
namely safeguard (SG) and space buffer (B) as shown in Fig. 4.5. The SG accounts for
eventual communication loss between vehicles, whereas the space buffer in all the inter-vehicle
separations are utilized during emergency braking.

As a result of constant separations, this approach also has a reduced overall platoon length
and high aerodynamic benefits. The difference to Least Platoon Length is that vehicles in
this approach make use of the space buffer contained in the inter-vehicle separations to allow
for a shorter stopping distance of the whole platoon. In other words, the lead vehicle is
allowed to brake at a higher deceleration magnitude than the following vehicles.

As with Least Stopping Distance, let us again assume that vehicles are sorted in the order
of increasing stopping distances. That is, for the stopping distances of any two vehicles i and
j denoted by Si and Sj respectively, it holds that Si≤Sj if i< j holds.2

Now, for each vehicle, if we utilize the space buffers contained in all the inter-vehicle
separations towards the lead and subtract them from the corresponding vehicle’s stopping
distance, there exists a vehicle for which this value will be the maximum. This approach then
allows for an overall stopping distance given by:

SSB = max
1≤j≤n

(Sj − (j − 1)B) , (4.4.1)

where B is again the space buffer, n is the number of vehicles in the platoon and — by the
assumed order — the index of the vehicle with the lowest deceleration magnitude and, hence,
the longest stopping distance, and j is an index representing the vehicle’s position from the
lead. Clearly, B must be less than or equal to the chosen inter-vehicle separation. Later, in
our experiments we assign B a value of 1m, 2m, and 3m, and choose SG as 1m, thereby,
resulting in total inter-vehicle separations of 2m, 3m, and 4m respectively.

2This is not an absolutely necessary condition, however, if vehicles are not in this order, the resulting
decelerations might not lead to an optimum stopping distance.

39



Chapter 4. Braking under idealized conditions

Let us assume that Sj − (j− 1)B is maximum for j =x. Now, SSB =Sx − (x− 1)B. So we
allow the lead vehicle to have a stopping distance equal to SSB that is (x− 1)B shorter than
that of vehicle x in the platoon. In other words, we make use of all space buffers between
the lead and the vehicle x to compensate for the difference in stopping distances in the worst
case, i.e., Sx−SSB.

The next step is to configure the brake-by-wire systems of all vehicles to guarantee that
no collisions occur. To this end, we make use of (2.3.9) for each vehicle i in the platoon:

SSB + (i− 1)B = K1 ln

(
1 +

K2

ηbµW +K3

)
, (4.4.2)

i.e., we make the stopping distance of vehicle i equal to the selected stopping distance of the
lead (i.e., SSB) plus all space buffers in between the lead and vehicle i, where i is also a vehicle
index starting from the lead. For simplicity, we have made following replacements K1 = γmW

2gCA
,

K2 =CAV
2
init, and K3 = frW (θ= 0). Next, we need to solve for ηb, i.e., the braking efficiency

of vehicle i, so we proceed as follows:

e
SSB+(i−1)B

K1 = 1 +
K2

ηbµW +K3
, (4.4.3)

and then,

ηb =

K2(
e
SSB+(i−1)B

K1 −1

) −K3

µW
. (4.4.4)

Finally, we can use (2.3.11) to compute the necessary deceleration d of vehicle i and (2.3.15)
to compute the necessary brake force Fb to be exerted.

An example. Consider a four-vehicle platoon where vehicles are arranged as per their
increasing stopping distances. Assume these are 65, 70, 75, and 80m respectively by decel-
erating at their maximum capability from a common initial velocity Vinit. Now, calculating
Sj − (j − 1)B for each vehicle, where B is chosen to be 3m results in 65, 67, 69, and 71m
respectively. Since 71m is the maximum, this constitutes SSB. Therefore, the individual
stopping distances to be achieved by these 4 vehicles once emergency braking begins are 71,
74, 77, and 80m respectively. It can easily be observed that even though the separations
are constant like in Least Platoon Length, the lead vehicle brakes at a higher deceleration
magnitude than the weakest vehicle and brakes within a distance that is 9m shorter in this
case. Further, by considering the shortest stopping distances of all vehicles and then per-
forming the space buffer computations, there is an efficient use of deceleration capabilities of
all vehicles.

The performed computations to arrive at the individual vehicle decelerations consider the
space buffers in inter-vehicle separations that are embedded between vehicles. Thus, after
an emergency brake maneuver is initiated, all the vehicles gradually utilize the space buffer
contained in the separation to their respective immediately leading vehicles and at complete
standstill, all inter-vehicle separations would be reduced to only the SG. Therefore, it is
necessary to ensure that the displacements of any two consecutive vehicles during braking
guarantees safety, i.e., no inter-vehicle collisions happen. A mathematical proof of the same
is presented next.

4.4.2. Proving collision-free brake maneuvers
Now, we present a mathematical proof of collision-free braking when utilizing the space
buffers. For ease of exposition, we rely on the displacement formula given below for the ith
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vehicle in our approach. Note that in contrast to (2.3.9), this does not consider any forces
apart from those exerted by a vehicle’s brakes, which results in a longer stopping distance:

Si = Vinitt−
1

2
dit

2, (4.4.5)

where Si represents the displacement or stopping distance in m, Vinit represents the initial
velocity in m/s when braking is initiated. The time in seconds (s) required to achieve standstill
is represented by t, and di denotes the deceleration in m/s2. Since we consider deceleration,
a minus sign exists in the equation.

Note that vehicle i comes to standstill after some time t= Vinit
di

and that its Si =SSB +(i−
1)B, where B is the space buffer. Substituting these in (4.4.5) and rearranging, we obtain:

di =
V 2
init

2 [SSB + (i− 1)B]
. (4.4.6)

Similarly, the difference in deceleration magnitudes between any two consecutive vehicles, i
and i+1, denoted by ∆di,i+1, is given by:

∆di,i+1 =
V 2
init

2

[
B

[SSB + (i− 1)B] (SSB + iB)

]
. (4.4.7)

Now, the time required for vehicle i+1 to fully consume the space buffer to vehicle i can
be obtained by substituting ∆di,i+1 in (4.4.5) and solving for t:

t =
Vinit +

√
V 2
init − (2 ·∆di,i+1 ·B)

∆di,i+1
. (4.4.8)

A collision-free braking exists between any two consecutive vehicles i and i+1 provided the
time required to consume the space buffer B between them is greater than or equal to the
time required to stop the (i+1)th vehicle. Therefore,

Vinit

di
≤

Vinit +
√

V 2
init − (2 ·∆di,i+1 ·B)

∆di,i+1
(4.4.9)

has to be ensured, i.e., the (i + 1)th vehicle should stop before it consumes its space buffer
to the ith vehicle. B is lesser when compared to SSB and Vinit. For example, 3m, 62m and
30m/s respectively. When these values are substituted in (4.4.7), it results in ∆di,i+1 < 1

and, hence, ∆di,i+1

di
< 1. With this, (4.4.9) holds, if the following holds:

V 2
init ≥ 2 ·∆di,i+1 ·B, (4.4.10)

i.e., the term under the square root should be zero or greater than zero.
The largest value of ∆di,i+1 results when the denominator’s value in (4.4.7) is the smallest.

This happens when i= 1. Substituting this value of i in (4.4.7) and in turn replacing ∆di,i+1

in (4.4.10),

1 ≥ B2

S2
SB + (SSB ·B)

, (4.4.11)

is required. Rearranging (4.4.11) leads to:

S2
SB + (SSB ·B) ≥ B2. (4.4.12)

Since B <SSB, it is clear that, (
S2
SB

B
+ SSB

)
≥ B. (4.4.13)

This proves that vehicle i+1 stops before fully consuming its space buffer B to its immedi-
ately leading vehicle, independent of the value of i.
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4.5. Parameters for comparison of the approaches

Now that the approaches for emergency braking are presented, in this section, we introduce
the parameters based on which these approaches will be compared. Later in Chapter 7, a
detailed evaluation will be performed.

The parameters for comparison are achieved aerodynamic benefits, overall platoon length,
and stopping distance from a common cruise velocity. Since the chosen inter-vehicle separa-
tions in all the approaches affect these parameters, we fix a value for the same, particularly,
for the separations in Least Platoon Length and within the two subplatoons. Additionally,
the 1m SG introduced in our Space-Buffer approach to account for eventual communication
loss is now extended to all the other approaches. Thus, in the chosen inter-vehicle separations,
the SG is also included.

In Least Platoon Length, the inter-vehicle separations are as short as SG (1m), i.e., ac-
counting only for packet losses. Clearly, this leads to optimum fuel/energy savings and
overall platoon length. In the Least Stopping Distance approach, as mentioned before, the
separations are a function of the difference in stopping distances of two consecutive vehicles.
Further, this separation is increased by the one meter SG. The varying inter-vehicle sepa-
rations lead to lesser fuel/energy savings and longer platoons. However, optimum stopping
distance would be achieved by this approach.

Similar to Least Platoon Length, in the Subplatoon approach, the inter-vehicle separations
are just the 1m SG within the two subplatoons. However, the inter-subplatoon operation
is the difference between the stopping distances of the weakest vehicle and the chosen first
subplatoon lead plus SG. Even though fuel/energy savings and platoon length are optimum
for each of the two subplatoons, their combined savings and overall platoon length are not
optimum because of the larger inter-subplatoon separation (as shown in detail in Chapter 7).

Finally, with respect to the Space-Buffer approach, as mentioned before, we choose a value
of 1 -, 2 -, and 3 -meters for B and appending the 1m SG results in inter-vehicle separations
of 2 -, 3 -, and 4 -meters respectively. Note that only when the separations are below 5m, a
platoon lead has aerodynamic benefits [56] [57]. As a result, we restrict the maximum value
of B to 3m.

In Chapter 7, we simulate platoons of 20 vehicles and compare these approaches. Further,
the impact of braking capabilities of vehicles on these aforementioned parameters are also an-
alyzed. Additionally, we address communication loss between vehicles and obtain a threshold
on the number of packets that can be safely lost in all the approaches.

4.6. Key findings

In this chapter, we assume idealized conditions of braking on a flat road and an instantaneous
deceleration tracking. Initially, we presented the intra-platoon communication strategy com-
mon to all the approaches. The necessary changes in comparison to the ETSI standard was
also detailed. Then, the intuitive (Least Platoon Length and Least Stopping Distance) and
Subplatoon approaches for emergency braking were introduced. Their shortcomings were
detailed and then these were dealt within our Space-Buffer approach.

The intuitive approaches achieve optimum fuel/energy savings and overall platoon length
(in Least Platoon Length), and optimum stopping distance (in Least Stopping Distance).
Hence, they provide the optimum values against which the performance of the Subplatoon
and Space-Buffer approaches can be measured. For the real world implementation, it is
desirable to have an approach that minimizes the stopping distance, and simultaneously
achieves aerodynamic benefits and short platoon length.

In this direction, the Subplatoon approach achieves optimum fuel/energy savings and sub-
platoon lengths only within the two subplatoons. However, the achieved stopping distance is
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suboptimal as the braking capacities of vehicles apart from the first subplatoon lead and the
weakest vehicle are not fully utilized. The other disadvantage with this approach is the large
inter-subplatoon separation. Other non-platooning vehicles may drive into this gap causing
inter-vehicle collisions when emergency braking is initiated.

In our Space-Buffer approach, the (shortest) stopping distances of all vehicles are first
considered and, then, depending on the value of B, i.e., the space buffers, the individual
vehicle decelerations are computed. This leads to a much better utilization of all vehicles’
deceleration capacities and, hence, stopping distances are shorter and close to the optimum
(as shown in detail in Chapter 7). Further, the inter-vehicle separations are constant and in
the range of 2 to 4m. Thus, both aerodynamic benefits and shorter platoons result.

Therefore, for these reasons, we develop a brake-by-wire controller for the Space-Buffer
approach (rather than the Subplatoon approach). This controller is required at each vehicle to
track the assigned reference deceleration. Additionally, these controllers account for realistic
conditions of braking, i.e., changing road profiles, and controller-related effects in tracking
the assigned deceleration. The details of the same are presented in the next chapter.
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Chapter 5.

Considering realistic brake conditions

In this chapter, we consider realistic conditions of braking, i.e., changing road profiles and
non-instantaneous reference deceleration tracking, and introduce brake-by-wire controllers.
During emergency braking, these controllers present at each vehicle are responsible for de-
celerating at an assigned reference computed using our Space-Buffer approach. As presented
in the previous chapter, for computing these reference decelerations, we require the stopping
distances of all platoon vehicles. Even though a standard expression as per (2.3.9) exists,
we do not rely on the same as explained next. Then, through further sections, we derive a
controller-based expression of vehicle stopping distance on a flat road. The resulting values
of all vehicles are used in our space buffer computations.

5.1. Controller-based stopping distance

A vehicle’s stopping distance computed as per (2.3.9) and used under idealized conditions is
not precise enough as it does not account for the following factors:

Brake activation time: Even though brake-by-wire systems use electrical signals for control
and automation, they still rely on mechanical and hydraulic components for the transporta-
tion of brake pressure to the wheels as in electro-hydraulic brakes [89]. Even though hydraulic
components are completely eliminated in electro-mechanical brakes [89], the electrical com-
ponents involved do have some lag, for example, due to the inertia of motors in cylinders
and brake calipers. As a result, from the point in time of brake pedal activation, until the
brake pressure builds and reaches the wheels, there is a non-negligible dead time in these
systems.1 This results in a vehicle traveling few meters (depending on its cruise velocity)
before actually starting to decelerate [48].

Non-instantaneous deceleration tracking: After the brake pressure reaches the actua-
tors, (2.3.9) assumes that the magnitude of brake force is instantly equal to the magnitude
needed in order to achieve an assigned reference deceleration. In other words, instantaneous
tracking of reference deceleration is assumed. However, in reality, brake-by-wire controllers
regulate the brake force such that the reference deceleration is gradually tracked over time.
Thus, this time-varying brake force has to be accounted for.2 The controller’s performance is
then characterized by the non-negligible rise and settling time resulting in the vehicle travel-
ing few meters. Note that during this transient, a vehicle is still decelerating, but not at the
assigned reference. Only after the settling time has elapsed, the vehicle decelerates at the
assigned reference.

