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ABSTRACT

COMPARISON OF COOPERATIVE ADAPTIVE CRUISE CONTROL
METHODS IN IDEALISTIC AND REALISTIC SCENARIOS

Aydin, Ahmed Bugra
M.S., Department of Electrical and Electronics Engineering

Supervisor: Prof. Dr. Klaus Werner Schmidt

SEPTEMPER 2021, [64] pages

Intelligent transportation systems (ITS) aim at improving the efficiency and safety of
transportation. In dense traffic, vehicles are aggregated to vehicle strings that travel
on the same lane, whereby it is desired to maintain a small but safe distance between
the vehicles in order to ensure driving comfort and safety. Cooperative adaptive cruise
control (CACC) is a technology that is developed to address this issue. Hereby, the
condition of string stability is highly relevant since it ensures the attenuation of dis-

turbances along a vehicle string.

When designing controllers for CACC, it is required to select a signal with respect to
which string stability should be fulfilled. In the literature, the most common signals
for this purpose are the distance error signal and the acceleration signal. Although
various design and analysis methods for string stability based on these signals are
available, it is not clear which of these signals is more suitable for fulfilling string sta-
bility in practice. To this end, this thesis compares different methods from the existing
literature regarding their suitability for the realization of CACC in practice. As the

main outcome, it is shown that, although methods that are based on the error signal



are functional in case of ideal conditions such as negligible delays, they are clearly
outperformed by methods that use the acceleration signals in realistic scenarios with

both actuator and communication delays.

Keywords: Cooperative Adaptive Cruise Control, String Stability, Homogeneous Ve-

hicle Strings, Comparison
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0z

IDEAL VE GERCEKCI KOSULLARDA KOOPERATIF ADAPTIF SEYIR
KONTROLU YONTEMLERININ KARSILASTIRILMASI

Aydin, Ahmed Bugra
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. Klaus Werner Schmidt

2021 ,[64] sayfa

Akilli Ulagim Sistemleri (AUS), ulagimin verimliligini ve giivenligini artirmay1 amac-
lar. Yogun trafikte, tek bir seritte seyahat eden ara¢ zincirinde siiriis konforu ve gii-
venligini saglamak i¢in araclar arasinda kiiciik ama giivenli bir mesafenin korunmasi
gerekmektedir. Kooperatif Adaptif Seyir Kontrolii (KASK), bu sorunu ¢6zmek icin
gelistirilmis bir teknolojidir. Bu vesileyle, zincir stabilizesinin durumu, seyir esnasin-

daki bozulmalarin arag¢ dizisi boyunca azaltilmasini sagladigi i¢in olduk¢a 6nemlidir.

KASK icin kontrolor tasarlarken, zincir stabilizesi saglamak i¢in incelenecek bir sin-
yal secmek gerekir. Literatiirde bu amag¢ i¢in kullanilan en yaygin sinyaller, mesafe
hata sinyali ile ivme sinyalidir. Bu sinyallere dayali zincir stabilizesi i¢in ¢esitli tasa-
rim ve analiz yontemleri mevcut olmasina ragmen, bu sinyallerden hangisinin zincir
stabilizesini yerine getirmek i¢in pratikte daha uygun oldugu acgik degildir. Bu tez
calismasi, literatiirde mevcut farkl yontemleri pratikte KASK gerceklestirilmesi i¢in
uygunluklarina gore karsilastirmaktadir. Buna gore, hata sinyaline dayali yontemlerin
ithmal edilebilir gecikmeler gibi ideal kosullar durumunda iglevsel olmasina ragmen

hem aktiiator hem de iletisim gecikmelerinin bulundugu gercek¢i senaryolarda ivme
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sinyallerini kullanan yontemlerin agikca daha iyi performans sundugu gosterilmistir.

Anahtar Kelimeler: Kooperatif Adaptif Hiz Kontrolii, Zincir-Stabilite, Homojen Arag

Zincirleri, Karsilagtirma
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CHAPTER 1

INTRODUCTION

Autonomous vehicles have been one of the most popular topics for the past years.
With the introduction of vehicles from Tesla and others, the interest is high in the
public level. Moreover, with the significant autonomous driving trials from Google’s
Waymo and others, there is as well an increasing interest in the industry. However,
there is still a considerable amount of work that needs to be done before fully au-
tonomous vehicles can participate in traffic safely and efficiently. In particular, the
limitations and issues faced in the field show the necessity of the work both in control

area and interdisciplinary areas such as communication.

The problems can be dealt with in multiple ways. Hereby, one of the major problems,
namely control of the longitudinal motion has been the focus of many research efforts
thanks to the fact that the longitudinal motion, which is speeding up or down, can
be automated based on a limited number of sensors. Therefore, it has been studied
rigorously. At this point, it is clear to the researchers [ 1]] and [2] that vehicle following
distances have significant implications on driving safety and comfort. It is desired to
have a safe but small following distance to achieve higher traffic throughput so that
transportation takes less time for all travelers and passengers. It is expected that traffic
throughput increases for the time headway that is significantly less than one second
[3,4]. In this context, Cooperative Adaptive Cruise Control (CACC) is a recently
developed technique for automating the longitudinal vehicle motion [1,5-8]. For a
quick review, one can look at Darbha and his colleagues [7] work. On the other hand,
experimental results are clearly shown in [4]. In addition, a CACC implementation
has been used in the Grand Cooperative Driving Challenge by Bayezit et al. in [9]]. In

order to see the utilization CACC, engineers from major car manufacturers conducted



a study [10] recently.

Analogous to Adaptive Cruise Control (ACC) [11,|12]], CACC allows to travel at a
desired vehicle speed and inter-vehicle spacing, hence maintaining a safe distance
to predecessor vehicles based on the distance measurements (RADAR or LIDAR).
Commonly, a velocity-dependent spacing policy with a constant headway time (time
to reach the position of the predecessor vehicle) is chosen. As an extension to ACC,
CACC also uses state information of the predecessor vehicles such as acceleration
or velocity that is provided via vehicle-to-vehicle (V2V) communication [5,/13-16].
Accordingly, CACC enables small inter-vehicle distances which is a pre-requisite for

high levels of traffic throughput [[17]].

CACC is particularly important in dense traffic, where vehicles follow their respec-
tive predecessor vehicle at small distances in the form of so-called vehicle strings.
However, as any control system, there is one key discussion that needs to be made
and that is the stability of the operation. While there exist various stability conditions
such as Bounded Input Bounded Output(BIBO) or Input to State Stability (ISS), these
definitions are not enough to cover the stability of the vehicle string. Even if the ve-
hicles are stable in the vehicle string, the string still might exhibit undesired behavior
such as oscillations. There should be a stability condition that connects the vehicles
along the string and that is where the next definition is important. Here, it is desired
that fluctuations in the vehicle string are attenuated by the follower vehicles which is

captured by the formal condition of string stability [1]].

When designing controllers for CACC, it is required to select a signal with respect
to which string stability should be fulfilled. However, this stability condition can
be satisfied in multiple ways. In the literature, the most common signals for this
purpose are the distance error signal [2}/7,/18]] and the acceleration signal [1,/4-6.8.|9,
19,20]. Although various design and analysis methods for string stability based on
these signals are available, it is not clear which of these signals is more suitable for

fulfilling string stability in practice.

Accordingly, this thesis compares different methods from the existing literature re-
garding their suitability for the realization of CACC in practice. Since the majority

of the research on string stability considers the case of homogeneous vehicles with



identical vehicles [|1},2,/5,/6,9,/19.21,[22]], this thesis also focuses on this case. On the
one hand, [[7] provides a methodology for realizing controllers with multi (r-) vehi-
cle look-ahead (RVLA). Hereby, the distance error signal is chosen as the signal for
achieving string stability. On the other hand, [8]] provides several methods such as
input signal feedworward (IF) and acceleration signal feedforward (AF) for realizing
string stability based on the acceleration signal. The first outcome of the thesis is a
comparison of these methods in the ideal case, where the vehicle plant does not en-
counter actuator delay and the communication between vehicles is instantaneous. In
this case, it turns out that all methods provide reasonable results. Nevertheless, as the
second main outcome, the thesis shows that the methods with RVLA are not robust
to actuator and communication delays, which strongly impairs their use in practice.
Differently, the methods with IF and AF can tolerate actuator and communication de-
lays, while ensuring string stability and small inter-vehicle distances for tight vehicle

following.

This thesis is organized as follows. Chapter 2 provides background information. In
Chapter 3, the CACC control methods used in the thesis are described and Chapter
4 contains comprehensive simulation experiments for the comparison of the selected

methods. Chapter 5 gives conclusion and directions for future work.






CHAPTER 2

BACKGROUND

2.1 Cooperative Adaptive Cruise Control

radar

_____ i-1 |<<(\ ! : 1<<,\«\ i+ ] ..
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Figure 2.2: CACC Vehicle String Structure

To form the basis, let us first introduce Cruise Control(CC). CC is the most commonly
used and widely known automation procedure in cars today. By setting the cruise
speed, the vehicle aims to follow the given cruise speed by speeding up the vehicle
when vehicle slows down or slowing down the vehicle when the vehicle speeds up.
These control actions occur when traveling uphill or downhill for example. However,

the driver is still in full control and should slow down for upcoming traffic.

The adaptive cruise control(ACC) is a step forward from CC and, as the name sug-
gests, adapts to the preceding vehicles’ speed changes. ACC can achieve this by using
on board sensors like radar. An example vehicle string can be seen in Figure[2.1] Use
of ACC also allows for control of vehicle strings as a platoon, a string of vehicles,

and optimize their controllers for desired responses. To name a few, the optimiza-
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tion can be done for better ride comfort with low accelerations, for better passenger
safety with long following distances, or for better traffic density with low following

distances.

The next step is Cooperative Adaptive Cruise Control (CACC) and as the name sug-
gests, CACC is an ACC network that not only relies on adapting to the first preceding
vehicle but also adapts to further preceding vehicles by communicating information.
The information set commonly used in the literature and will be discussed in this
work consists of a subset of acceleration, speed, and position of preceding vehicles
but mainly all three. With more information available, the optimization can be en-
hanced further. For instance, with vehicles stationary in front of a traffic light turning
to green from red, the vehicles that start speeding up only when the preceding vehicle
starts moving can be an example to ACC. In a similar situation, the set of vehicles
that start moving at the same time can be an example to CACC. As one might imag-
ine this harmonious movement is thanks to CACC. An example CACC vehicle string
can be seen in Figure @] where dashed lines denote the flow of information. Here,
the vehicle collects information from 3 preceding vehicles. This kind of information
transfer configuration is referred as three vehicle look ahead as the vehicle in question

takes information from three vehicles.

These vehicle strings, named platoons, aim to achieve a harmonious longitudinal mo-
tion. As the platoon achieves this behaviour, it obeys certain following distancing, i.e.
spacing, policies between vehicles. A common policy is the Constant Time Headway
Policy (CTHP). Headway is the spacing between vehicles and the platoons that obey
CTHP consists of vehicles that follow each other with distances such that the duration

to cover the distance between vehicles is constant duration.

Assuming a constant distance between all vehicles along the string at standstill,referred
as standstill distance, the aim of CACC is to maximize the number of vehicles trav-
elling, that is increasing the traffic throughput. In the ideal case, with a platoon con-
sisting of the same vehicles, the string of vehicles would have acted same, applying
the acceleration profiles of their predecessors instantaneously yielding zero velocity
tracking error thus keeping their spacing gaps unchanged. Hence, in the ideal case

presented, the inter-vehicle distance would be zero and traffic throughput would be



maximum with vehicles traveling bumper-to-bumper at highway speeds. However,
there are limiting factors in reality. In the order of our ideal example, the different
and changing vehicles in platoons, communication protocols and delays, data loss in
communication, actuator delays and signal bounds, unexpected disturbances are some
of the limiting factors we can list. Thus, the inter-vehicle distance, i.e headway time,

and acceleration responses of vehicles be trade off areas for robustness and safety.

In predecessor-follower type CACC application, the plant is the platoon, the string
of vehicles In CACC, every vehicle other than the leading vehicle should response
to the changes, in longitudinal motion, it receives from its predecessor treating the
information of preceding vehicle’s signals as a reference signal. This response can be
characterized with a transient behavior and it is sought to show stability. This stability
is referred as string stability. Therefore, the string stable CACC will be achieved if and

only if all follower vehicles are controlled string stably and meet certain conditions.

CACC problems study only on the longitudinal motion. The platoon can consists of
any number of vehicles. If the vehicles that form the platoon are all same, the pla-
toon is referred as a homogeneous platoon and the CACC problem is a homogeneous
CACC problem. Otherwise, that is to say platoon has vehicles that have different
characteristics than each other, the platoon is referred as a heterogeneous platoon.
For practical purposes, the homogeneous platoons are assumed to be formed with
identical vehicles that has the exact same vehicle dynamics. Unlike homogeneous
platoons, heterogeneous platoons use different models for vehicles which has to be
communicated and the following vehicles have to include the preceeding vehicles’

dynamics’ effects.

Referring to Figure we can discuss parametrization on the platoon. The vehicles
are named with increasing indexes, ¢, starting from leading vehicle to last vehicle.
Then, each parameter can be defined for each vehicle with the subscript 7. The dis-
tance between the vehicle : — 1 and the vehicle 7 is defined as d;. Finally, the rear
bumper position of the i*" vehicle is defined as z;, and following this, the velocity and
acceleration of the i*" vehicle is v; and a; respectively while the length of the vehicle

is defined as L;.

t

Let r; denote the distance between the i*" and i — 1** vehicles at standstill and h;



denote the headway time between vehicle ¢ and 7 — 1. The constant time gap spacing

policy and hence the desired distance is defined in Equation (2.1).
di,ref =1r;,+ hlUZ (21)

where : = 2, 3,4, ..., n. Itis easy to observe that as vehicle velocity,v;, becomes zero,
the following distance d;,.; reduces down to r;. However, during the transient re-
sponses, the instantaneous distance between the vehicles will be defined as presented
in Equation (2.2)).

di = x;1 —x; — L. 2.2)

Then, the error can be defined as the difference between the actual distance signal and

the reference distance value, shown in Equation (2.3)).
i =di — diyey = (Tioy — x; — Li) — (1i + hivy). (2.3)

This positional error will be taken as a controller measurement and used in CACC
in a way that guarantees safe drive under any acceleration or deceleration behavior

within the operation region.