The first factor can indeed be approximated by a few meters and added to the value com-
puted as per (2.3.9). Nevertheless, approximating the latter is not straightforward. This is

1Even though non-negligible, the dead time is much lesser when compared to traditional brake systems.
2Variations in the brake force will be negligible in the steady states, but considerably large at transients.
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because the vehicle masses, and their individual reference decelerations as per our Space-
Buffer approach would be different. As a result, even though the performance criteria (intro-
duced later) are same for all brake-by-wire controllers, these different vehicle specific prop-
erties, and assigned decelerations lead to non-homogeneous controller gains and, therefore,
distances covered by vehicles in platoon would be different.

If the inter-vehicle separations were indeed large, even this second factor can be approx-
imated. However, the inter-vehicle separations in this thesis are below 5m. Further, our
Space-Buffer approach utilizes the space buffers in the inter-vehicle separations during emer-
gency braking. All these factors necessitate the precise computation of a vehicle’s stopping
distance under its controller’s action, as opposed to approximation. Hence, our aim is to
derive a controller-based expression of stopping distance.

5.2. Brake-by-wire performance specifications

In this section, we introduce the performance specifications that are to be achieved by all
brake-by-wire controllers. From these homogeneous specifications, it can be ensured that the
behavior of all controllers are the same. For example, if the specification concerning settling
time is met, it can be ensured that after an emergency brake maneuver is initiated, and the
settling time has elapsed, all vehicles are decelerating at their assigned references.

Considering the mechanical and hydraulic, and/or electrical components of a brake-by-wire
system, their associated lag, limitations with respect to the magnitude of the brake force gen-
eration, and the implications of braking at short inter-vehicle separations, the specifications
in Table 5.1 are chosen.

As per our Space-Buffer approach, once emergency braking is initiated, the vehicles will
either operate close to or at their maximum deceleration magnitudes. Therefore, it is im-
portant to design the individual control systems such that no overshoot is produced during
reference tracking. If this design criteria is forgone and a controller tracks a reference de-
celeration as quickly as possible, for example, enforcing an overshoot, saturation effects may
occur at the actuators. This leads to the controller’s output response being discontinuous.3
Then, the characterization of such a response as an expression becomes hard and complex.

As mentioned before, there is a dead time involved after brake pedal activation. Once this
dead time elapses, and the brake pressure reaches the actuators, every individual controller
should decelerate at its assigned reference from 400ms onwards.

3Generally, if an assigned reference deceleration is well within a vehicle’s maximum limit, the controller can
be designed to produce an overshoot. Then, the only constraint is that the produced overshoot should also
remain within the vehicle’s maximum limit. However, this is never the case when braking in an emergency,
since controllers work at or close to saturation.

Table 5.1.: Controller design specifications
Specifications Value Description

Overshoot 0% The deceleration magnitude (expressed
as a percentage) during the transient
that exceeds the steady-state value.

Settling time ≤ 400ms Time required to achieve a deceleration
that remains within ±2% of reference.

Steady-state error ≈ 0% The difference between reference and
achieved deceleration in the steady state.

Feedback delay 20ms Delay incurred in the feedback loop.

46



5.3. Deriving the controller-based stopping distance

 

Gci(s) Gpi(s) H(s) 

 
 

Ei(s) 

Brake Controller Vehicle (Plant) Accelerometer  

+ 
_ 

Ui(s) 

Zi(s) 

Yi(s) Di(s) Ri(s) 

Figure 5.1.: Closed-loop control system

In addition, we consider the controller to have a feedback delay of 20ms due to data
processing by sensor and the path taken by the data to traverse back to the controller, i.e.,
a change in the controlled brake force produces a change in deceleration, which would be
sensed and communicated back to the controller 20ms later.

Finally, it is absolutely necessary that every controller track its assigned reference decelera-
tion in the steady state with zero or negligible steady-state error. This is extremely important
as all vehicles are braking at very short separations. Failing to meet this requirement causes
the steady state error to accumulate over time leading to either collisions with an immediately
leading or trail vehicle. This primary collision can then trigger secondary collisions leading
to catastrophic events and endangering lives of in-vehicle passengers and other road users.

The aforementioned performance specifications can be met using any of the control design
techniques. In fact, the control design technique need not be the same for all controllers.
For example, techniques based on optimal control like linear quadratic regulator (LQR) or
MPC can be used. Another example can be the popular proportional integral derivative
(PID) technique. Regardless of the design technique chosen, the controller based expression
of stopping distance that we derive in the next section will still be valid. The only requirement
is that the controller’s transfer function has to be obtained.

In our work, for designing brake-by-wire controllers we choose the PID technique. The rea-
son is due to its ease of design and wide acceptance. Therefore, the proportional, integral, and
derivative gains have to be appropriately tuned for meeting the performance specifications.
The gain values can be easily obtained through standard techniques like Pole Placement or
Root Locus [60]. Since these are state of the art, we would not emphasize on it here.4

5.3. Deriving the controller-based stopping distance

In this section, we derive a controller-based expression of stopping distance. To begin with,
we first convert the car model in state-space form represented by (2.3.18) and (2.3.19) into
a transfer function Gpi(s). Then, a transfer function of the PID controller Gci(s) is also
obtained. Recall that the output of the state-space model is vehicle’s velocity. Hence, we
need to differentiate it and obtain the deceleration for reference tracking. Therefore, an
accelerometer’s transfer function is also obtained and we denote it as H(s).

We now reduce the closed-loop system shown in Fig. 5.1 into a single-input/single-output
system as shown in Fig. 5.2, where the input is vehicle i’s reference deceleration Ri(s) and
the output is its achieved deceleration Di(s).5 In Fig. 5.1, Ei(s) is the error signal, i.e.,
Ri(s) − Di(s), Ui(s) is the controlled brake force, Yi(s) is the vehicle’s velocity, and Zi(s)

4Nevertheless, in the appendix, we outline the steps we performed for control design.
5In order to distinguish signals in the time and frequency domain, we use uppercase for signals in the

frequency domain s and explicitly mention (s).
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Figure 5.2.: Single-input/single-output system

is the disturbance grade force. Now, assuming no disturbances (Zi(s) = 0, i.e., θ= 0), the
transfer function of this overall system with closed-loop feedback is represented by Gi(s) and
expressed as:

Gi(s) =
Gci(s)Gpi(s)H(s)

1 +Gci(s)Gpi(s)H(s)
. (5.3.1)

Multiplying Ri(s) with the above overall system transfer function Gi(s) produces an output
(achieved deceleration) Di(s), which can be obtained by first decomposing this product, i.e.,
a 4th order transfer function into partial fractions as:

Di(s) = Ri(s)Gi(s) =
R1

s− p1
+

R2

s− p2
+

R3

s− p3
+

R4

s− p4
, (5.3.2)

where R1 toR4 are the residues and p1 to p4 are the poles. Then, applying inverse Laplace
transform for (5.3.2), we obtain an expression of the output deceleration in time domain t
as:

di(t) = R1e
p1t +R2e

p2t +R3e
p3t +R4e

p4t, (5.3.3)

where di(t) represents the vehicle i’s deceleration at time t. Since deceleration is the rate of
change of velocity, integrating (5.3.3) results in the expression of velocity vi(t) as:∫

di(t) dt = vi(t) =
R1e

p1t

p1
+

R2e
p2t

p2
+

R3e
p3t

p3
+

R4e
p4t

p4
+ Vinit + C1, (5.3.4)

where Vinit+C1 is a constant of integration with Vinit representing the initial velocity in m/s
at the moment of braking. Thus, C1 is chosen such that vi(t) = Vinit at time t = 0, i.e., when
braking begins (5.3.4) should be equal to Vinit. Therefore, we substitute t = 0 and choose
C1 = −

(
R1
p1

+ R2
p2

+ R3
p3

+ R4
p4

)
.

Now, velocity is the rate of change of position, thus, integrating (5.3.4) yields the expression
of vehicle stopping distance si(t) as:∫

vi(t) dt = si(t) =
R1e

p1t

p21
+

R2e
p2t

p22
+

R3e
p3t

p23
+

R4e
p4t

p24
+ Vinitt+ C1t+ Sinit + C2, (5.3.5)

where Sinit +C2 is a second constant of integration with Sinit being the vehicle’s position in
m at the moment of braking. Similar to before, C2 is chosen such that (5.3.5) is equal to Sinit

at t = 0. Hence, we substitute t = 0 and choose C2 = −
(
R1

p21
+ R2

p22
+ R3

p23
+ R4

p24

)
. Note that

since we are interested in the vehicle’s stopping distance and not in its absolute position, we
assume Sinit = 0, i.e., we measure the vehicle’s (longitudinal) displacement relative to Sinit.

In order to compute a vehicle’s stopping distance as per (5.3.5), apart from the residues,
poles, and the initial velocity, the time t is also required. Since t is present in the exponent
terms of (5.3.4), we can express it as a polynomial through Taylor series and then obtain an
expression of t, which in turn has to be substituted in (5.3.5).

Alternatively, we can also compute the value of t numerically. For the sake of simplicity,
we choose the numerical option. In this direction, we begin by substituting t= 0 in (5.3.4),

48



5.3. Deriving the controller-based stopping distance

and incrementing in steps of sampling time of the controller, we iterate until the value of this
expression is zero or less than zero. In other words, at time t= 0 when braking begins, the
vehicle would be at the platoon cruise velocity Vinit, and after some time its velocity reaches
zero, i.e., standstill. This value of t would be the stopping time of the vehicle, which when
substituted in (5.3.5) yields the stopping distance.

An example: Consider a vehicle with mass m= 3265kg. Due to its loading conditions
and considering γm = 1.05, its maximum achievable deceleration magnitude is d= 4.76m/s2.
Similarly, Vinit = 30m/s, Af = 2.02m2, CA = 0.315, ρ= 1.225kg/m3, g = 9.8m/s2, fr = 0.015, and
µ= 0.85. In addition, we assume a dead time of 0.1s to activate the brakes, hence, the vehicle
travels 3m (30 · 0.1) before beginning to decelerate. Substituting these parameters in (2.3.9),
and appending the dead time, yields a stopping distance of 93.71m considering a constant
deceleration by neglecting all controller-related effects.

Now, using the same parameters, we obtain the vehicle’s transfer function and design a
PID-based brake-by-wire controller (using Matlab/Simulink) to meet the performance speci-
fications of Table 5.1. The resulting integral gain Ki= 34282.5, whereas both the proportional
and derivative gains are 0. Therefore, Gci(s)= Ki

s , while H(s) was chosen as s
s+1 .

For the decomposition as per (5.3.2), the poles and residues are [−10, -1, 0, 0] and [4.77,
0, -4.77, 0] respectively and we obtain (5.3.3) using the inverse Laplace transform. However,
for these residues and poles (5.3.3) simplifies to (di(t) has a negative value after t = 0):

di(t) = R1e
p1t +R3. (5.3.6)

Integrating (5.3.6), we derive a corresponding expression of velocity as:∫
di(t) dt = vi(t) =

R1e
p1t

p1
+R3t+ Vinit + C1, (5.3.7)

which we numerically solve to obtain the stopping time t= 6.4s. Note that C1 = 0.477.
Integrating (5.3.7) results in:∫

vi(t) dt = si(t) =
R1e

p1t

p21
+

R3t
2

2
+ Vinitt+ C1t+ C2 + Sinit, (5.3.8)

where C2 = 0.0477. Substituting t= 6.4s and Sinit = 0 in (5.3.8) yields the brake-by-wire
stopping distance of 97.32m. That is, after the dead time elapses and the brake force reaches
the actuators, the vehicle needs 6.4s to reach a standstill under controller action, thereby,
covering a distance of 97.32m. If we also include the dead time of brake activation (0.1s) and
the distance traveled in that time (3m), it results in an overall stopping time and distance of
6.5s and 100.32m respectively.

The braking dynamics of a vehicle (i.e., all the forces shown in Fig. 2.4) along with its
brake-by-wire controller was modeled and simulated in Matlab/Simulink. The resulting
brake-by-wire stopping distance was 100.28m (from Vinit = 30m/s), which is similar to the
analytically computed value from this example. Table 5.2 shows the analytically computed
values of vehicle position as per (5.3.8) in comparison to the actual values during simulation.
Note that in contrast to our analytical (LTI) model, the performed simulation considers both
aerodynamic and rolling resistances which are nonlinear.6 The performance specifications
achieved by the brake-by-wire controller can also be verified in Fig 5.3.

6These forces were not included in our LTI car model. Their magnitudes are CAV
2
init and frW cos(θ)

respectively (as per (2.3.9)).
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Figure 5.3.: Reference deceleration tracking by an example vehicle. After the brake’s dead
time elapses, the reference deceleration magnitude changes (from 0 to 4.76m/s2)
at time 0 and the controller begins tracking the same.

5.4. The controller-based Space-Buffer approach

Once the individual brake-by-wire controllers are designed for all the vehicles to meet the
aforementioned performance specifications, our aim is to compute the shortest possible stop-
ping distance of each vehicle from a common platoon cruise velocity (Vinit) under the action
of its controller using (5.3.5). For this computation, we assume no disturbances for the entire
brake maneuver. In other words, for each vehicle decelerating at its limit under the action of
its brake-by-wire controller, we compute its shortest stopping distance on a flat road.

Once these are computed for all the platoon vehicles, the same would be used in our space
buffer computations as shown in Section 4.4.1 to obtain each individual vehicle’s deceleration
magnitude. Thus, the procedure remains the same, and only the stopping distances obtained
from (5.3.5) are used rather than (2.3.9).