It is also worth noting that the constant time gap policy can be expressed in s-domain
as

where s is the Laplace transform parameter. This form of constant time gap policy
will be used in s-domain analysis of the closed loop transfer function. In fact, we can

define error signal in s-domain as
Ei(s) = Xi—1(s) — Hi(s) Xi(s). (2.5)

where F;(s) denote the Laplace transform of ¢;(¢). Note that the capital letters will
be used as the Laplace transform of the corresponding time function unless otherwise
noted in the following parts. To describe the vehicle transfer function, let us define u;
as the acceleration input to the vehicle ¢ and the position, x;, as the output. Note that
u1, the acceleration input to first vehicle in the string will be used as the disturbance
signal to the platoon during the simulations in the following chapters. The transfer
function in Equation (2.6)) is validated for a wide range of driving scenarios [23] and

its usefulness is acknowledged in the recent academic works [24], [S]], [19].
Yi(s)  Xi(s) e ¥ 1
Ui(s)  Ui(s)  (1+s7)s?

Gi(s) = (2.6)

8



0 0.5 1 1.5 2 2.5 3

t[s]

Figure 2.3: Vehicle acceleration response to unit step acceleration input.

Here in this equation, in the first fraction, 7; stands for the drive line dynamics of
the respective vehicle, ¢; represents the delay between the control input being gen-
erated and the time of actuator realization. The first fraction term describes a simple
First Order Plus Dead Time (FOPDT) model for the nonlinear transfer function from
the input acceleration to the vehicle acceleration. How this FOPDT model behaves
can be seen in Figure which shows a vehicle acceleration response to unit step
acceleration. The vehicle in the Figure has ¢ = 0.5s and 7 = 0.4s. It can be
seen that vehicle acceleration stays constant at Om / s? for 0.5s, hence the term dead
time, and then tracks the step input with a first order time constant of 0.4s, hence
the term first-order plus dead time. This model is the first fraction in the Equation
(2.6). The squared s term (double integrator) describes the transformation from the
vehicle acceleration to vehicle position. Thus, we obtain the transfer function from

input acceleration to position for a vehicle.

9



2.2 String Stability

The string stability can be expressed as the stability of the string of vehicles formed
with CACC in this discussion. In control theory, there are different definitions for
stability for a system. To name a few, we can think of input to output stability in
the from of Bounded Input Bounded Output (BIBO) stabilty. Alternatively, there is
also Lyapunov stability that deals with initial condition, i.e. zero-input stability. The
examples can be increased with input to state stability (ISS), closed loop stabilty etc.
However, in the discussion of CACC, the stability of a single vehicle, for example the
fact that vehicles are BIBO stable, does not ensure collision free platoons. String sta-
bility is then defined as the attenuation of the response signal of interest as we move
along the string of vehicles from leading vehicle to following vehicles. The signal
of interest can be error signals, acceleration signals, velocity signals. Without loss of
generality, if we consider velocity signals as our signal of interest, the stability will be
that the follower vehicles’ velocity signals should be bounded by the preceding vehi-
cles’ velocity. Thus, there should be no overshoot or undershoot. Similar definition
can be done for the acceleration signal. In CACC, safety of the travellers is one of
the top priorities that has to be ensured. The measure of relative safety however can
be defined mathematically using various string stability definitions. Although these
definitions can guarantee safety theoretically, the disturbances and imperfections that
are not part of the models have considerable effects. Therefore, these definitions and

designs based on these definitions should be tested thoroughly.

The literature has various approaches to define and satisfy string stability. One of the
most common type of string stability definition is that norm of the each successive
vehicles’ signal of interest should be smaller than the preceding vehicle. Let £, be

the norm of a signal x is defined as

]z, = ( /O [(7)|[Pdr) " 2.7)

Using this definition and a suitable output signal y; within the CACC system (such
as acceleration a; or distance error e;), we say that the system is Lo string stable if it

holds for any consecutive vehicles + — 1 and ¢ that
lyille, < N1yialc, (2.8)

10



That is, the 2-norm of the selected output signal decreases along the string. We say

that the system is L, string stable if it holds that

il 2o < [|¥i-1la (2.9)

That is, the co-norm (maximum absolute value) of the selected output value decreases

along the string.

11






CHAPTER 3

CONTROL METHODS IN COOPERATIVE ADAPTIVE CRUISE
CONTROLLERS

3.1 Objectives

When applying CACC, it is desired to achieve string stability. On the one hand, it is
important to decide on the definition of string stability to be used. On the other hand,
it needs to be decided which signal should be used for string stability. The classical
signals used in the literature are the error signal e; and the acceleration signal a;. The
main aim of this thesis is to determine which of these signals is more practical when
designing controllers for CACC. Because of this reason, we next consider two recent

methods from the literature for a comparative evaluation.

3.2 Method in the publication ''Benefits of V2V communication for Autonomous

and Connected Vehicles'

The first publication we will be discussing the control method is the one presented by
Darbha et al. In the study, a platoon of homogeneous vehicles which are represented
as point masses are considered. With the presence of parasitic lags, the vehicle model
is described in Equation (3.1)) and (3.2).

where x;(t), a;(t) and w;(t), respectively, are the position, acceleration and control

input of the 7" vehicle at time t. The parasitic lag 7 is usually unknown but may be
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bounded between [0, 73] where 7 = 0 would be instantaneous actuation and 7, as
the maximum. The Equation (3.2) represents a first-order linear model for actuation
response and is same between the vehicles thanks to homogeneous vehicle string.
This model is commonly used in the literature. In the study, in order to evaluate the
performance of the method, the spacing error is used. Let r and i denote the standstill
distance and headway time between vehicles respectively. With the consideration
of the constant time headway policy (CTHP), the spacing error can be defined as
presented in Equation (3.3).

e =x; — Ti, + 1+ hv; (3.3)

The study uses CTHP and a modified Proportional-Integral-Derivative (PID) control
law. In its most general form, the control law is presented in Equation (3.4). Recall
that u; will be used as the disturbance signal during the simulation of platoons. Thus,

it will not be controlled with the control law that is presented in Equation (3.4).

T

wit) =3 [katioy — ku (v — i) = ki — 2 + 1+ Thoy)] - (3.4)

=1

where k,;, k., kp are the gains associated with acceleration, velocity and position

information associated with the [*"

predecessors, ; is the standstill distance between
the i,, vehicle and the /" predecessor. Notice that this controller is a r vehicle look
ahead controller, whereby each vehicle can have different gains. However, in [7], it
is assumed that gains and standstill distances are constant between vehicles. That is,

the study uses the control law in Equation (3.5)).

r

wi(t) =Y [katios = ko(vi — vic) = kp(i — 2y + I + Uhwy)] (3.5)

=1

Darbha and his colleagues then a reach minimum employable headway times for vari-

ous information and communication types. The most important ones to our discussion
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are given in Equation (3.6)), (3.7), and (3.8).