Thus, one of the realistic conditions — non-instantaneous deceleration tracking — has
been addressed. We now address the other realistic condition, i.e., changing road profiles.
However, we first have to ensure that the ordering of vehicles on both uphill and downhill

Table 5.2.: Computed and simulated vehicle positions. After actuators’ dead time elapses,
the time is counted. However, the positions here do include the distance traveled
due to dead time.

Time Position computation Position in
(in s) as per (5.3.5) (in m) simulation (in m)
1 30.53 30.52

2 53.95 53.93

3 72.59 72.56

4 86.47 86.43

5 95.58 95.54

6.4 100.32 100.28
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road profiles remain the same as that on a flat road. If this is not case, the space buffer
computations would be incorrect. This is discussed in the next section.

5.4.1. The ordering of vehicles

Similar to Least Stopping Distance, our Space-Buffer approach also requires that vehicles be
sorted as per their increasing stopping distances. Under one of the idealized conditions of
completely flat road, one can determine the order and make any new vehicle to join in at the
appropriate position in a platoon. However, under realistic conditions, particularly, changing
road profiles (θ ̸=0), stopping distance among other factors is also a function of vehicle weight
and this implies grade resistance (W sin(θ)) would be nonhomogeneous on platoon vehicles.
Hence, we have to ensure that vehicle order remains the same irrespective of the road profile.
In other words, an ordering of vehicles, for example, on a flat road should remain the same
both on complete downhill and uphill road profiles (realistic conditions).

On the contrary, if vehicle ordering is not the same, there would be incorrect space buffer
computations potentially leading to stopping distances that cannot be achieved by vehicles
because their ordering is different on different road profiles. Then, vehicles need to be re-
arranged for every road profile change a platoon undergoes, which is clearly cumbersome.
However, we reason that this would never be the case.

Incorporating all the forces acting on a vehicle, the deceleration achieved by any vehicle
(normalized as g) is represented by (2.3.15). Substituting for the aerodynamic resistance Ra

as per (2.2.1), and replacing W by m · g, this equation can be rewritten as:

Fb + (fr ·m · g · cos(θ)) + CAV
2 ± (m · g · sin(θ))

m
= d, (5.4.1)

where CA is as per (2.3.17). According to Newton’s second law of motion, the summation of
the individual contribution from each of these forces constitutes the overall vehicle decelera-
tion d. Thus, splitting them up into fractions leads to:

Fb

m
+ (fr · g · cos(θ)) +

CAV
2

m
± (g · sin(θ)) = d. (5.4.2)

The contribution from the first term would be a constant provided the brake force Fb is
constant. With respect to the second term, as previously mentioned, we consider the variation
of road angle θ to be from 0° to 8°. Hence, cos(θ) is almost constant, as it varies only from
1 to 0.99. Therefore, the second term’s contribution is also a constant 0.147m/s2 (assuming
fr = 0.015 and g = 9.8m/s2). The contribution from aerodynamic force is dependent only on
individual vehicle’s velocity V and CA, and not on θ.

Finally, the contribution from the fourth term would also be a constant provided θ remains
constant, which is the case in complete uphill and downhill. Therefore, the resulting offset
deceleration g · sin(θ), due to the grade resistance can be negated by vehicles by generating
more brake force. However, this might not be possible for all vehicles, especially the ones
towards the end of a platoon. This is because they are required to brake at their maxi-
mum possible brake forces even on a flat road (to minimize the overall stopping distance).
Hence, when they undergo a road profile change, they simply cannot counter the effect of
(disturbance) grade force and, thereby, fail to track their respective assigned decelerations.

However, all the other vehicles are not braking at their maximum deceleration magnitudes
and, hence, they can generate further additional brake force to counter the disturbance effect.
Therefore, it is clear that individual vehicle weights do not impact vehicle ordering on uphill
and downhill road profiles and, hence, the order of vehicles on a flat road according to their
stopping distances remains the same.
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5.4.2. Considering uphill road profiles
Now that vehicle ordering remains the same for all road profiles has been established, we
now consider changing road profiles, particularly uphill, and discuss whether any changes are
required in our controller-based Space-Buffer approach.

The resulting decelerations computed for a flat road under controller action can be tracked
by all controllers even on uphill road profiles. In fact, a brake-by-wire controller has to apply
a lesser brake force than that applied on a flat road. This is because the (disturbance) grade
force aids braking. Further, if a vehicle undergoes a road profile change from a flat road to an
uphill, it is absolutely necessary that the controller continues to track its assigned reference
deceleration, even though it might be able to decelerate at a higher rate. This is important
because the following vehicles may still be on a flat road and decelerating at a magnitude
greater than the assigned one might result in collisions from behind.

However, it must be ensured that the grade force magnitude is not such that a controller
has to accelerate instead of braking in order to track its assigned reference deceleration.
If accelerating is required, the delay in transitioning from braking to accelerating caused
mainly due to engine dynamics and controller switching might result in inter-vehicle collisions.
However, it can be mathematically proven that this situation never arises.

Theorem 1. Let us consider that during a brake maneuver, a vehicle undergoes a road profile
change and enters an uphill. In this case, the vehicle’s brake-by-wire controller will never
have to accelerate in order to track its assigned reference deceleration.

Proof. As previously mentioned, a vehicle’s maximum brake force magnitude cannot exceed
the product of coefficient of road adhesion µ and vehicle weight W :

Fbmax = µW. (5.4.3)

Replacing W by m · g, where m denotes the vehicle’s mass, and g is the acceleration due to
gravity, and using Newton’s second law of motion, the corresponding maximum deceleration
magnitude that would be achievable by brake force alone will be µ · g (under optimal brake-
force distribution). The coefficient of road adhesion is usually around 0.85 for dry asphalt
surfaces. As a result, the maximum achievable deceleration magnitude is 0.85g.

Therefore, during braking, a controller has to accelerate on an uphill, only when the de-
celeration magnitude achieved through the disturbance grade force W sin(θ) alone is greater
than 0.85g. However, assuming maximum road grade of 8°, the resulting maximum possible
deceleration magnitude is only around m·g·sin(8°)

m = 0.14g. Since 0.14g < 0.85g, a controller
never accelerates on an uphill. It only regulates the brake force magnitude and continues
tracking its reference deceleration.

In conclusion, our controller-based space buffer computations performed for flat roads need
no changes for uphill road profiles. In the next section, we consider downhill road profiles
and discuss whether any modifications are necessary.

5.4.3. Considering downhill road profiles
So far, we considered that vehicles brake on a flat road (i.e., θ= 0) and designed brake-by-
wire controllers as explained above. These controllers will track their assigned decelerations
on an uphill too. If vehicles enter a downhill, the brake-by-wire controllers still attempt
to compensate the (disturbing) grade force by applying a greater brake force. Now, if the
necessary increase in brake force does not exceed the maximum possible, our brake-by-wire
controllers will be able to maintain the desired deceleration they were designed for. Hence,
the vehicles’ stopping distances continue to be those of the flat road, i.e., the whole platoon
can safely brake in the downhill too.
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On the other hand, if the required increase in brake force exceeds the maximum possible
by any vehicle, e.g., in a pronounced downhill, the corresponding brake-by-wire controller
saturates and will be unable to reach its desired deceleration, yielding a longer stopping
distance for the affected vehicle. As a result, it cannot be guaranteed that the whole platoon
brakes in a safe manner anymore. We refer to this as a distress situation. Recall that vehicles
are sorted in the order of increasing stopping distances. Therefore, this situation is common
in vehicles towards the end of a platoon as proven next.

Note that vehicles in the platoons middle can be under distress (without the trail vehicles
being affected) only in case of anomalies such as snow/oil/glaze on the road. However, we
restrict our discussion to distress arising due to changing road profiles, particularly, when
entering a downhill as mentioned above.

Theorem 2. Let us assume that n vehicles in a platoon are sorted (starting from the lead)
in the order of their increasing stopping distances on a flat road. As a result, when braking
in a downhill of constant grade θ, if any vehicle i incurs distress, i.e., it is unable to track
its assigned deceleration from the flat road, every vehicle j following i with i < j≤n will also
be under distress.

Proof. The sum of all the forces acting on a two-axle vehicle results in an overall deceleration
d in a downhill — note that we only include indexes where necessary to distinguish between
different vehicles. As per (5.4.2), the resultant deceleration is given by:

Fb

m
+ (fr · g · cos(θ)) +

CAV
2

m
± (g · sin(θ)) = d, (5.4.4)

where V is the vehicle’s velocity at an arbitrary point in the downhill. On a flat road, i.e.,
for θ= 0, Fb,i

mi
+ CA,iV

2
i

mi
≥ Fb,j

mj
+ CA,jV

2
j

mj
holds for all vehicles with i< j≤n. (Note again that

fr · g · cos(θ) is the same for all vehicles in the downhill, since θ is assumed to be constant.)
That is, vehicles are sorted in the order of their increasing stopping distances and, hence,
vehicle i decelerates at a rate that is higher than or equal to that of vehicle j.

On the other hand, the term g · sin(θ) starts playing a role. However, since θ is constant,
this term is again independent of the vehicle in question and, hence, the above inequality
remains valid. In other words, if the better-braking vehicle i is under distress in the downhill,
any worse-braking vehicle j will also be under distress, which proves this theorem.

Corollary 1. If the whole platoon is in a downhill and multiple vehicles are under distress,
the last vehicle in the platoon, i.e., the trail, is the most distressed one, deviating the most
from braking on a flat road.

Hence, in distress situations, it is extremely important that the same is communicated to
all other vehicles through a distress message broadcast. Then, all the other vehicles perform
certain computations based on information contained in the distress message, and arrive at
their respective new decelerations that have to be tracked in order to ensure a safe brake
maneuver. This entire cooperative/coordination scheme among vehicles in distress situations
is detailed in the next chapter.

5.5. Key findings

In this chapter, we considered realistic conditions of braking — changing road profiles and
non-instantaneous deceleration tracking — and reasoned why the stopping distance values
computed as per the standard expression (i.e., Eq. (2.3.9)) cannot be used in our space buffer
computations. To address this shortcoming, we introduced brake-by-wire controllers based
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on certain performance specifications. Once emergency braking is initiated, these controllers
present at each vehicle track an assigned deceleration computed as per our approach.

To address controller-related effects and, thereby, non-instantaneous deceleration tracking,
we derived an expression that computes a vehicle’s stopping distance under controller action.
Through an example, we demonstrated how this analytically computed value matches that
of our highly accurate simulation. Hence, the resulting stopping distances of all vehicles
from this controller expression have to be used in the space buffer computations, rather than
relying on the standard expression of stopping distance.

To address the other realistic condition of changing road profiles, we initially proved that
vehicle ordering, for example on a flat road, remains the same on all other road profiles as well.
Further, we considered uphill road profiles and discussed how the space buffer computations
done for a flat road still remain valid. However, in a downhill, some vehicles, particularly,
towards the end of a platoon are unable to track their respective reference decelerations
due to their actuators’ saturation. In such situations, to avoid inter-vehicle collisions they
broadcast distress messages and a coordination scheme is required among vehicles to ensure
collision-free brake maneuvers. This cooperative/coordination scheme is discussed in detail
in the next chapter.
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Engineering a cooperative behavior

Since we minimize the stopping distance on a flat road, some of the vehicles, particularly
towards the end of the platoon, work already very close to their maximum achievable decel-
erations. It may thus occur that one such vehicles is unable to keep track with the others,
for example, if the platoon enters a downhill, broadcasting a distress message. The required
cooperative behavior in such a situation is the focus of this chapter.

In a distress situation, the necessary actions to be performed by the vehicles can be sepa-
rated into two different categories. The first category comprises vehicle(s) that cannot track
their assigned reference deceleration(s), which are henceforth referred to as distressed vehi-
cle(s). Note that in case of more than one vehicle in distress, the most distressed vehicle
has to be considered simply disregarding all others. The other category includes all the less
or non-distressed vehicles that can no longer continue braking at their originally assigned
decelerations and have to adapt them according to the most distressed vehicle.

6.1. Actions by distressed vehicles

Every vehicle in the platoon checks for its current deceleration after the settling time has
elapsed (400ms as per our specifications), and if there is an error with respect to its assigned
deceleration, it broadcasts a distress message as detailed below. Recall that, independent
of whether a distress message is sent or not, every vehicle has to send an asynchronous live
signal to its immediately following vehicle (with an update of its deceleration, speed, and
position) as mentioned in Section 4.1.

The contents of the distress message are the distressed vehicle’s index dis (based on which
the most distressed vehicle can be identified as per Corollary 1, i.e., the vehicle with the
greatest index in 1≤ dis≤n), the minimum remaining space buffer Bmin and the maximum
stopping distance Smax that results from vehicle dis being under distress.

Based on the information provided in the live signal from its immediately leading vehicle,
a distressed vehicle can compute Bdis as per (4.1.1). Bmin is then computed as follows:

Bmin = Bdis−
(
Vdis − (Vdis−1 − |ddis−1| · (tdis − tdis−1)) · 0.02−

1

2
· (|ddis−1| − |ddis|) · 0.022

)
,

(6.1.1)
that is, Bdis minus the expected amount of space buffer that is consumed between vehicles dis
and dis−1 in 20ms. This is because other vehicles start adapting to the distress situation with
a delay of 20ms, i.e., one sample period, which needs to be accounted for as explained later
in more detail. Note that vehicle dis−1’s speed is given by Vdis−1−|ddis−1| · (tdis− tdis−1), at
time tdis, at which vehicle dis computes Bmin. Further, Bmin is a conservative measure that
considers the minimum remaining space buffer up to vehicle dis, which might not necessarily
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be between dis−1 and dis,1 and reduces it by the greatest possible amount that results from
dis being the most distressed vehicle — see again Theorem 2 and its corollary.

Finally, the stopping distance (or final position at standstill) of the vehicle dis denoted
as Sdis is computed using (2.3.9). It should be noted that (5.3.5) is not valid when the
controller is saturated and, hence, unable to track its assigned deceleration. However, since
its (saturated) deceleration remains constant, we can still use the standard expression of
(2.3.9) to compute its stopping distance. Then, from Sdis, we calculate Smax as:

Smax = Sdis −
(
Vdis · 0.02−

1

2
· |ddis| · 0.022

)
, (6.1.2)

that is, Sdis is reduced during the 20ms delay required by other vehicles to start adapting to
the distress situation and this is considered by Smax.

Note that apart from multiple vehicles broadcasting their distress messages, cascaded dis-
tress messages from the same vehicle are also possible. This might happen when a vehicle
that had previously broadcast a distress message has entered another downhill that is much
steeper. For example, when the vehicle was initially distressed due to a 4° downhill and, it
then entered a much steeper downhill of 8°. In such a scenario, the vehicle is more distressed
in the steeper downhill and, hence, its stopping distance will be longer. Therefore, the vehicle
has to broadcast a separate distress message with the updated information.

On the contrary, if a previously distressed vehicle enters a flat road (instead of entering
a steeper downhill), it can broadcast a de-distress message indicating that it is no longer
distressed. All the other vehicles can then switch back to tracking their originally assigned
decelerations (computed for a flat road) and the overall stopping distance of the platoon can
be reduced.

6.2. Actions by less or non-distressed vehicles

Once a distress message is broadcast at tdis, all vehicles receive it almost instantaneously
(recall that we assume a negligible propagation delay). The above mentioned contents of
the distress message are processed by all less or non-distressed vehicles that need to start
adapting by computing their new deceleration values within a 20ms delay (i.e., one sample
period) and begin tracking the same.

Considering Smax and Bmin from the distress message, a vehicle i with 1≤ i< dis first
computes a stopping distance Snew

i in m that has to be covered from the point in time of
beginning to track its new deceleration:

Snew
i = Smax − (dis− i)Bmin. (6.2.1)

Let us first assume an instantaneous deceleration switching. As a result, we can compute the
constant deceleration dnewi that brings the vehicle to standstill in a distance Snew

i :

V 2
i + 2|dnewi |Snew

i = 0, (6.2.2)

where Vi is vehicle i’s velocity at tdis+0.02, i.e., the point in time of starting to track its new
deceleration, which is an amount |di| · 0.02 smaller than the speed at tdis. In other words,
from receiving the distress message until switching to the new deceleration dnewi , vehicle i
continues braking at its originally assigned deceleration di for the duration of 20ms.

1However, it is always the distressed vehicles that use up more space buffer to their immediately leading
vehicles in comparison to the non-distressed vehicles. This is because the distressed vehicles are decelerating
at a lesser magnitude than their assigned ones. As a consequence, they are closer to their respective
immediately leading vehicles, thereby, consuming more space buffer.
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However, the brake-by-wire controller cannot switch instantaneously to dnewi , but it rather
undergoes a transition until it settles after 400ms as per our specifications. We need to
consider this additional trajectory to avoid collisions in the transition from one deceleration
to another. To this end, we proceed similar to before letting ∆Di(s) denote the difference
between |di| and |dnewi | in the frequency domain s with |di|> |dnewi |.

Multiplying ∆Di(s) with the closed-loop transfer function of (5.3.1), the expression of the
output, i.e., the transition from one deceleration to the other, can be obtained by decomposing
into partial fractions similar to (5.3.2). Applying the inverse Laplace transform, we obtain
an expression in the time domain t denoted by ∆di(t).

On the other hand, the vehicle is undergoing a transition from its current to the new decel-
eration. Hence, the current deceleration’s expression di(t) and the deceleration difference’s
expression ∆di(t) need to be superposed from t≥ tdis + 0.02 onwards. This is possible for a
LTI system like ours [60]:

di(t) + ∆di(t) = R1e
p1t +R2e

p2t +R3e
p3t +R4e

p4t + R̃1e
p1(t−(tdis+0.02))

+ R̃2e
p2(t−(tdis+0.02)) + R̃3e

p3(t−(tdis+0.02)) + R̃4e
p4(t−(tdis+0.02)).

(6.2.3)

Although it is not evident from (6.2.3), note that the expression of ∆di(t) represents the de-
crease in deceleration, i.e., it diminishes function di(t)’s value from the initial di at tdis + 0.02
to dnewi at tdis + 0.42 (from which it remains constant). Integrating (6.2.3), we obtain the
expression of velocity as:

vi(t) + ∆vi(t) =
R1e

p1t

p1
+

R2e
p2t

p2
+

R3e
p3t

p3
+

R4e
p4t

p4
+

R̃1e
p1(t−(tdis+0.02))

p1
+

R̃2e
p2(t−(tdis+0.02))

p2

+
R̃3e

p3(t−(tdis+0.02))

p3
+

R̃4e
p4(t−(tdis+0.02))

p4
+ Vi + C3,

(6.2.4)
where Vi +C3 is an integration constant similar to before and Vi is again the vehicle i’s speed
at time tdis + 0.02. Further, integrating (6.2.4), we obtain the expression of distance as:

si(t) + ∆si(t) =
R1e

p1t

p21
+

R2e
p2t

p22
+

R3e
p3t

p23
+

R4e
p4t

p24
+

R̃1e
p1(t−(tdis+0.02))

p21
+

R̃2e
p2(t−(tdis+0.02))

p22

+
R̃3e

p3(t−(tdis+0.02))

p23
+

R̃4e
p4(t−(tdis+0.02))

p24
+ Vit+ C3t+ Si + C4,

(6.2.5)
where again Si +C4 is a constant of integration with Si representing vehicle i’s position in
m at tdis + 0.02 relative to its position at the moment of braking.

Now, vehicle i has to cover a distance of Snew
i from time tdis+0.02 until it reaches standstill.

If we calculate the time at which the vehicle reaches standstill and evaluate (6.2.5) between
the two limits, the distance covered can be obtained. The time to reach standstill when
transitioning to dnewi can either be obtained analytically from (6.2.4) or computed numerically.
For the sake of simplicity, we opt to use the numerical approach.

In this direction, we begin by substituting t= tdis + 0.02 in (6.2.4) and iterate in steps of
20ms, i.e., the brake-by-wire controller’s sampling time, until the value of (6.2.4) becomes
zero (or slightly less than zero). In other words, at time tdis + 0.02, the vehicle i’s velocity
is equal to Vi and as time increases the velocity gradually approaches and becomes zero (or
slightly less than zero). This stopping time and tdis + 0.02 when substituted as the limits in
(6.2.5) yield the stopping distance covered by the vehicle.

However, the distance covered will always be less than the required Snew
i , since transitioning

from |di| to settling at |dnewi | yields a trajectory that is shorter than that intended with the
constant |dnewi |, i.e., the vehicle continues braking at a higher magnitude than the intended
new one for some time.
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In order to make vehicle i cover a distance of Snew
i , we have to reduce the magnitude

of dnewi , i.e., the vehicle has to transition to a deceleration that is of a lower magnitude
than |dnewi |. For simplicity, we again opt for the numerical approach. Hence, we reduce the
magnitude of dnewi in steps of 0.01.2 Let |dnewi,k | denote the reduced magnitude where k is
the iteration and takes a value {1, 2, 3, . . .}. Then, we compute the difference between |di|
and |dnewi,k | in the frequency domain s, multiply the difference with the closed-loop transfer
function of (5.3.1) and obtain the corresponding residues as per (5.3.2).

Through inverse Laplace transform, we obtain the deceleration transition’s expression in
the time domain and, similar to before using (6.2.4) and (6.2.5) respectively, we compute the
new stopping time of the vehicle and the corresponding distance covered. Let Snew

i,k denote the
distance covered with the corresponding reduced magnitude of deceleration. If Snew

i,k ≥Snew
i

we stop the numerical iteration and the vehicle transitions to the corresponding dnewi,k rather
than to the initially computed dnewi . On the contrary, if Snew

i,k <Snew
i , we repeat the process

by reducing the magnitude from the previous iteration until Snew
i,k ≥Snew

i .
Note that even though the computations are iterative, the numerical solution space to

be explored to arrive at the deceleration value is bounded between |dnewi | and a value close
to |ddis|. This is because any of the less or non-distressed vehicles will never decelerate at
a magnitude that is much less than that of the most distressed vehicle. As a result, the
numerical solution can be computed well within 20ms (as shown later with an example).

Finally, it is not possible for all the less or non-distressed vehicles to cover a distance of
exactly Snew

i . There will be minor differences between the achieved stopping distance Snew
i,k

and the required Snew
i . This is because we iteratively reduce the deceleration value in steps

of 0.01 (until Snew
i,k ≥Snew

i ) and, hence, quantization error might be incurred.

An example. Consider a 10-vehicle platoon with 2m (B = 1m) inter-vehicle separations on
a downhill slope of 4°. Assume that the last 2 vehicles are unable to track their respective
reference decelerations due to their actuators’ saturation. As per Theorem 2 and the corollary,
the last vehicle is the most distressed. As a result, its distress message broadcast after 400ms
of initiating an emergency brake maneuver is considered by all other vehicles. This distress
message has all the necessary details. For example, assume Smax is 95.42m, and Bmin is
0.99m (from the initial 1m). Note that there is a difference of only 0.01m due to downhill
grade of only 4° and early broadcast of distress message (i.e., after 400ms). For road profiles
steeper than 4° or if distress situation arises much later, i.e., braking on flat road and then
entering a downhill, more space buffer will be consumed and, hence, Bmin would be lesser.

All the other vehicles process data in the distress message and adapt their decelerations.
As an example, we consider the computations done by the 8th vehicle in the platoon. This
vehicle has to achieve Snew

i of 93.44m from time 420ms (20ms after distress message broadcast)
onwards and, as a result, the corresponding |dnewi | is 4.37m/s2. The vehicle has to switch from
its current deceleration |di| of 4.82m/s2 to |dnewi |. This difference of 0.45m/s2 corresponds to
∆di. From (6.2.4), the vehicle reaches standstill at time 6.96s after it begins transitioning
to the new deceleration magnitude of 4.37m/s2 at time 420ms. Substituting these two time
limits in (6.2.5) yields a shorter stopping distance of 93.15m rather than the required 93.44m.

Hence, we reduce the magnitude of |dnewi | from 4.37m/s2 to 4.36m/s2 as explained above.
This new magnitude |dnewi,1 | produces a corresponding Snew

i,1 of 93.36m. Since Snew
i,1 <Snew

i , we
proceed further and reduce the magnitude to 4.35m/s2. This new magnitude |dnewi,2 | produces
a corresponding Snew

i,2 of 93.56m. Since Snew
i,2 >Snew

i , we stop the numerical computations.
Therefore, the vehicle switches to a deceleration magnitude of 4.35m/s2 (from the originally
assigned magnitude of 4.82m/s2) such that collisions are avoided and a safe brake maneuver
is guaranteed. Note that the vehicle covers a stopping distance that is only 0.12m (93.56m –

2Recall that as per our assumptions our brake-by-wire controllers can track a deceleration accurately up to
two-decimal places. Hence, the value of 0.01 is chosen.
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Figure 6.1.: Vehicle 8’s deceleration switching from a 4.82m/s2 to a 4.35m/s2 magnitude during
a distress situation

93.44m) longer than the required value and the corresponding deceleration magnitude was
computed with just two iterations.

The above such computations are performed similarly at each individual vehicle requiring
only two iterations as for the shown case. Similar to the 8th vehicle, all up to the 7th vehicle
cover distances that are longer than their intended ones by 0.02m, 0.03m, 0.16m, 0.12m,
0.04m, 0.04, and 0.15m respectively. Also, the 9th vehicle covers a distance that is 0.12m
longer than intended. Note that this difference in the resulting stopping distance has to be
compensated by the safeguard (SG). However, this is not much and only varies from 1cm
between the lead and its immediately following vehicle to 13cm between the 2nd and 3rd

vehicle.
The actual deceleration transition by the 8th vehicle (as simulated in Matlab/Simulink) and

its analytically computed counterpart as per (6.2.3) can be seen in Fig. 6.1. Note again that
the controller settles much faster in simulation than the analytically computed trajectory.
This is because in the simulation the non-linear aerodynamic and rolling resistances are also
acting on the vehicle, whereas the analytical expression considers that only the brake force
is acting on the vehicle.

6.3. Key findings

In this chapter, we considered the other realistic condition of braking, i.e., changing road
profiles, in detail. Particularly, we dealt with downhill road profiles which present the most
challenging conditions for emergency braking. In a downhill, the decelerations computed for
a flat road cannot be tracked by all vehicles. This situation is common in vehicles that are
present towards the end of a platoon. We refer to such situations as distress.

In a distress situation, the actions to be performed by distressed vehicles were outlined.
They simply broadcast distress messages which contain crucial information required by the
non-distressed vehicles, who no longer can continue braking at their previous assigned decel-
erations and, hence, have to adapt them. In case of multiple vehicles in distress, the most
distressed vehicle’s message is considered by all the other vehicles, including the one whose
distress message was broadcast, but not considered due to the presence of the most distressed
vehicle.

The distress message contents are processed and all the necessary computations performed
within 20ms to arrive at the new deceleration to be tracked were detailed. Hence, after a dis-
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tress message broadcast, all the vehicles begin simultaneously tracking their new decelerations
20ms later.

Thus, through the coordination scheme introduced in this chapter, we ensure that inter-
vehicle collisions are avoided in distress situations and the whole platoon brakes in a safe
manner, while simultaneously minimizing the overall stopping distance. In the next chapter,
we perform a detailed evaluation of our Space-Buffer approach and demonstrate that this
coordination among vehicles guarantees safe braking.
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Chapter 7.

Evaluation and simulation

In this chapter, we present an extensive evaluation of our Space-Buffer approach. To begin
with, we study the impact of platoon braking on stopping distance. Then, we assume ideal-
ized conditions of braking and compare the performance of our Space-Buffer approach with
the intuitive approaches — Least Platoon Length and Least Stopping Distance — and the
Subplatoon approach. Subsequently, we consider realistic conditions of braking and simulate
the platoon to brake on different road profiles. Finally, we address packet losses and analyze
the number of packets that can be safely lost in all of the approaches.