2’7’0

hmin = s 3.6
1+ k, (5.0)

47’0
hmin = 5 3.7
A+ R)(1 + Rk -7)

4

0 (3.8)

honin = T R)(1 + 2k,
where Equation is the minimum employable headway time for immediate pre-
decessor with its acceleration, velocity and position information, i.e. one vehicle look
ahead (OVLA), Equation is the minimum employable headway time for r ve-
hicle look ahead RVLA, and Equation is the minimum employable headway
time for IRVLA. Notice that RVLA and 1RVLA minimum headway times are same.
Darbha and his colleagues note that this is important as the same level of performance

can be achieved while decreasing the information load.

Then, [7] introduces a specific notion of string stability that is targeted towards the

usage of RVLA. Specifically, the following conditions is used for string stability:

> Hi(jw)ll < 1. (3.9)
=1

Here, H, is the transfer function between the error signals £;_; and £ in the Laplace
domain. Verbally, this conditions means that the infinity norms of the transfer func-
tions between the error signals involved in the RVLA have to add up to a number less
than 1. In the case of one-vehicle look-ahead (OVLA), this condition becomes strict

L, string stability.

3.3 CACC Control Structure

The CACC design is an extension of standard Adaptive Cruise Control (ACC), feed-
ing additional data by wireless communication to allow short-distance automatic ve-
hicle following. The control objective in this chapter is, as in the literature, only for
the case of homogeneous strings, where all vehicles have the same dynamic proper-
ties [19,20]. The most recent approaches [7,[8] use the spacing policy in (2.1 and
model each vehicle by the plant transfer function as in (2.6). This model is obtained

from a nonlinear model of the driveline dynamics based on feedback linearization
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and low-level control [23,[25]. The low-level control loop ensures that 7; is constant
over a wide range of normal driving situations [14,26]] which are predominant for

CACC [3].

Using the plant model in (2.6) and PF, we employ the control architecture in Fig. [3.1]

Here, the spacing error of vehicle 7 is
e =d; — dr,i =q1— ¢ —Li—r; —hjv; (3.10)

and is realized by the transfer function H,(s) = 1 + h; s. Kp,; is a feedback
controller and Ky, is a feedforward filter that receives the signal ¢; from vehicle
i — 1 via V2V communication. D;(s) = e *% represents a communication delay
between vehicle 7 — 1 and vehicle ¢. In agreement with the recent literature on PF, we

investigate input signal feedforward (ISF) with ¢;_; = w;_; and C;(s) = 1 as well as

. . —sPi—
acceleration feedforward (AF) with ¢;_; = a;_; and Cj(s) = { - n_ll'
LA — — i — — 4 — — s — — — Ly
ciy | Iui
Cl | Di — Kffl |
|
: - G
q['l | €; Iqi
G K, |
Ui-g I v I
| H |e———
| -Li-r; vehicle i |

Figure 3.1: Feedback loop for CACC.

AF is for example employed in [9,/14,/19,[21]] and ISF is assumed in [1,5,/19]. PAF

is first used in [24] as a special case of ISF where C;(s) is realized as

B 1+s Ti—1
a part of the filter transfer function K¢ ; on vehicle :. We note that such implemen-
tation requires updating K¢ ; depending on the predecessor vehicle time constant
T;,—1 during run-time, which is generally undesired. Instead, we suggest to imple-

ment C;(s) = on vehicle 7 — 1 itself such that the communicated signal is

1+4+s Ti—1
a;—1(t + ¢;_1). We finally note that most of the existing literature focuses on the case

of homogeneous vehicles with identical vehicle models.

The literature provides various controller realizations for guaranteeing string stability

in the control architecture in Fig. [1,[5,/14,/19,24]. In this thesis, we adopt the PD
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controller designs from [1]] (ISF) and [14] (AF).

In the case of ISF, we use [/1]]

1 KPJ' + KD,i S
Bina(s) = gy and Fomals) = =0

(3.11)

That is, the PD-parameters Kp; and Kp; as well as the headway time /; need to be

selected in the design.

In the case of AF, we use [[14]]

1"‘87’i
1+Shz

Kfm’(S) = and be’i(8> = WK.,i (WK,i + S). (312)

Here, the parameters wg ; and h; are needed for the design.

We note that all the controller designed in this thesis are designed manually with
the aim of achieving L, string stability and reducing the headway time as much as

possible.

3.4 Simulation Example For Homogeneous Vehicles

Our simulation platform is based on MATLAB/SIMULINK to evaluate the perfor-
mance of CACC for homogeneous vehicle strings. An example experiment is accom-

plished for 11 vehicles as shown in Figure In order to quantify values of 7;, we

&0
Vi

ehicle 11 Vehicle 10 Vehicle 9 Vehicle 8 Vehicle 7 Vehicle 6 Vehicle 5 Vehicle 4 Vehicle 3 Vehicle 2 Vehicle 1

Figure 3.2: Vehicle string with 11 vehicles.

refer to practical experiments in [5], where a value of 7 ~ 0.4seconds is obtained.
That is, we choose 7; = 0.4s for each vehicle and design Kg; and K&y, ; according
to (3.11). In our simulation, the leader vehicle is provided with the input signal
in Figure That is, sharp accelerations of 4m/s? and —4 m/s? are given in order
to study a difficult vehicle following scenario. The simulation result is shown in Fig-
ure. 3.4 It can be seen from the vehicle positions that each vehicle follows its

predecessor at a safe distance. In addition, the velocity and acceleration plot suggest
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[m/s?]
N)

input signal u

0 1.0 20 30 40
time [s]

Figure 3.3: Input signal u; of the leader vehicle.

position [m]

0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
time [s] time [s] time [s]

Figure 3.4: CACC design for string stability: simulation with homogeneous vehicles.
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that the disturbance provided by the input signal is attenuated along the string (the
respective signal amplitudes decrease along the string). That is, strict string stability

is confirmed.
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CHAPTER 4

COMPARISON OF CACC METHODS WITH DIFFERENT OBJECTIVES

This chapter contains the main contributions of the thesis. It is intended to evaluate
and compare the different methods presented in Chapter [3] The main aim here is the
study of realistic parameter values in order to assess the practicability of the different

methods.

4.1 Discussion and Comparison Methodology

The methods described in Chapter [3| have different objectives and are evaluated with
different parameter choices in their respective papers. As before, we denote these
methods as IF (input feedforward), AF (acceleration feedforward), 1 VLA (one-vehicle-
lookahead), 2VLA (two-vehicle-lookahead) and 3VLA (three-vehicle-lookahead). In
this thesis, we want to evaluate all the methods with realistic parameter values and
driving conditions. It has to be noted that the relevant parameters are the driveline
constant 7; and the actuator delay ®; of each vehicle and the communication delay 6,.
The driving conditions are given by the input signal u, () provided to the first vehicle

of a string.

Regarding the parameter values, we consider the value 7; = 0.5[s] (Case 1), which
is in line with the simulation experiments in [7|]. In addition, we refer to [8]], which
provides a comprehensive collection of parameter combinations for vehicle models
and communication delays. In this thesis, we choose the parameter combinations in
Table [4.1] that are taken from real vehicle experiments. From the Table .1} it can
be noted that Case 4 would correspond to a string with comparably fast driveline

dynamics such as an automobile platoon while Case 3 would correspond to a platoon
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of vehicles with slow driveline dynamics such as a truck platoon, and Case 2 would be
considering platoons with driveline dynamics that are in the middle in terms of vehicle
responsiveness compared to the other cases. The comparisons are done within each
case, then the discussion and comparisons are done on the next case and so on. By
comparing the methods in multiple cases, we decrease the effect of parameter values

on the comparisons and make the comparison more robust.