7.1. The impact of platoon braking on stopping distance

In this section, we simulate a 3-vehicle platoon and demonstrate the impact on the stopping
distance when braking in a platoon. We use the intuitive Least Platoon Length as the
emergency braking approach in this example. The lead vehicle can decelerate at a maximum
of 0.7g. However, the two following vehicles have heterogeneous deceleration capabilities, in
particular, the weakest vehicle can decelerate at only 0.6g. Hence, to ensure safe emergency
braking, the whole platoon has to decelerate at only 0.6g.

As shown in Fig. 7.1, we log the positions of the platoon lead on the road just before it
begins braking and continue until it comes to a complete standstill. This is done for both
the cases of traveling in isolation and in platoon. The platoon and vehicle cruise velocity is
around 100km/h when emergency braking is initiated.

Since the lead vehicle can brake at a maximum deceleration of 0.7g in isolation, its stopping
distance is shorter than braking in the platoon. Further, when operating in the platoon due
to the reduced aerodynamic force as well, the lead vehicle takes longer to arrive at standstill.
This difference is approximately around 9m for this configuration of three vehicles.
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Figure 7.1.: Impact of platoon braking on stopping distance
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In conclusion, to account for the heterogeneous deceleration capabilities of vehicles, and
also due to the reduced aerodynamic force, a vehicle’s stopping distance will always be longer
in a platoon than that achieved in isolation.

7.2. Braking under idealized conditions

In this section, we assume idealized conditions of braking, i.e., instantaneous deceleration
tracking and braking on a flat road, and demonstrate the effectiveness of our Space-Buffer
approach. We compare its performance against the intuitive approaches and the Subpla-
toon approach on the basis of achieved aerodynamic benefits, platoon length, and stopping
distance. For this comparison, we consider longer platoons of 20 vehicles and perform our
simulations in Matlab/Simulink.

7.2.1. Test data

The following vehicle data was randomly generated. Vehicles up to 3500kg are considered to
be passenger cars in Europe. As a result, we chose the vehicle masses m to be in the range
of 1000kg – 3500kg and, their frontal areas Af in the range of 2m2 – 2.5m2. The aerodynamic
coefficients CD of production cars are in the range of 0.311 – 0.475 [48] and, hence, the same
was chosen.

We consider dry asphalt road conditions and, hence, the coefficient of road adhesion µ is
0.85. This also implies that under optimal brake-force distribution to the axles, vehicles can
achieve a maximum deceleration of 0.85g (in magnitude). Decelerations greater than 0.40g
in magnitude are uncomfortable for in-vehicle passengers [61]. As a result, we treat decel-
erations above 0.40g as emergency braking. Therefore, to simulate heterogeneous maximum
deceleration capabilities of platoon vehicles, we randomly choose a value in the 0.5g – 0.8g
range for each vehicle. Note that due to the equivalent mass factor γm, with a common value
of 1.05, the corresponding maximum decelerations would be lesser in magnitude.

Apart from the equivalent mass factor, there are certain other parameters that are com-
mon for all the vehicles. These are the coefficient of rolling resistance fr = 0.015, the air-mass
density ρ= 1.225kg/m3, acceleration due to gravity g = 9.8m/s2, and a vehicle length of 5m.
Further, all vehicles are assumed to be of the same height for ease of computing aerodynamic
benefits. Finally, two important parameters with respect to braking are the platoon cruise
velocity, and the dead time of brake-by-wire systems. All vehicles are assumed to be trav-
eling at a common cruise velocity of 30m/s (108km/h) before emergency braking is initiated.
Then, all individual brake-by-wire systems are assumed to have a common dead time of 0.1s.
Therefore, all vehicles travel a distance of 3m (30 · 0.1) before actually starting to decelerate.

7.2.2. Method of performing the simulations

Based on the values of vehicle parameters mentioned above, we randomly generate 20 vehicles.
This constitutes one dataset. An example dataset is shown in Table 7.1.1 Then, vehicles
represented by ID join in the same order (i.e., the order of increasing stopping distances),
and operate in a platoon. Hence, the number of vehicles gradually increases from 1 to 20.
Recall that for the Subplatoon approach, a suitable lead has to be chosen. Table 7.2 shows
the corresponding maximum deceleration capability of the selected lead from this dataset

1Note that we use m for mass as well as for the unit meter. However, these can be easily distinguished
depending on the context. In addition, for denoting the maximum deceleration we normalize it as g. This
is the acceleration due to gravity, and not the weight unit gram.
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Table 7.1.: An example of one dataset of vehicles
ID m max. |d| CD Af ID m max. |d| CD Af

(in kg) (in g) (in m2) (in kg) (in g) (in m2)
1 2034 0.79 0.384 2.16 11 1138 0.61 0.419 2.44
2 2456 0.78 0.396 2.46 12 1499 0.62 0.370 2.16
3 2493 0.74 0.371 2.36 13 1845 0.60 0.465 2.25
4 1915 0.73 0.419 2.18 14 2207 0.59 0.369 2.34
5 2823 0.72 0.377 2.35 15 3234 0.58 0.406 2.18
6 1376 0.71 0.435 2.05 16 1965 0.57 0.440 2.09
7 1062 0.69 0.453 2.13 17 3180 0.54 0.452 2.38
8 1942 0.67 0.319 2.02 18 2832 0.52 0.442 2.34
9 1661 0.65 0.333 2.04 19 1176 0.51 0.331 2.42
10 2080 0.64 0.440 2.23 20 2753 0.50 0.385 2.35

as the number of vehicles gradually increase — again, only the case of two subplatoons is
considered.2

For each platoon configuration from 1 to 20 vehicles, we compute the stopping distances as
per (2.3.9), initiate emergency braking causing all the vehicles to brake simultaneously 20ms
later. The stopping distances for all the four approaches are logged along with the achieved
aerodynamic benefits, and the overall platoon length. This whole process is repeated for 100
such datasets. Once this is complete, we finally take the average of all the logged aerodynamic
benefits, platoon length, and stopping distance values and present our results.

As previously mentioned in Section 4.5, we employ separations of just 1m (SG) in the
Least Platoon Length approach. The same separation is also used within a subplatoon.
Further, based on the chosen lead, the appropriate inter-subplatoon separation is maintained.
The separations in the Least Stopping Distance approach are dependent on the difference
in stopping distances of two consecutive vehicles plus SG. Finally, for the Space-Buffer
approach, we vary the space buffer B as a design parameter and choose values of 1m, 2m,
and 3m thereby, resulting in inter-vehicle separations of 2m, 3m, and 4m respectively. Recall
that for separations of 5m and beyond, there are no fuel/energy savings for the platoon
lead [56] [57]. As a result, we do not increase the value of B beyond 3m.

2Every time a new vehicle joins, the lead was selected by an exhaustive search, i.e., trying out each and every
vehicle as the lead and choosing the one with more benefits. This results in a linear complexity on the
number of vehicles joining the platoon.

Table 7.2.: Selected lead for the Subplatoon approach
Vehicle joining max. |d| (in g) Vehicle joining max. |d| (in g)

1 0.79 11 0.72
2 0.79 12 0.79
3 0.78 13 0.79
4 0.74 14 0.71
5 0.73 15 0.71
6 0.74 16 0.71
7 0.73 17 0.71
8 0.73 18 0.71
9 0.72 19 0.71
10 0.72 20 0.71
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Figure 7.2.: Average drag coefficient ratio vs. number of vehicles

7.2.3. Aerodynamic savings, platoon length, and stopping distance
Fig. 7.2 shows the average drag coefficient ratio for the approaches as the number of vehi-
cles increase (i.e., as vehicle 1 to 20 join the platoon). Clearly, at large separations of 4m
(B = 3m), the overall aerodynamic savings for the Space-Buffer approach are less. However,
in comparison to the existing separations employed in platooning, i.e., 5 to 10m and beyond,
these benefits are much better as even the lead vehicle has benefits.

In contrast to the Space-Buffer approach (B = 3m), Least Platoon Length achieves op-
timum values by around 17% from 3 vehicles onwards. This is because it maintains inter-
vehicle separations of just 1m. Similarly, the Subplatoon approach has a deviation of only
2% from the optimum for 13 vehicles and more. This slight difference is due to the large
inter-subplatoon separation.

At inter-vehicle separations of 2m (B = 1m) for 20 vehicles, the Space-Buffer approach
has a maximum deviation of just 6% when compared to the optimum and only 4% when
compared to the Subplatoon approach. For 3m (B = 2m) separations, this deviation with
respect to the optimum increases to 10%. The Least Stopping Distance approach also achieves
approximately the same benefits but performs slightly better. This is because in case of
vehicles with similar braking capabilities the separations will be very close to SG, where as
in the Space-Buffer approach the separations are always constant.

Interestingly, all approaches’ aerodynamic benefits stagnate for more than 12 vehicles. As
previously mentioned in Section 2.2.2, these savings become smaller and asymptotically ap-
proach a value of around 0.50 as the number of vehicles increase.

An example: Consider a vehicle cruising with a constant velocity V on a flat road. Its
mass m is 2000kg, coefficient of aerodynamic resistance CD is 0.4, frontal area Af is 2m2,
coefficient of rolling resistance fr is 0.015, and the air-mass density ρ is 1.225kg/m3. The ratio
of liters of fuel consumed per kilometer to overcome aerodynamic resistance to the total liters
of fuel consumed per kilometer by a vehicle is given by [57]:

[liters/km]Aerodyn

[liters/km]Total
=

ρ
2CDAfV

2

ρ
2CDAfV 2 + frW

. (7.2.1)

Assume a distance of 200km is covered in isolation consuming 10 liters of fuel. If another
vehicle follows at a separation of 1m for the whole distance, there is a reduction of 36% in
the aerodynamic resistance on the lead vehicle — see again Fig. 2.3. Substituting these values
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Figure 7.3.: Platoon length vs. number of vehicles

in (7.2.1), the lead vehicle now requires less than 7 liters of fuel to cover the same distance.
From Fig. 7.2, for 20 vehicles, there is an average 47% reduction in aerodynamic force (for
the optimum Least Platoon Length) leading to more fuel savings at each of the vehicles.

Fig. 7.3 shows the resulting platoon length for the different approaches. With constant
inter-vehicle separations of 1m, Least Platoon Length achieves the shortest length of 119m
for 20 vehicles making it ideal for coexistence with other road users. The next best platoon
length of 138m is achieved by the Space-Buffer approach at inter-vehicle separations of 2m
(B = 1m). This is around 9m shorter than the Subplatoon approach. This difference is due
to the large inter-subplatoon separation.

At large separations of 4m (B = 3m), the Space-Buffer approach results in the longest
platoon of 176m for 20 vehicles. The Least Stopping Distance approach is approximately
5 vehicle lengths (i.e., 25m) shorter than this longest platoon. However, at separations of 3m
(B = 2m), this difference reduces to just around 1.2 vehicle lengths (i.e., 6m), with the Least
Stopping Distance approach being the shorter one. This longer platoon length of the Space-
Buffer approach can be reasoned again by the fact that inter-vehicle separations are always
constant (either 3m or 4m), irrespective of whether the difference in deceleration capabilities
of consecutive vehicles is very little or significant. On the contrary, in the Least Stopping
Distance approach, if the deceleration capabilities are identical, their separations are reduced
to just 1m SG leading to shorter platoon length.

Fig. 7.4 shows the stopping distances that can be achieved with these approaches. The
platoon cruise speed was 30m/s (108km/h) when emergency braking was initiated. The lead
vehicle broadcasts the brake command, and 20ms later simultaneously brakes together with
all the following vehicles in all of the approaches. This 20ms delay results in all the vehicles
traveling a negligible 0.6m (30 · 0.02). Further, after the vehicles begin braking, due to the
time taken for activation of brakes they cover a distance of 3m (30 · 0.1) before beginning to
decelerate. Only this 3m traveled is included in the values shown in Fig. 7.4.

Note that the stopping distance values presented here are greater than the stopping dis-
tance of the vehicles in isolation. As previously explained in Section 7.1, this is due to the
consideration of heterogeneous deceleration capabilities and also partly due to the reduction
of aerodynamic force on the vehicles during platoon operation.

The Least Platoon Length approach achieves the worst stopping distance of around 95m
for 20 vehicles and, is thereby, unsuitable for emergency braking. Even at B = 1m, the Space-
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Figure 7.4.: Stopping distance vs. number of vehicles

Buffer approach outperforms Least Platoon Length and achieves a stopping distance that is
20m shorter. In comparison to the Subplatoon approach, the achieved stopping distances
are shorter for platoons of up to 13 vehicles. For longer platoons, the Subplatoon approach
performs better than our Space-Buffer approach with 2m separations (B = 1m) due to the
choice of a better braking vehicle as the platoon lead. However, the platoon becomes longer
as previously shown in Fig. 7.3. For 20 vehicles, the difference in stopping distance between
these approaches is around 9m.

The optimum stopping distance of around 63m for 20 vehicles is achieved by Least Stop-
ping Distance as well as our Space-Buffer approach for separations of 3m (B = 2m) and 4m
(B = 3m). More precisely, at 3m separations (B = 2m), our Space-Buffer approach has a dif-
ference of only 0.1m to Least Stopping Distance with the latter performing better. However,
at separations of 4m (B = 3m), our Space-Buffer approach outperforms the Least Stopping
Distance approach marginally by 0.07m. This can be explained by the fact that closer the
inter-vehicle separations are to 5m, lesser is the magnitude of tail wind experienced by the
lead vehicle causing it to reach standstill in a shorter distance. Hence, this result is inline
with the results presented in [56] [57].

Finally, one observation with respect to the Space-Buffer approach for all values of B is
that it exhibits stagnation in the achieved stopping distance from 6 vehicles onwards. This
can be reasoned by the same choice of vehicle x leading to the same SSB.

7.2.4. The impact of braking capacities

In this section, different ranges of maximum deceleration capabilities of vehicles are considered
and their impact on the achieved aerodynamic benefits, platoon length, and stopping distance
are analyzed. The method used for generating the test data and performing the simulations
is the same as mentioned before. Additionally, we vary the range of vehicle braking capacities
from 0.8g – 0.8g till 0.5g – 0.8g in steps of 0.03 keeping the number of vehicles constant at 20
for each range.

Fig. 7.5 shows the impact of vehicle braking capacities on the achieved aerodynamic ben-
efits. Only the Least Stopping Distance and the Subplatoon approaches show a dependency
on the range of braking capacities with higher benefits at identical braking capacities.

However, the achieved aerodynamic benefits by both these approaches at homogeneous
braking capacities of 0.8g have a very slight difference to the optimum value of around 0.53
achieved by Least Platoon Length. With respect to the Subplatoon approach, the difference is
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Figure 7.5.: Average drag coefficient ratio vs. range of braking capacities

almost negligible. This negligible deviation from the optimum is due to the inter-subplatoon
separation that is a little longer than SG, whereas in the Least Platoon Length it is always
the constant 1m. Similarly, with respect to Least Stopping Distance, the vehicle weights
impact their stopping distances and, as a result, separations are a little longer than 1m.

As the range of braking capability increases, the aerodynamic benefits in the Least Stopping
Distance and the Subplatoon approaches decrease. For the widest range of 0.5g – 0.8g, the
ratio is around 0.60 for Least Stopping Distance, whereas for Subplatoon it is around 0.55
having only a difference of 2% to the optimum.

The Space-Buffer approach with 2m separations (B = 1m) exhibits a constant ratio of
around 0.60. It has a difference of around 7% to the optimum. In the widest range of braking
capacities, it performs slightly better than Least Stopping Distance. With respect to the
Subplatoon approach, it has a deviation of around 5%.

Similarly, at 3m separations (B = 2m), the ratio is also a constant 0.63 that is greater than
the Least Stopping Distance approach across all ranges of braking capacities. With respect
to the optimum, the difference is around 10%.

Finally, the worst aerodynamic benefits is achieved by the Space-Buffer approach at 4m
separations (B = 3m). This is due to the constant B which is not adapted to the range of
braking capacities. Hence, irrespective of the range considered, the ratio is around 0.70. The
difference to the optimum is around 17%. Note that even though this value of B performs the
worst among all the approaches, it is much better in comparison to the existing inter-vehicle
separations employed in platooning, i.e., 5 to 10m and beyond.

Fig. 7.6 shows the relation between the range of braking capacities and the overall platoon
length. Similar to the previously presented aerodynamic benefits, only the Least Stopping
Distance and the Subplatoon approaches exhibit a dependency. With homogeneous braking
capacities, the platoon lengths in all the approaches are approximately the same. Shorter,
but varying inter-vehicle separations (due to vehicle weights impacting stopping distances)
in Least Stopping Distance and slightly longer than 1m inter-subplatoon separation in Sub-
platoon can be reasoned for these slight differences. The optimum value of 119m is achieved
by Least Platoon Length for all the ranges of braking capacities.

As the range gets wider, the platoon length increases linearly for Least Stopping Distance
and Subplatoon. In the widest range, their platoon lengths are respectively around 150m
and 145m. The shorter length achieved by the Subplatoon approach can be explained by
the fact that inter-subplatoon separation is chosen as the difference in deceleration capacities
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Figure 7.6.: Platoon length vs. range of braking capacities

of the selected platoon lead and the worst braking vehicle. The selected platoon lead is not
necessarily the best braking vehicle, thereby, resulting in a smaller difference. However, the
achieved stopping distances will be impacted as shown next.

The Space Buffer approach with 2m separations (B = 1m), results in a constant length of
138m which is shorter than that achieved by Least Stopping Distance and Subplatoon. At
inter-vehicle separations of 4m (B = 3m), the longest platoon of around 176m results. This
length reduces to 157m for B = 2m. This 157m length is around 1.2 vehicle lengths longer
than the Least Stopping Distance approach. Note again that the nonadaptation of B as per
the range of braking capacities causes this difference.

A comparison of the achieved stopping distances for the different ranges of braking ca-
pacities is presented in Fig. 7.7. The Least Stopping Distance and Space Buffer approaches
with B = 3m and B = 2m achieve optimum values for all ranges of braking capacities. In
the widest range, this is around 62m, whereas at identical braking capacities of 0.8g this is
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Figure 7.7.: Stopping distance vs. range of braking capacities
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around 61m. More precisely, Space Buffer with B = 3m outperforms the Least Stopping Dis-
tance approach by an average negligible margin of around 0.20m. With respect to B = 2m,
it is the contrary where Least Stopping Distance performs better. In the widest range, Least
Stopping Distance achieves a stopping distance that is around 0.5m shorter than B = 2m.

Contrarily, the Least Platoon Length approach achieves the worst stopping distances across
all the ranges. For homogeneous capacities, the achieved stopping distance is around 62m,
i.e., 1m longer than the optimum. This is because the vehicle weights impact their stopping
distances and, as a result, all vehicles have to adapt to the worst braking vehicle which has a
slightly longer distance. However, as the range of capacities gets wider, the difference between
the best and the worst stopping distances also increases linearly. For the widest range, there
exists a difference of approximately 31m, i.e., more than 6 vehicle lengths, thus, making the
Least Platoon Length approach undesirable for emergency situations.

On the other hand, even at 2m separations (B = 1m), the Space-Buffer approach achieves a
stopping distance that is around 20m shorter than Least Platoon Length in the widest range.
In comparison to the best performing approaches, B = 1m achieves almost similar results
starting from homogeneous braking capacities till the 0.8g – 0.62g range. Further, until this
range it also outperforms the Subplatoon approach. However, from the 0.56g – 0.8g range
till the widest, the Subplatoon approach achieves shorter stopping distances due to a better
braking vehicle chosen as the platoon lead. The difference is around 8m in the widest range.
However, as mentioned previously, the platoon length get longer (in Subplatoon).

In conclusion, when all platoon vehicles have identical braking capabilities, the stopping
distances achieved are almost similar. However, in reality, their deceleration capabilities are
not identical, but vary. In such a scenario, especially during emergency braking, it becomes
crucial to minimize the stopping distance of the whole platoon in spite of this heterogeneity.
This is where our Space-Buffer approach demonstrates its effectiveness even with the lowest
value of B = 1m. The aerodynamic benefits and platoon lengths achieved by the other values
of B might not be optimum, but the corresponding optimum performing approaches have
their stopping distance affected in case of Least Platoon Length, and both platoon length
and aerodynamic benefits affected in case of Least Stopping Distance.

The Subplatoon approach finds a balance in the performance of these two intuitive ap-
proaches, but at the cost of large inter-subplatoon separations, thereby, achieving suboptimal
performance. Additionally, the large separation might result in other road traffic merging
into it which naturally leads to vehicle collisions during emergency braking, thus, jeopardizing
safety. This is never the case with the Space-Buffer approach. Therefore, in the direction of
deploying platoons in real world, our Space-Buffer approach performs the best when all the
three parameters — achieved aerodynamic benefits, platoon length, and stopping distance
— are considered together, and ensures safe emergency braking.

7.3. Braking under realistic conditions

Now that the effectiveness of our Space-Buffer approach is demonstrated, in all further sec-
tions, we consider realistic conditions of braking, i.e., accounting for controller-related effects
in deceleration tracking and braking on varying road profiles. From here on, we employ a
shorter platoon of 10 vehicles, whose corresponding data are shown in Table 7.3. This data
was also randomly generated in the same manner as mentioned before. The heterogeneity of
the vehicles, especially in terms of braking capabilities can be observed.

Each vehicle in the table was modeled in Matlab/Simulink as per Fig. 2.4, i.e., considering
even the nonlinear rolling and aerodynamic resistances which were excluded from our LTI
model. In addition, the brake-by-wire controllers present at each of these vehicles were
designed using the PID technique. For each controller, we chose a sampling time of 20ms
and obtained the controllers’ integral gains which are also shown in the table. In all the
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Table 7.3.: Dataset of vehicles used in the simulation (d and S respectively stand for decel-
eration and stopping distance, where we omit indexes for simplicity. Further, the
d’s shown here also account for the equivalent mass factor γm.)

ID m max. CD Af Controller’s Original Desired S Desired Simulated S
(in kg) |d| (in m2) integral S at B = 1m |d| (for B = 1m)

(in g) gain (Ki) (in m) (in m) (in g) (in m)
1 3284 0.7430 0.289 2.02 34482 67.78 91.32 0.5377 91.29
2 1317 0.7188 0.273 2.14 13828.5 69.88 92.32 0.5314 92.27
3 1243 0.6927 0.195 2.41 13051.5 72.24 93.32 0.5253 93.28
4 1696 0.6885 0.221 2.35 17808 72.63 94.32 0.5192 94.31
5 2581 0.6701 0.257 2.05 27100.5 74.46 95.32 0.5130 95.39
6 3394 0.6635 0.257 2.48 35637 75.20 96.32 0.5067 96.51
7 3037 0.6635 0.196 2.35 31888.5 75.20 97.32 0.5005 97.63
8 2367 0.5883 0.269 2.16 24853.5 83.96 98.32 0.4947 98.69
9 3413 0.5251 0.273 2.02 35836.5 93.35 99.32 0.4903 99.53
10 3265 0.4864 0.315 2.02 34282.5 100.32 100.32 0.4864 100.28

controllers, the proportional and derivative gains were zero. The steps followed for control
design, as well as our vehicle and platoon model can be found in the appendix.

7.3.1. The impact of ignoring controller-related effects

We first demonstrate the impact of ignoring controller-related effects in tracking the reference
decelerations computed using our Space-Buffer approach. The stopping distances as per
(2.3.9) were relied upon for the computations rather than using (5.3.5). To demonstrate
the resulting effect, as examples, we consider 2m (B = 1m) and 3m (B = 2m) separations.
Fig. 7.8 shows the trajectories of individual vehicles during an emergency braking on a flat
road at inter-vehicle separations of 2m. Trajectories are represented by ribbon-like plots that
account for the vehicle length (in our case 5m). Note that all vehicles travel 3m (due to
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Figure 7.8.: Braking on a flat road by ignoring controller-related effects (B = 1m)
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Figure 7.9.: Braking on a flat road by ignoring controller-related effects (B = 2m)

the actuation’s dead time as discussed above) before beginning to decelerate. After the dead
time has elapsed, their positions are plotted in Fig. 7.8. This is why the 10th vehicle’s ribbon
does not start exactly at (but rather at 3m from) the origin.

Even though emergency braking happens on a flat road, the 2nd vehicle crashes into the
platoon lead, i.e., the ribbons slightly overlap. Some of the vehicles have consumed even
the SG reserved exclusively for packet losses, for example, the 8th vehicle in the platoon. If
emergency braking is triggered after few packet losses occur, the number of collisions increase,
thereby, impacting safety.

Similar behavior occurs even for inter-vehicle separations of 3m (B = 2m) — see Fig. 7.9.
Thus, it can be concluded that controller-related effects in tracking an assigned deceleration
should not be ignored as it impacts the platoon safety even when braking on a flat road.

7.3.2. Braking on a flat road

Considering the controller-related effects, we now rely on stopping distances computed as per
(5.3.5), and perform our space buffer computations. We resimulate the same platoon to brake
on a flat road. As seen in Fig. 7.10, all vehicles in the platoon brake to complete standstill
without collisions, i.e., ribbons do not overlap, while minimizing the overall stopping distance
from 100.28m (i.e., that of the worst braking vehicle) to 91.29m. Vehicles’ individual stopping
distances after complete standstill are also presented in the last column of Table 7.1 (for
B = 1m). These differ by few centimeters when compared to the required stopping distance
(also shown in the table). This is mainly due to rounding errors and can be easily fixed by
rounding up the stopping distances (7th column from the left) before computing space buffers
or by slightly increasing the value of SG.

Similar collision-free braking behavior can also be observed for inter-vehicle separations
of 3m (B = 2m) with an overall stopping distance of around 82m — see Fig. 7.11. It is
interesting to note that the overall stopping distance in this case is around 10m shorter
than for B = 1m. This is due to the greater value of B, but also partly due to increased
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Figure 7.10.: Braking on a flat road (B = 1m)

aerodynamic force acting on the lead vehicle as a consequence of the larger inter-vehicle
separations (which is again in line with the results in [56] [57]).

For 4m separations (B = 3m), the overall stopping distance is around 73m — see Fig. 7.12.
This stopping distance is around 4 vehicle lengths shorter than that achieved by B = 1m, and
around 2 vehicle lengths shorter than B = 2m.
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Figure 7.12.: Braking on a flat road (B = 3m)

7.3.3. Braking in a downhill

We now demonstrate how certain vehicles fail to track their reference decelerations (computed
for a flat road) in a downhill and, as a result, vehicular collisions happen. Even though road
profiles have a maximum slope of 8°, Fig. 7.13 (B = 1m) shows that even a 4° slope downhill
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Figure 7.13.: Braking on 4° slope downhill (B = 1m)
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Figure 7.14.: Braking on 4° slope downhill (B = 2m)

results in vehicle collisions, i.e., ribbons overlap. In this test, all vehicles remain on the same
4° slope for the whole brake maneuver.

From Table 7.3, we see that 9th and 10th vehicles are already required to brake close to/at
their maximum deceleration magnitudes even on a flat road. In downhill, they simply cannot
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counter the disturbing grade force. As a result, they consume the space buffers to their
respective immediately leading vehicles, finally, colliding into each other and into the 8th

vehicle. These simulated collisions can be more catastrophic in reality as they may lead to
collisions with the 7th vehicle and beyond. The same behavior can also be observed with
B = 2m and B = 3m — see Fig. 7.14 and Fig. 7.15 respectively.