Table 4.1: Parameter values for 7;, ¢; and 6;.

7i[s] Pils] 0i[s]
Case 2 [14] || 0.38, < 1.0 0.18 0.06
Case 3 [9] 0.8 0.02 0.2
Cased [45] | 01 |0.18,02]0.02

Since the work in [7]] only takes into account the case without actuator and communi-
cation delays, we perform an initial evaluation without these delays. This evaluation
is carried out in Section 4.2} and As the input signals to the first vehicle, we use

two different signals. The first signal consists of one period of the sinusoidal signal
uy (t) = sin(mw/3 - t). “4.1)

This signal has a period of 6 s and can be considered as a driver performing a smooth
speed-up and slow-down maneuver. Such maneuver is also considered in [7]. The
second maneuver is a harsh speed-up/slow-down maneuver. First, an acceleration step
from 0 to 3m/s? is applied and then a deceleration step from 3m/s? to 0 is applied.
The chosen values comply with values in the literature that consider accelerations

above 3m/s? as uncomfortable for human drivers and passengers [27-30].
In our evaluation, we want to look at the following performance metrics
e ||€i||o: the maximum absolute value of the distance error signal. This signal
shows how well driving safety is addressed.

e ||ei||2: the 2-norm of the distance error signal. This signal shows how much er-

ror is accumulated during the respective driving maneuver. Since the proposed
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driving maneuvers are (sinusoidal and rectangular) pulse signals, it is the case
that the error signal always converges to zero after the maneuver. Because of

this reason, computing the 2-norm is meaningful.

o ||a;||oo: the maximum absolute value of the acceleration signal. This signal

gives an idea about driving comfort.

It is also good to point out that the above signals are the relevant signals for the
string stability definitions in the papers considered in this thesis. The string stability
definition in [[7] is based on the distance error signal and the string stability definition

in [5] uses the acceleration signal.

After the initial evaluation, we perform a further more realistic evaluation with actu-

ator and communication in Section [4.4]

4.2 Sinusoidal Disturbance Signals without Actuator and Communication De-

lays

In this section, we use the parameters in Table {.1] by setting both the actuator and

communication delay to zero.

4.2.1 Casel

We assume that 7; = 0.5 for all vehicles and apply the sinusoidal disturbance input in

4.1] The controller parameters for the different methods in this case are as follows:

IF: Kp:0.3, KD: 1,h:03,

AF: wr = 3.5, h =04,

IVLA: k, = 0.7, k, = 5, k, = 0.8, h = 0.8,

2VLA: k, = 0.2, k, = 20, k, = 10, h = 0.75,

3VLA: k, =0.25,k, =1, k, =2, h = 0.7,
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It can be seen that IF and AF enable smaller headway times. The simulation results

for the different methods are shown in Figure {.T|to[4.5]

1 ‘ ‘ ‘ 22 : ‘ :
—al —vl
& —a2 = —v2
E 0 a3l g21t v3l
E —a4 = —v4
—ad —Vvd
-1 ‘ : : a6l 20 ‘ ‘ v6
0 10 20 30 40 0 10 20 30 40
t[s] t[s]
. | | | A x107° | | |
—ul —el
8 ﬂ —u2 . —e2
=0 u3 Eol e3|
. W —ud ) —ed
—ud —ed
-1 ‘ ‘ u6! 0
0 10 20 30 40 0 10 20 30 40
t [s] t [s]

Figure 4.1: Case 1 with sinusoidal disturbance input and IF

It can be seen that especially IF leads to very small error signals. This is expected
for the case of zero delays [14]. It is further interesting to note that increasing errors

occur when more vehicles are used for the look-ahead (2VLA and 3VLA).
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Figure 4.2: Case 1 with sinusoidal disturbance input and AF
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Figure 4.3: Case 1 with sinusoidal disturbance input and 1VLA
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Figure 4.4: Case 1 with sinusoidal disturbance input and 2VLA

1, 22 ; ‘ ‘

—al —vl
a8 —a2 —V2
=0 ad. 21| v3|]
g —ad . —v4

—ab —vVH

-1 ‘ . |—ablL 20 ‘ —vb6

v; [m/s]

0 10 20 30 40 0 10 20 30 40
t[s] t[s]
1¢F ; ; - - T T T
—ul 0.5 —el|]
8 —u2 . /\ —e2
E 0 AN ud|] £ / ed
. —u4 g 0 —ed|]|
—ub Y/ —ed
-1 ‘ L |—ub|l -0.5 ‘ | ‘
0 10 20 30 40 0 10 20 30 40
t [s] t [s]

Figure 4.5: Case 1 with sinusoidal disturbance input and 3VLA
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4.2.2 Case?2

We assume that 7; = (.38 for all vehicles and apply the sinusoidal disturbance input

in[d.1] The controller parameters for the different methods in this case are as follows:

o I[F: Kp=9,Kp=3,h=0.3,

AF: wr = 2.5, h =04,

IVLA: k, = 0.25, k, = 45, k, = 0.8, h = 0.8,

2VLA: k, = 0.25, k, = 45, k, = 0.8, h = 0.44,

3VLA: k, = 0.25, k, = 45, k, = 0.8, h = 0.28,

Again, it is generally the case that IF and AF lead to a smaller headway. Nevertheless,
it can be stated that small headways can also be achieved for 2VLA and 3VLA. This

seems to be related to the small driveline constant of this case.

The related simulation results are shown in Figure .6 to

1 ‘ ‘ ‘ 22 ‘ ‘ ‘
—al —vl
&’ —a2 ) —v2
E 0 a3\ 221! v3|
g —ad 5 —v4
—ab —VH
-1 s s abH 20 ‘ ‘ v6
0 10 20 30 40 0 10 20 30 40
t [s] t [s]
1 | | | 4 x107° | | |
—ul —el
8 ﬂ —u2 .92l —e2|]
=0 u3 ) e3
g. V —ud S 0 A, —ed|
—ud V —eb
-1 ‘ ‘ uby -2 : : :
0 10 20 30 40 0 10 20 30 40
t [s] t [s]

Figure 4.6: Case 2 with sinusoidal disturbance input and IF

In this case, the observed errors are smaller compared to the previous case since
7; = 0.38. In addition, it can be seen that the error generally converges to zero faster

when using IF and AF.
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Figure 4.7: Case 2 with sinusoidal disturbance input and AF
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Figure 4.8: Case 2 with sinusoidal disturbance input and 1VLA
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Figure 4.9: Case 2 with sinusoidal disturbance input and 2VLA
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Figure 4.10: Case 2 with sinusoidal disturbance input and 3VLA
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4.2.3 Case3

We assume that 7; = 0.8 for all vehicles and apply the sinusoidal disturbance input in

4.1] The controller parameters for the different methods in this case are as follows:

IF: Kp = 03, KD = l,h:O3,

AF: wr =25, h =04,

IVLA: k, = 0.5, k, = 5, k, = 2, h = 0.8,

2VLA: k, =0.25,k, = 3, k, = 1, h = 0.6,

3VLA: k, = 0.4, k, = 5, k, = 3, h = 0.6,

Again, the headway times for IF and AF are smaller. The simulation results are shown

in Figure d.T1|to @.15]
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f Tw E AN
u3 A 0 ed
—u4 ) \f —ed
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T
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Figure 4.11: Case 3 with sinusoidal disturbance input and IF

As before, the simulations show that smaller error values can be achieved with IF and
AF.
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Figure 4.12: Case 3 with sinusoidal disturbance input and AF

Figure 4.13: Case 3 with sinusoidal disturbance input and 1VLA
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Figure 4.14: Case 3 with sinusoidal disturbance input and 2VLA
22
—vl
= —V2
221} v3|]
5 —v4
—vbH
20 ‘ —v6|
0 10 20 30 40

—ul
—u2

u3|/
—u4
—ud
—ub

Figure 4.15: Case 3 with sinusoidal disturbance input and 3VLA
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4.2.4 Cased

We assume that 7; = 0.1 for all vehicles and apply the sinusoidal disturbance input in

|.1] The controller parameters for the different methods in this case are as follows:

IF: Kp = 01, KD = 2,h203,

AF: wg = 5.5, h = 0.3,

IVLA: k, =0.75, k, = 0.8, k, = 0.5, h = 1.2,

OVLA: k, = 0.4, k, = 0.8, k, = 0.8, h = 1.1,

3VLA: ko = 0.25, k, = 0.8, k, = 0.8, h = 1,

Again, the headway time for 1VLA, 2VLA and 3VLA is larger and the simulations
in Figure [4.16]to show that the errors for IF and AF are smaller.
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Figure 4.16: Case 4 with sinusoidal disturbance input and IF
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Figure 4.17: Case 4 with sinusoidal disturbance input and AF
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Figure 4.19: Case 4 with sinusoidal disturbance input and 2VLA
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Figure 4.20: Case 4 with sinusoidal disturbance input and 3VLA
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4.2.5 Comparison Tables

In summary, the following important observations can be made:

e [F and AF enable smaller headway times. This is important for driving in vehi-

cle strings, where it is desired to achieve a small inter-vehicle spacing

e The error magnitudes are generally smaller when using IF and AF. This is an
interesting result, since VLA, 2VLA and 3VLA address a condition on the

error signal.

e The error magnitude generally increases from 1VLA to 3VLA. This is an ex-
pected result since the controller parameters of each predecessor vehicle used
for the look-ahead are the same. Choosing different controller parameters for

different predecessor vehicles can mitigate this problem.

e The distance error converges to zero faster when using IF and AF.

Furthermore, it is possible to make additional observations from Table @ to Ta-
ble 4.2 summarizes the results regarding the infinity-norm of the error and conforms
the previous analysis. Moreover, Table {4.3] shows that the 2-norm of the error signal
is usually high for 2VLA and 3VLA. Table 4.4|illustrates that the maximum acceler-
ation values commonly decrease along the vehicle string. Overall, it can be said that
CACC with IF provides the best results in the case of sine inputs and without actuator

and communication delays.
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Table 4.2: Maximum error with sinusoidal input and without delays

Case 1

llealloo | [lealloo | lleslloo | llealloo | [l€s]lo
IF [ 00004 00 | 00 | 00 | 00
AF || 0015 | 0.014 | 0.013 | 0.012 | 0.012
IVLA || 0.057 | 0.044 | 0.035 | 0.029 | 0.025
2VLA || 0215 | 0.297 | 0.183 | 0.177 | 0.135
3VLA | 0.363 | 0.702 | 0.582 | 0398 | 0.412

Case 2

llealloo | [lealloo | lleslloo | [ealloo | [l€s]lo
IF 00 | 00 | 00 | 00 | 00
AF | 010 | 009 | 008 | 007 | 0.07
IVLA | 0.003 | 0.002 | 0.002 | 0.002 | 0.001
2VLA || 0.008 | 0.08 | 0.03 | 0.05 | 0.04
3VLA || 001 | 004 | 007 | 003 | 0.04

Case 3

llealloo | [lealloo | lleslloo | llealloo | [l€s]lo
IF 00 | 00 | 00 | 00 | 00
AF || 0.006 | 0.006 | 0.006 | 0.005 | 0.005
IVLA || 0.16 | 0.12 | 0.10 | 0.08 | 0.07
2VLA || 008 | 028 | 0.10 | 0.14 | 0.09
3VLA || 0.17 | 030 | 029 | 0.18 | 0.18

Case 4

llealloo | llezlloo | [leslloo | [lealloo | lles]loo
IF 00 | 00 | 00 | 00 | 00
AF || 0021 | 0.021 | 0.020 | 0.019 | 0.018
IVLA | 035 | 025 | 0.19 | 0.16 | 0.13
2VLA | 036 | 078 | 033 | 037 | 024
3VLA || 047 | 073 | 053 | 027 | 030
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Table 4.3: 2-norm of the error with sinusoidal input and without delays

Case 1

lleallz | [le2ll2 | [lesll2 | lleall2 | [les]l2
IF 0.002 | 0.0 0.0 0.0 0.0
AF 1.08 | 1.02 | 096 | 091 | 0.87
IVLA || 0.16 | 0.13 | 0.09 | 0.08 | 0.07
2VLA || 11.8 16.5 10.2 10.1 8.02
3VLA | 18.7 | 36.1 | 29.8 | 20.1 | 209

Case 2

leallz | [le2ll2 | [lesll2 | lleall2 | [les]l2
IF 0.0 | 0.007 | 0.004 | 0.0 0.0
AF 6.81 6.15 5.67 | 529 | 4.99
IVLA || 0.012 | 0.009 | 0.008 | 0.007 | 0.006
2VLA || 044 | 466 | 1.86 | 2.78 | 2.06
3VLA || 0.624 | 2.31 3.75 1.63 2.23

Case 3

el | [leall2 | [lesll2 | [leall2 | les]]2
IF 0.002 | 0.002 | 0.0 0.0 0.0
AF 045 | 042 | 039 | 037 | 035
IVLA || 049 | 037 | 0.28 | 0.26 | 0.20
2VLA || 4.46 150 | 543 | 7.69 | 5.37
3VLA || 9.58 16.6 159 | 9.71 10.1

Case 4

[leallo | [le2ll2 | llesll2 | [leall2 | [les|l2
IF 0.0 | 0.005| 0.0 0.0 0.0
AF 1.54 | 146 | 1.39 | 132 | 1.27
IVLA | 0.86 | 0.60 | 0.50 | 0.44 | 0.37
2VLA | 19.6 | 41.1 174 | 19.0 | 13.0
3VLA || 23.7 | 39.6 | 29.1 15.1 16.1
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Table 4.4: Maximum acceleration with sinusoidal input and without delays