7.3.4. Avoiding collisions by distress messages
The inter-vehicle collisions presented previously can be avoided by a distress message broad-
cast. Upon an emergency, once the settling time of 400ms has elapsed, vehicles 9 and 10
know that they fail to track their references and, hence, broadcast distress messages. As a
result, the distress message of the 10th vehicle is considered by all the other vehicles as it is
more distressed, i.e, it has the most deviation from tracking its assigned deceleration.

All vehicles (including the 9th vehicle) perform their computations within 20ms as described
in Section 6.2. From 420ms onwards, they simultaneously adapt their decelerations and
begin tracking the same. This coordination among the vehicles ensures that the inter-vehicle
collisions are avoided, thereby, resulting in a safe brake maneuver, i.e., the ribbons now do
not overlap. However, the stopping distance gets affected and it is clearly longer than that
achieved on a flat road. For B = 1m, this is 101.37m — see Fig. 7.16.

However, when the value of B is larger than 1m, i.e., 2m and 3m, the overall stopping
distances will be much shorter than that achieved by B = 1m. The same can be observed in
Fig. 7.17 and Fig. 7.18 (corresponding to inter-vehicle separations of 3m and 4m respectively).
These stopping distances are around 92m and 83m respectively.

Note that there are slight differences in the achieved stopping distances. For example, the
lead vehicle in Fig. 7.16 stops in a distance of 101.37m rather than the required 101.21m.
This is again due to the rounding errors which can be fixed by rounding up the required
stopping distance.
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Figure 7.17.: Braking on 4° slope downhill with distress message (B = 2m)

7.3.5. Braking in a steep downhill

In this section, we demonstrate the worst case of braking in a steep downhill. For the entire
brake maneuver, all the vehicles will be on the same downhill slope of 8°, i.e., the maximum
allowed on European highways as explained before. Due to the steeper downhill, even the 8th
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Figure 7.19.: Braking on 8° slope downhill with distress message (B = 1m)

vehicle is now distressed along with the previously distressed vehicles 9 and 10. These vehicles
now need a longer stopping distance than that achieved on a 4° slope. As a result, this leads
to a worst stopping distance of around 128m, as opposed to the 110m on the 4° slope. The
overall stopping distance is now reduced to around 120m for B = 1m — see Fig. 7.19.
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Figure 7.21.: Braking on 8° slope downhill with distress message (B = 3m)

For B = 2m and B = 3m, the overall stopping distance reduces to around 111m and 101m
respectively — see Fig. 7.20 and Fig. 7.21.

7.4. Packet losses during platoon operation

The inter-vehicle separations employed in this work are below 5m. As a result, packet losses
in the inter-vehicle communication impacts the safety of a platoon. Hence, in this section,
we analyze the number of packets that can be safely lost in all the presented approaches.

As shown in Fig. 7.22, the packet losses can be analyzed from the perspectives of brake
command and live signals separately. These individual losses can be viewed as overlapping
subsets with the overlapping region representing the worst-case situation, where both the live
signals and brake command are lost. Hence, we consider this worst case for our analysis. 
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Figure 7.22.: Packet loss analysis
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As mentioned before, whenever a vehicle experiences communication problems, it assumes
the worst-case scenario, i.e., its immediately leading vehicles are already braking, and initi-
ates a (decentralized) emergency brake maneuver and communicates the same to all of its
following vehicles. The platoon then disintegrates ensuring safety. This behavior is initiated
immediately after the number of consecutive packets lost crosses a threshold.

This threshold is a function of both the platoon cruise velocity and the inter-vehicle separa-
tion. In our work, to address packet losses, a SG value of 1m in the inter-vehicle separations
is chosen for all the approaches. With respect to the platoon cruise velocity, a higher number
of packets can be lost at low cruise speeds compared to high speeds. All the approaches —
Least Platoon Length, Least Stopping Distance, Subplatoon, and Space Buffer — exhibit this
behavior. In our analysis, we consider high and low speeds of 90km/h and 50km/h respectively.

For simplicity, we consider a 2-vehicle platoon and assume an instantaneous deceleration
tracking by both the vehicles. Fig. 7.23 shows the effect of packet losses on the inter-vehicle
separation at high platoon speeds. Note that in Fig. 7.23, we use a 20ms scale from 14s up
to 14.060s (region enclosed by vertical dotted lines). From then onwards we change to a 2s
scale (to be able to show the points in time at which the inter-vehicle separation of all the
approaches reduces to zero). In all the approaches, an emergency situation caused the lead
vehicle to broadcast the brake command, initiating a simultaneous braking 20ms later. The
trail vehicle under test neither received this brake command nor the appropriate live signals.

In the Least Stopping Distance approach, the necessary separation including the SG be-
tween the two vehicles under test was 8.8m. When the second consecutive live signal after the
brake command is lost, the following vehicle initiates emergency braking. The inter-vehicle
separation gradually reduces to zero at standstill.

At high speeds, including the brake command loss, a packet loss threshold of 3 packets
can be observed. This generally applies to all pairs of consecutive vehicles irrespective of the
number of vehicles in the platoon. This is because the separations account for the difference
in their respective stopping distances and packet loss has to be dealt only with SG.

The above mentioned threshold is the same for the Least Platoon Length and the Subpla-
toon approaches as well. However, as soon as the third packet is lost, the separation reduces
to zero and remains the same until standstill. This implies that the following vehicle’s front
bumper is in contact with its immediately leading vehicle’s rear bumper. Such an undesirable
scenario, in particular, because there is no margin for errors, can be eliminated by choosing
the value of SG slightly greater than 1m.
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For the Space-Buffer approach, the difference in stopping distances between any two con-
secutive vehicles differs by B and their separation is the sum of the SG and B. As a result,
again, only the safeguard can account for packet loss and, hence, the above mentioned thresh-
old of 3 packets does not change. Unlike Least Platoon Length and Subplatoon, and similar to
Least Stopping Distance, the inter-vehicle separation gradually reduces to zero at standstill.

In conclusion, at speeds of 90km/h, assuming the lead vehicle is braking, the inter-vehicle
distance reduces by 0.5m per packet lost. Increasing the value of SG allows for more packet
loss threshold. However, this also negatively impacts platoon length and the achieved aero-
dynamic benefits in particular.

On the other hand, keeping the SG constant, provided the platoon cruises at low speeds, the
allowable number of packet losses is slightly more. More precisely at 50km/h, the threshold
increases to 4 consecutive packets including the loss of brake command, as the reduction
in separation is only 0.28m per packet lost. Additionally, note that in this case, non-zero
inter-vehicle separations result at standstill for all the approaches.

7.5. Summary
In this chapter, we performed the experimental evaluation of our Space-Buffer approach. We
began by considering idealized conditions of braking, and demonstrated the effectiveness of
our approach against the intuitive — Least Platoon Length and Least Stopping Distance —
and Subplatoon approaches on the basis of achieved aerodynamic benefits, platoon length,
and stopping distance.

Least Platoon Length achieved optimum aerodynamic benefits and platoon length. How-
ever, when heterogeneous deceleration capabilities of vehicles were considered, it performed
the worst in terms of the achieved stopping distance. Thus, this approach is more suitable
for cruise scenarios rather than emergency braking. On the other hand, the Least Stopping
Distance approach achieves optimum stopping distance. However, the varying inter-vehicle
separations lead to lesser fuel/energy savings and longer platoons. In comparison, the Subpla-
toon approach performs better in terms of the achieved fuel benefits and the platoon length.
However, the achieved stopping distance is less than the optimum and longer platoon results
due to the large inter-subplatoon separation.

The design parameter B in our Space-Buffer approach was varied from 1 to 3m. For B = 1m,
the achieved stopping distance was around 20m shorter than that of the worst performing
Least Platoon Length. The achieved aerodynamic benefits had a difference of only 6% to
the optimum and the platoon lengths were much shorter than the Subplatoon and Least
Stopping Distance approaches. Hence, the Space-Buffer approach with B = 1m performs the
best when all the three parameters are considered simultaneously.

At B = 2m and B = 3m, the optimum stopping distance similar to the Least Stopping
Distance approach was achieved. The platoon length and aerodynamic benefits for B = 2m
was almost similar to that of the Least Stopping Distance approach.

Even though B = 3m achieved optimum stopping distance, the achieved aerodynamic ben-
efits and platoon length are the worst among all the presented approaches. However, these
are significantly better in comparison to the values achieved with the current inter-vehicle
separations of 5 to 10m and beyond.

The Space-Buffer approach was also tested under the action of brake-by-wire controllers on
different road profiles. Especially, for distress situations, our proposed coordination scheme
demonstrated safe and collision-free braking, while simultaneously minimizing the overall
stopping distance. Finally, packet losses in the inter-vehicle communication was considered
and the number of packets that can be lost in all the approaches was analyzed without
compromising on safety.
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Chapter 8.

Concluding remarks

In this chapter, we present the concluding remarks with respect to this work and identify
possible future extensions and developments.

This thesis is motivated by the fact that the existing inter-vehicle separations in platoons
can be further reduced to less than 5m to increase the throughput on highways and maximize
the fuel/energy benefits. At such short separations, to address the challenges of emergency
braking we proposed our cyber-physical approach named Space-Buffer, which efficiently uti-
lizes the space buffers present in all the inter-vehicle separations and minimizes the overall
stopping distance of the platoon.

The design parameter B, i.e., the space buffer between any two vehicles, was varied from
1 to 3m in this work. The resulting aerodynamic benefits, platoon length, and stopping dis-
tance were compared against the intuitive approaches — Least Platoon Length and Least
Stopping Distance — and the Subplatoon approach. The intuitive approaches achieve op-
timum fuel/energy savings and platoon length (in Least Platoon Length), and optimum
stopping distance (in Least Stopping Distance) respectively.

The shortcomings of these intuitive approaches were partly overcome in the Subplatoon
approach. The achieved stopping distance was much shorter than with Least Platoon Length
and the aerodynamic benefits was better than with Least Stopping Distance. However, the
platoon length was longer, almost similar to that of the Least Stopping Distance approach.
This is due to the large inter-subplatoon separation. Further, with this approach, there is
always the risk of non-platooning traffic merging into this large separation making emergency
brake maneuvers extremely dangerous.

This risk is completely eliminated by our Space-Buffer approach. Particularly, at 2m
(B = 1m) separations apart from the shorter platoon length, the difference in the achieved
aerodynamic benefits is only 4% (for 20 vehicles). Further, the difference to the optimum
(i.e., Least Platoon Length) is only 6%. With respect to the stopping distance, our Space-
Buffer approach achieves shorter distances than the Subplatoon approach for platoons of up
to 13 vehicles. For longer platoons, the Subplatoon approach performs better due to the
choice of a better braking vehicle as the platoon lead, but at the cost of a longer platoon
length as mentioned before.

Even with 2m (B = 1m) separations, our Space-Buffer approach achieves a 20m shorter
stopping distance than that of the worst performing Least Platoon Length. At 3m (B = 2m)
separations, the achieved stopping distance has a negligible difference to the optimum. How-
ever, the achieved platoon length and aerodynamic benefits are almost similar to that of Least
Stopping Distance. Similarly, at 4m (B = 3m) separations, the achieved stopping distance is
optimum. In fact, it is slightly better than the optimum, but the difference is negligible. This
slightly better performance is due to higher aerodynamic force on the platoon lead. Further
increasing the value of B beyond 3m leads to a negligible decrease in stopping distance mainly
due to the greater aerodynamic force on the lead.

Thus, it can be stated that, for inter-vehicle separations below 5m, our Space-Buffer ap-
proach with 2m (B = 1m) separations results in the most overall benefits, obtaining the best
trade-off between stopping distance, platoon length, and aerodynamic benefits. The other
values of B are, even though they incur into longer platoons and lesser aerodynamic benefits,
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considerably better in comparison to current platoons employing separations of 5 to 10m and
even larger values with the constant time headway policy.

For further maximizing the benefits at B = 2m and B = 3m, the separations between simi-
larly braking vehicles can be kept to SG, i.e., safeguard, or very close to it. Another possible
solution is to develop hybrid approaches based on the concept of space buffer, where similarly
braking vehicles in the platoon use a different braking approach, for example, Least Stopping
Distance.

In conclusion, when platooning becomes a part of real traffic, the challenges in the design of
emergency brake maneuvers can be overcome through our Space-Buffer approach. Especially,
the coordination mechanism in situations of distress ensures safe braking, irrespective of the
road profile, while simultaneously minimizing the stopping distance in this situation. Though
more work is still needed, particularly from the standardization perspective of inter-vehicle
communication, the presented simulation results demonstrate benefits and, especially, the
feasibility of the proposed approach.

8.1. Outlook
To conclude, we now identify possible future extensions. In this direction, one possible
extension is to consider emergency brake maneuvers on road surfaces other than dry asphalt,
i.e., snow/ice/glaze/oil exists on the road. In such scenarios, the vehicle tires cannot grip
the surface and, clearly, vehicles cannot track their assigned reference decelerations. Even
though this is similar to the distress situation, it is more challenging. This is because the
error in tracking the reference is large as a vehicle can only achieve a maximum deceleration
magnitude of 0.2g, for example on snowy surfaces (due to the low coefficient of road adhesion).

Further, the best braking vehicles at the beginning of the platoon might travel on such
road surfaces, whereas vehicles towards the end may still be on dry asphalt. Additionally, the
stretch of the road with such low adhesion might be short or long. Then, depending on the
current velocities of vehicles, each one or very few of them may travel through this stretch.
Hence, the emergency brake maneuver and the coordination mechanism have to address all
such possible combinations making them more complex.

Another possible extension of this work is to consider failures in the operation of the brake-
by-wire control systems. Even though a complete failure of such a system is an exception,
certain electrical components in the system might malfunction resulting in a low deceleration
magnitude. Then, the affected vehicle will be on the course to a collision with its immediately
leading vehicle. Even though a distress message broadcast will ensure safe braking, the
resulting long stopping distance might be unacceptable due to other road traffic ahead.

Hence, one possible solution is to perform a controlled collision. As per this, the imme-
diately leading vehicle adapts its velocity such that the difference to the affected vehicle’s
velocity is almost zero at the time of impact. Even though there will be (negligible) damage
to the vehicles, the lives of in-vehicle passengers are protected. Then, once the impact has
happened, the immediately leading vehicle can decelerate together with the affected vehicle
by applying its maximum brake force. Depending on the momentum of this controlled col-
lision, more than one immediately leading vehicles might be required to brake this affected
vehicle to standstill in a short distance. The complexity of such maneuvers further increases
when there are multiple vehicles experiencing such failures in their brake-by-wire systems.
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Appendix A.

Principles and Fundamentals

A.1. Platoon joining and operation
In this section, we present an example algorithm to induce a new vehicle into an existing pla-
toon. For the sake of simplicity, we assume that the Least Platoon Length braking approach
is used. However, the below algorithm can be easily extended to any of the other braking
approaches presented in this work.

Whenever a car wants to join an existing platoon it sends a wireless request to the manager
of the platoon, usually the platoon lead, with the necessary information like its maximum
deceleration rate and maximum speed achievable. The platoon manager uses the below al-
gorithm to induce the new car into the platoon.

Algorithm 1 Algorithm for a new car joining a platoon
Input: Request for platoon joining
Output: New vehicle joins platoon

1: read current max speed of platoon
2: read current max deceleration rate of platoon
3: read car’s max speed and max deceleration rate
4: compare platoon’s values with car’s values
5: if platoon’s values are greater then
6: make car’s values as platoon’s values
7: create packet with new values
8: else
9: create packet with platoon values

10: inform about new car in packet
11: end if
12: broadcast packet to all vehicles and the new car
13: wait for acknowledgment from all vehicles
14: if all_acknowledgment_received() then
15: create message with needed inter-vehicle distance
16: send message to new car
17: wait_for_acknowledgment
18: if acknowledgment_received() then
19: broadcast message about new car in platoon
20: end if
21: end if
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Appendix B.

Braking under realistic conditions

B.1. Control design, vehicle and platoon model
In this section, we outline the steps performed in Matlab/Simulink for controller design,
vehicle and platoon models. Initially, we load all the necessary vehicle parameters, i.e., its
mass, maximum deceleration, aerodynamic drag coefficient, frontal area, etc., in the Matlab
workspace. Then, using the Simulink and the PID controller blocks, we construct a LTI car
model, i.e., which considers only the input force generated by the brake system. Further, we
assume no disturbances (θ= 0) to account for flat road conditions. The model is as below:

desired	Deceleration

PID(s)

Summing	Junction

1
s

Dec	2	Velocity

Current	velocity

Simulation	stop?

1
s

Vel	2	Distance

Dist	covered	b4	force	activation

Position	Display

adder

Velocity	Display

Velocity	scope

Deceleration

Force	at	wheels Dec

Car

Commanded	Force Force	at	wheels

Brake	/	Traction	force	system

Figure B.1.: LTI vehicle model

Then, we tune our controller to meet the performance specifications shown in Table 5.1.
Double clicking on the PID block opens up the controller parameters dialog as below:

Figure B.2.: Controller parameters dialog before tuning
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Clicking the highlighted Tune button shown in the previous figure launches the PID Tuner
App. Once the performance specifications are entered in the app and the tuning is performed,
the corresponding proportional, integral and derivative gains are updated in the controller
parameters dialog as shown below:

Figure B.3.: Controller parameters dialog after tuning

Note that the proportional (P) and derivative (D) gains are 0 and the integral gain (I)
has a value of 34282.5 for this particular vehicle. This process is repeated for all the platoon
vehicles and the controllers’ integral gains are obtained. Simultaneously, we also analytically
compute the stopping distance for every vehicle under controller action as explained in Section
5.3. Then, using our Space-Buffer approach, we calculate the individual vehicle decelerations
to be tracked during an emergency.

Now that the controller gains are obtained for each vehicle in the platoon, our next step is
to employ these gains in the controllers that are present in the high-fidelity vehicle models,
i.e., we include all the nonlinear forces shown in Fig. 2.4 and construct the vehicle models
in Simulink. An example vehicle is shown below. Clearly, the complexity increases due to
the implementation of cooperative scheme during emergency braking, the necessary inter-
vehicle communication, and simulating the grade force as the vehicle undergoes a road profile
transition.
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Figure B.4.: Nonlinear vehicle model

The above vehicle model is implemented as a masked model so that it can be replicated to
form a platoon. Then, the individual vehicles are parametrized based on their characteristics
shown in Table 7.3. For example, parametrization of the platoon lead is as below:

Figure B.5.: An example parametrization of the masked vehicle model
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Appendix B. Braking under realistic conditions

Once all the vehicles are parametrized, the vehicles are interconnected to form a platoon
as shown below and the graphs were generated.
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Figure B.6.: The entire platoon model
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Appendix C.

List of Symbols

sc inter-vehicle separation in constant spacing policy (m)

s0 minimum inter-vehicle separation in constant time headway policy (m)

x́ platoon cruise velocity when using the constant time headway policy (m/s)

h time headway or time gap in the constant time headway policy (s)

sdes inter-vehicle separation in constant time headway policy (m)

Ra aerodynamic resistance (N)

ρ air-mass density (kg/m3)

CD vehicle’s aerodynamic drag coefficient when traveling in a platoon

Af frontal area of a vehicle along its travel direction (m2)

Vr vehicle’s speed relative to the wind (m/s)

CDO vehicle’s aerodynamic drag coefficient when traveling in isolation

Rrf rolling resistance at the front axle tires (N)

Rrr rolling resistance at the rear axle tires (N)

ha height from the ground at which aerodynamic resistance acts on a vehicle (m)

Fbf brake force at a vehicle’s front-axle tires (N)

Fbr brake force at a vehicle’s rear-axle tires (N)

Wf weight on a vehicle’s front axle (N)

Wr weight on a vehicle’s rear axle (N)

Rd draw-bar load of a vehicle (N)

hd height from the ground at which a draw-bar load acts on a vehicle (m)

d deceleration of a vehicle (m/s2)

g acceleration due to gravity (m/s2)

h height from the ground at which a vehicle’s center of gravity is located (m)

l1 distance from midpoint of a vehicle’s front axles to its center of gravity (m)

l2 distance from midpoint of a vehicle’s rear axles to its center of gravity (m)

L wheel base of a vehicle (m)
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Appendix C. List of Symbols

θ road angle/grade/inclination with respect to the horizontal ground (degrees)

Ftotal total decelerating force acting on a vehicle (N)

Fb brake force at both the front and rear axles of a vehicle combined into one (N)

fr coefficient of rolling resistance

W total weight of a vehicle (N)

µ coefficient of road adhesion

Fbfmax maximum brake force at a vehicle’s front axle tires without them locking (N)

Fbrmax maximum brake force at a vehicle’s rear axle tires without them locking (N)

Tb brake torque at a wheel (N.m)

Tt moment at a tire’s center due to brake force (N.m)

ώ a tire’s angular deceleration (rad/s2)

Iω mass moment of inertia of a tire about its center (kg.m2)

r radius of a tire (m)

dc longitudinal deceleration of a tire’s center (m/s2)

w angular velocity of a tire (rad/s)

Kbf proportion of a vehicle’s total brake force acting at its front axle

Kbr proportion of a vehicle’s total brake force acting at its rear axle

S stopping distance of a vehicle assuming instantaneous deceleration tracking (m)

γm equivalent mass factor

CA aerodynamic constant for a vehicle computed as the product of ρ
2CDAf

Vinit vehicle’s initial velocity before it begins braking (m/s)

ηb vehicle’s braking efficiency

m mass of a vehicle (kg)

i, j indices to represent a vehicle’s position in a platoon

n index of a platoon’s trail vehicle and also the total number of platoon vehicles

di vehicle i’s deceleration (m/s2)

Vi vehicle i’s velocity (m/s)

Pi vehicle i’s position relative to the platoon lead (m)

ti time at which vehicle i’s deceleration, velocity, and position were measured to
compose the live signal (s)

Bi space buffer remaining between vehicle i and its immediately leading vehicle at
the time of composing the live signal (m)
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SG safeguard (m)

B space buffer (m)

Sj stopping distance of vehicle j (m)

x index of a vehicle that has the longest stopping distance in spite of using all the
space buffers from its position (1≤x≤n) till the platoon lead

SSB required stopping distance of a platoon lead as per Space-Buffer approach (m)

K1 used for simplification to denote γmW
2gCA

K2 used for simplification to denote CAV
2
init

K3 used for simplification to denote frW cos(θ)±W sin(θ) with θ= 0

t time (s)

∆di,i+1 difference in deceleration magnitudes between two consecutive vehicles i and
i+ 1(m/s2)

s frequency domain s

Gp(s) transfer function of a vehicle’s LTI model

Gc(s) transfer function of a brake-by-wire controller

H(s) transfer function of an accelerometer

Ri(s) transfer function of the vehicle i’s reference deceleration

Di(s) transfer function of the vehicle i’s achieved deceleration

Ei(s) transfer function of the error calculated as Ri(s) –Di(s)

Ui(s) transfer function of the vehicle i’s input brake force

Yi(s) transfer function of the vehicle i’s velocity

Zi(s) transfer function of (disturbance) grade force acting on the vehicle i

Gi(s) closed-loop transfer function involving Gpi(s), Gci(s), and H(s)

R1–R4 residues of the closed-loop transfer function Gi(s) for an input Di(s)

p1–p4 poles of the closed-loop transfer function Gi(s)

di(t) vehicle i’s deceleration expression in time domain under its controller action

vi(t) vehicle i’s velocity expression in time domain under its controller action

C1, C2 constants of integration

si(t) vehicle i’s position expression in time domain under its controller action

Sinit vehicle’s initial position before braking (m)

Ki brake-by-wire controller’s integral gain

dis index of the distressed vehicle (1≤ dis≤n)
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Bmin the least remaining space buffer that is considered by vehicles when adapting
their decelerations during distress situations (m)

Sdis stopping distance or final position at standstill of the most distressed vehicle
computed at the time of distress message broadcast (m)

Smax Sdis minus the distance covered by the most distressed vehicle in 20ms after
distress message broadcast (m)

Bdis remaining space buffer between the distressed and its immediately leading
vehicle (m)

Vdis velocity of a distressed vehicle at the time of distress message broadcast (m/s)

Vdis−1 velocity of a distressed vehicle’s immediate lead received through its live signal
(m/s)

ddis−1 deceleration of a distressed vehicle’s immediate lead received through its live
signal (m/s2)

tdis−1 time at which a distressed vehicle’s immediate lead measured its deceleration,
velocity, and position to compose its live signal (s)

tdis time of distress message broadcast (s)

ddis deceleration of the distressed vehicle at the time of distress message broadcast
(m/s2)

Snew
i required distance to be covered by vehicle i after it begins tracking its new

deceleration during distress situations (m)

dnewi deceleration that brings the vehicle i to standstill in a distance Snew
i assuming

instantaneous deceleration switching (m/s2)

Si position of vehicle i relative to the moment of braking at 20ms after distress
message broadcast (m)

C3, C4 constants of integration

∆Di(s) difference in magnitudes of di and dnewi in the frequency domain s

R̃1–R̃4 residues of the closed-loop transfer function Gi(s) for an input ∆Di(s)

∆di(t) time domain output expression of the closed loop transfer function Gi(s) for an
input that is the difference in magnitudes of di and dnewi in the frequency domain
s for vehicle i

∆vi(t) time domain velocity expression obtained after integrating ∆di(t)

∆si(t) time domain position expression obtained after integrating ∆vi(t)

dnewi,k deceleration of vehicle i computed numerically and iteratively during distress
situations with k denoting the iteration (m/s2)

Snew
i,k distance covered by vehicle i when transitioning to the corresponding

deceleration dnewi,k (m)





Summary of findings

1. The existing inter-vehicle separations in platoons can be further reduced to below 5m
(to maximize the benefits) without compromising on safety, especially, when braking in
an emergency.

2. At such short separations, the space buffers in the inter-vehicle separations can be
efficiently utilized to minimize the overall stopping distance of the platoon as shown
by our Space-Buffer approach. In this direction, once emergency braking is initiated,
vehicles have to track their respective reference decelerations.

3. The computations of our approach rely on stopping distances of vehicles from a common
cruise velocity. The controller-related effects (i.e., rise time, settling time, etc.,) in
tracking a reference deceleration impact a vehicle’s stopping distance. Since these effects
are neglected by the standard expression of stopping distance, the same cannot be used.
Hence, an expression that computes a vehicle’s stopping distance under controller action
was derived, and the resulting stopping distance values were used in our approach.

4. The road profile transitions the vehicles undergo during emergency braking impacts
safety. Some controllers cannot counter the (disturbing) grade force in a downhill (as
they are already braking at their limit on a flat road to minimize the overall stopping
distance). As a result, they incur actuator saturation and fail to continue tracking their
assigned decelerations. In such situations, through a distress message broadcast, and
our proposed coordination scheme we ensure vehicular collisions are avoided and a safe
maneuver results, while simultaneously minimizing the stopping distance.

5. At 2m (B = 1m) separations, our Space-Buffer approach results in the most benefits, ob-
taining the best trade-off between stopping distance, platoon length, and aerodynamic
benefits in comparison to the intuitive (Least Platoon Length and Least Stopping Dis-
tance) and the Subplatoon approaches.

6. At 3m (B = 2m) and 4m (B = 3m) separations, our approach achieves the optimum
stopping distance. Even though at these separations, the platoon becomes longer and
the aerodynamic benefits decrease when compared to B = 1m and the other approaches,
the performance is significantly much better in comparison to platoons that employ
separations of 5 to 10m and above.
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