Case 1

lla1lloo | [la2loo | [laslloo | [laalloo | [las|loo | [las|o
IF | 089 | 08 | 082 | 079 | 076 | 0.73
AF || 089 | 084 | 079 | 074 | 070 | 0.67
IVLA || 0.89 | 0.69 | 056 | 047 | 040 | 0.344
2VLA || 0.89 | 0.69 | 054 | 043 | 035 | 0.29
3VLA | 089 | 090 | 072 | 059 | 053 | 044

Case 2

lailloo | llazllos | llasllo | llaalles | llaslles | [laslleo
IF 0.99 0.95 0.91 0.87 0.83 0.80
AF 0.99 0.88 0.77 0.69 0.63 0.58
1VLA 0.99 0.79 0.66 0.55 0.47 0.41
2VLA 0.99 0.91 0.79 0.72 0.64 0.59
3VLA 0.99 0.97 0.89 0.81 0.77 0.72

Case 3

lla1lloo | [la2lloo | [laslloo | [laalloo | [las|loo | [las|o
IF | 093 | 089 | 085 | 082 | 079 | 076
AF || 093 | 086 | 080 | 074 | 070 | 0.66
IVLA || 093 | 071 | 056 | 046 | 038 | 032
2VLA || 093 | 091 | 066 | 059 | 048 | 041
3VLA | 093 | 078 | 0.61 | 050 | 042 | 035

Case 4

llaa]loo | llazlloo | [laslloo | [l@alloo | llas|loo | llas|loo
IF | 080 | 077 | 074 | 071 | 0.69 | 0.66
AF || 080 | 075 | 071 | 067 | 063 | 0.60
IVLA | 079 | 061 | 049 | 039 | 032 | 025
2VLA || 080 | 073 | 047 | 040 | 030 | 024
3VLA || 080 | 085 | 051 | 036 | 032 | 023
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4.3 Step Disturbance Signals without Actuator and Communication Delays

For brevity, we restrict ourselves to 7; = 0.5 when applying step inputs. The con-
troller parameters for the different methods are the same as in the previous section.
The simulation results in Figure #.21] to .25] are mostly in line with the results in the
previous section. It can be emphasized that the distance errors observed for 2VLA
and 3VLA are significant and oscillations are observed for this method. The reason
for this is again the choice of the same controller parameters for different predecessor
vehicles. The related Tables 4.3l to 4.7 confirm that CACC with IF is best suited when

there is no actuator and communiation delay.
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Figure 4.21: Case 1 with step input and IF
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Figure 4.22: Case 1 with step input and AF
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Figure 4.23: Case 1 with step input and 1VLA
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Figure 4.24: Case 1 with step input and 2VLA
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Figure 4.25: Case 1 with step input and 3VLA
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Table 4.5: Maximum error with step input and without delays

Case 1

llexlloo | llealloo | Ileslloo | lealloo | llesloo
IF 00 | 00 | 00 | 00 | 00
AF || 0.077 | 0.074 | 0.071 | 0.070 | 0.068
IVLA | 021 | 021 | 021 | 021 | 021
2VLA || 1.00 | 198 | 149 | 173 | 1.6l
3VLA || 202 | 525 | 574 | 420 | 491

Table 4.6: 2-norm of the error with step input and without delays

Case 1

lleall2 | [leall2 | [lesll2 | [leall2 | [les]]2
IF 0.0 0.0 0.0 0.0 0.0
AF 994 | 9.89 | 9.86 | 9.83 9.80
IVLA || 096 | 093 | 092 | 091 | 091
2VLA || 1174 | 225.0 | 166.5 | 191.1 | 175.0
3VLA || 220.3 | 5754 | 615.5 | 448.6 | 5224

Table 4.7: Maximum acceleration with step input and without delays

Case 1

llaa]loo | llaslloo | [laslloo | [l@alloo | llas|loo | [las|loo
IF 30 | 30 | 30 | 30 | 30 | 30
AF || 30 | 30 | 30 | 30 | 30 | 30
IVLA| 30 | 30 | 30 | 30 | 30 | 30
2VLA | 3.00 | 3.00 | 3.00 | 3.00 | 299 | 299
3VLA || 3.00 | 3.00 | 301 | 297 | 295 | 291
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4.4 Realistic Case with Actuator and Communication Delays

The previous sections assumed the absence of actuator and communication delays
in line with the design and evaluation in [/]. Nevertheless, in practice, actuator and
communication delays are present, which is also confirmed by the practical studies
in [4)5)9./14]]. This section will evaluate the described methods (IF, AF, 1VLA, 2VLA,
3VLA) with realistic parameters. Since 7; = 0.5 (Case 1) was not measured in any

practical setup, we only focus on the Cases 2, 3, 4, which are also shown in Table

44.1 Case?2

We assume that 7; = 0.38 for all vehicles and apply the sinusoidal disturbance input

in[4.1] The controller parameters for the different methods in this case are as follows:

IF:KPZLKD:2,]'L:O.7,

AF: wr =1.32; h = 0.7,

IVLA: ky = 0.5, kp = 0.2, k, = 0.8, h = 1,

2VLA: kg = 0.3, k, = 0.3, k, = 0.6, h = 1.1,

3VLA: k, = 0.2, k, = 0.05, k, = 0.7, h = 1.1,

As in the case without delays, it holds that IF and AF allow for smaller headway times.
Furthermore, Figure 4.26| to Figure .30/ highlight that 1VLA, 2VLA and 3VLA lead
to very large distance errors that are not tolerable in practice. Especially, it has to
be emphasized that IF and AF seem to be more robust to delays compared to 1VLA,
2VLA and 3VLA.
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Figure 4.27: Case 2 with actuator and communication delay for AF
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Figure 4.28: Case 2 with actuator and communication delay for IVLA
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Figure 4.29: Case 2 with actuator and communication delay for 2VLA
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44.2 Case3

The results in the previous section are confirmed by the next simulation experiment

for 7, = 0.8 in Figure .31 to #.35] The controller parameters for the different meth-

ods in this case are as follows:

AF: wx = 3.5, h =0.7,

IF: Kp =5, Kp=1.5,h=0.7,
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Figure 4.31: Case 3 with actuator and communication delay for IF
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44.3 Cased

We finally use 7; = 0.1 for all vehicles and apply the same step input as before. The

controller parameters for the different methods in this case are as follows:

IF: Kp = 01, KD :3,h: 12,

AF: wrg = 3.5, h = 0.65,

IVLA: k, = 0.75, k, = 0.01, k, = 0.2, h = 1.4,

OVLA: k, =012, k, =1, k, = 1.1, h = 1.4,

3VLA: k, = 0.2, k, = 0.8, ky = 1, h = 1.4,

Here, it interesting to note that the smallest headway time is found for AF, which also
leads to the smallest distance errors in Figure #.36/to[4.40] Again, the distance errors
for IVLA, 2VLA and 3VLA are not suitable for practical applications.
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Figure 4.36: Case 4 with actuator and communication delay for IF
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Figure 4.38: Case 4 with actuator and communication delay for IVLA
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Figure 4.39: Case 4 with actuator and communication delay for 2VLA
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Figure 4.40: Case4 with actuator and communication delay for 3VLA
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4.44 Comparison Tables

In summary, the following important points have to be highlighted for the case with

actuator and communication delays:
e Very large headway times are required in order to achieve string stability for
the methods in [7] (1VLA, 2VLA, 3VLA),
e Very large distance errors are observed for the methods in [7]]

e Both IF and AF lead to satisfactory results regarding headway time and distance

errors,

e AF outperforms the other methods especially for larger driveline time con-

stants.

The same observations can as well be made in Table 4.8] to 4.10
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Table 4.8: Maximum error with actuator and communication delay

Case 2

llexlloo | llealloo | Ileslloo | [ealloo | lles]loo
IF | 0031 | 0021 | 0.016 | 0.014 | 0.012
AF || 0.031 | 0.023 | 0.019 | 0.016 | 0.014
IVLA | 449 | 440 | 431 | 423 | 4.14
2VLA | 04 | 98 | 46 | 69 | 56
3VLA || 126 | 332 | 307 | 194 | 257

Case 3

llexlloo | llealloo | lleslloo | [l€alloo | llesloo
IF || 035 | 033 | 032 | 030 | 029
AF | 010 | 0.10 | 0.10 | 0.10 | 0.10
IVLA|| 09 | 09 | 09 | 09 | 09
2VLA | 092 | 594 | 253 | 414 | 322
3VLA | 074 | 554 | 756 | 431 | 544

Case 4

llealloo | Hlealloo | [leslloo | llealloo | [les]loo
IF | 018 | 013 | 012 | 011 | 0.11
AF || 012 | 0.1 | 0.0 | 0.09 | 0.08
IVLA | 687 | 633 | 644 | 638 | 6.20
2VLA || 227 | 759 | 466 | 583 | 4.96
3VLA || 254 | 837 | 1045 | 659 | 7.64
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Table 4.9: 2-norm of the error with actuator and communication delay

Case 2

lleallo | [leall2 | lles|l2 | [leall2 | [les|l2
IF 1.51 1.27 | 1.15 1.07 | 1.01
AF 1.51 1.31 1.21 1.13 1.08
IVLA || 347 | 343 | 33.8 | 332 | 32.6
2VLA | 440 | 1070 | 488 741 589
3VLA 140 | 4004 | 3804 | 2442 | 3263

Case 3

lleall2 | [leall2 | [lesll2 | [leall2 | lles]]2
IF 21.5 20.8 | 20.2 19.7 19.3
AF 16.6 16.5 16.4 16.3 16.2
IVLA 5.0 4.7 4.7 4.6 4.6
2VLA || 105.1 | 662.4 | 270.7 | 443.9 | 344.6
3VLA || 569 | 610.5 | 807.5 | 459.5 | 585.9

Case 4

lleallo | [le2ll2 | lles|l2 | [leall2 | [les|l2
IF 140 | 133 129 | 12.6 | 123
AF 106 | 103 | 10.1 | 9.9 9.8
IVLA || 315 | 274 | 282 | 27.5 | 259
2VLA || 228.7 | 819.6 | 495.5 | 623.8 | 535.9
3VLA || 259.1 | 9.2.6 | 1119 | 701.4 | 841.9
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Table 4.10: Maximum acceleration with actuator and communication delay

Case 2

lla1lloo | [la2lloo | [laslloo | [laalloo | [las|loo | [las|oo
IF 30 | 30 | 30 | 30 | 299 | 299
AF || 30 | 30 | 30 | 30 | 30 | 299
IVLA | 3.0 | 299 | 298 | 296 | 293 | 2.90
2VLA | 3.0 | 301 | 298 | 296 | 291 | 286
3VLA | 30 | 30 | 29 | 28 | 27 | 27

Case 3

llarlloo | [a2lloo | aslloo | [laalloo | [las]lo | llaslloo
IF 30 | 299 | 299 | 299 | 299 | 2.99
AF 30 | 30 | 30 | 30 | 30 | 299
IVLA || 3.0 | 3.005 | 3.008 | 3.009 | 3.011 | 3.011
VLA | 30 | 30 | 299 | 298 | 294 | 2.89
3VLA | 3.0 | 299 | 299 | 295 | 290 | 2.82

Case 4

lla1lloo | [la2lloo | [laslloo | [laalloo | [las|loo | [las]loo
IF 30 | 30 | 30 | 299 | 299 | 299
AF || 30 | 30 | 30 | 30 | 299 | 299
IVLA || 3.0 | 298 | 296 | 292 | 290 | 2.87
2VLA || 3.0 | 3.001 | 297 | 292 | 2.84 | 276
3VLA | 3.0 | 3.004 | 29 | 28 | 274 | 266
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CHAPTER 5

CONCLUSION

Cooperative Adaptive Cruise Control (CACC) is a technique for automating the lon-
gitudinal vehicle motion based on distance measurements and communicated state
information from predecessor vehicles. The main aim of CACC is to achieve safe and
comfortable vehicle following at small inter-vehicle distances in vehicle strings. An
important condition to be fulfilled for this purpose is string stability, which ensures
that attenuation of disturbances along a vehicle string. When designing controllers
for string stability, it is required to select a signal such as the vehicle acceleration or

distance error with respect to which string stability should be fulfilled.

The main focus of the thesis is the question about which of these signals is most suit-
able for fulfilling string stability in practice. To this end, the thesis compares different
methods from the existing literature regarding their suitability for the realization of
CACC in practice. As the main outcome, it is shown that, although methods that are
based on the error signal are functional in case of ideal conditions such as negligible
delays, they are clearly outperformed by methods that use the acceleration signals in
realistic scenarios with both actuator and communication delays. To emphasize, it is
shown on the Section that Input Feedforward (IF) and Acceleration Feedforward
(AF) methods, which are based on acceleration based string stability definitions en-
able smaller headway times. This is especially important since smaller inter-vehicle
distances enables higher traffic throughput. It is also shown that error magnitudes are
generally smaller for both of these acceleration based methods compared to r vehi-
cle look ahead controllers (RVLA) that are based on string stability condition using
distance error signals. Furthermore, it is observed that errors increase as we increase

look ahead controllers from 1VLA to 3VLA. As discussed, this is due to the fact that
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using 2VLA and 3VLA controllers are used on the second and third vehicles which
only have 1 and 2 vehicles they can look ahead respectively. It is also shown that IF
and AF enable faster converging distance errors. Thus, the point at which vehicles do
not receive any disturbance is closer to the leading vehicle for IF and AF methods.
Although all the methods have shown satisfactory results for a CACC implementa-
tion, it can be concluded that IF performed best with the cases without actuation and
communication delays in Section When the realistic scenarios with delays are
considered in Section[d.4] the control methods using string stability using acceleration
signals outperform control methods with error based string stability definitions. In the
Section 4.4} it is shown that very large headway times are required to achieve string
stability for RVLA methods. Moreover, RVLA controllers also showed very large
distance errors. In contrast, IF and AF methods have both shown satisfactory result
regarding headway times and distance errors. Overall, AF method has been shown to
outperform other methods especially for larger driveline time constants which corre-
spond to slower driveline dynamics. To sum up, it is shown that, although methods
that are based on the error signal are functional in case of ideal conditions such as
negligible delays, they are clearly outperformed by methods that use the acceleration

signals in realistic scenarios with both actuator and communication delays.

One possible direction for future work is the development of control methods for
string stability based on the distance error signal that are robust to actuator and com-

munication delays.
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