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ABSTRACT

PLATOONING OF VEHICLES IN INTELLIGENT TRANSPORTATION
SYSTEMS

DEAIBIL, Inas Bahaa
M.Sc., Department of Electronic and Communication Engineering
Supervisor: Assoc. Prof. Dr. Klaus Werner SCHMIDT

May 2015, 35 pages

Intelligent transportation systems aim at improving the efficiency and safety of
transportation. In dense traffic, vehicles are aggregated to vehicle strings that travel
on thesame lane, whereby it is desired to maintain a small but safe distance between
the vehicles. In the literature, this task is captured by the notion of string stability:
fluctuations thatare introduced by maneuvers of the leader vehicle should be
attenuated by the follower vehicles. The literature provides various methods for
achieving string stability underthe assumption that a vehicle string is already formed
and remains unchanged. Nevertheless, in practice, it is necessary to account for
vehicles entering or leaving a platoon when performing lane changes.

The subject of this thesis is the realization of longitudinal maneuvers for safe and
efficient lane changes in dense vehicle traffic. Hereby, the tasks of tight vehicle
following for a high traffic throughput and opening gaps for vehicles that want to
enter a string have to be considered. Both tasks have to be achieved under the

requirement of safety and without a negative effect on the traffic throughput. To this
v



end, it is proposed a control architecture that addresses the stated issues. It combines
the idea of cooperative adaptive cruise control (CACC) for safe vehicle following
with feedforward control for opening or closing gaps that are generated if vehicles
enter or leave a string. We first show that gaps can be opened/closed safely and
smoothly with our method. That is, if string stability is obtained by the CACC

design, it is preserved when using our feedforward control. Second, we propose a
method to schedule maneuvers of different vehicles for opening gaps at a high traffic
throughput. To the best of our knowledge this is the first work on the control and

scheduling of safe and efficient lane changes.

Keywords: Intelligent Transportation Systems, Cooperative Adaptive Cruise

Control, String Stability, Lane Changes, Feedforward Control.
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AKILLI ULASIM SISTEMLERINDE ARACLARIN TAKIMLANDIRILMASI

DEAIBIL, Inas Bahaa
Yiiksek Lisans, Elektronik ve Haberlesme Miihendisligi Anabilim Dal1
Tez Yoneticisi: Dog Dr. Klaus Werner SCHMIDT
Mayis 2015, 35 sayfa

Akilli ulagtirma sistemlerinin amaci ulastirmanin etkinliginin ve emniyetinin
tyilestirilmesidir. Yogun trafikte araglar diziler halinde ayni kulvarda ilerlerken
araglarin arasinda kiigiik ancak emniyetli bir mesafe muhafaza edilmesi
istenmektedir. Literatiirde bu gorev dizi istikrar fikri ile yakalanmaktadir: lider arag
tarafindan yapilan manevralarla gelistirilen dalgalanmalar, takip eden araglar
tarafindanda takip edilmektedir. Literatiirde ara¢c dizisinin olusturdugu ve
degistirilmeden muhafaza edilecegi varsayimi iledizi istikrarinin gergeklestirilmesi
icin degisik yontemler verilmektedir. Bununla birlikte, pratikte serit degisikligi
yaparken takimdan ayrilan veya takima giren araglarin agiklanmasi gerekmektedir.

Bu tezin konusu, yogun arag trafiginde serit degisiklikleri i¢in yapilan manevralarin
giivenli ve verimli bir sekilde gerceklestirilmesidir. Boylelikle trafigin yogun oldugu
durumlarda siki arag takibi ve diziye giris yapmak isteyen araglar i¢in bosluklarin
yaratilmasi gibi gorevlerin dikkate alinmasi1 gerekmektedir. Her iki gbrevin emniyet
gereksinimlerini ve trafik akisin1 olumsuz bir sekilde etkilenmeden gergeklesmesi

gerekmektedir. Bunun i¢in s6z konusu unsurlari ele alan bir kontrol yapisii
Vi



Onerilmektedir. Bu yapi, araglarin diziye girmesi veya ¢ikmasi ile olusturulan
bosluklarin agilmasi veya kapanmasi igin ileriye doniik kontrol ile emniyet arag
takibine yoOnelik uyarlanabilir seyir kontroli (CACC) igbirligi fikrini
birlestirmektedir. Oncelikle, sistemde emniyetli ve diizenli olarak

acilabilen/kapatilabilen bosluklar1 gosterilmektedir. Bu sayede dizi istikrari, CACC
tasarimi ile elde edilen dizi kararlilig1 ileri beslemeli kontroliin kullanilmasi ile
muhafaza edilmektedir. ikinci bir husus olarak da yogun trafik akisinda bosluk
acilmasi igin farkli araglar igin manevra programi yontemini Onerilmektedir. Bu
calisma emniyetli ve etkin serit degistirmesi ile ilgili ilk kontrol ve programlama

calismalarindan biridir.

Anahtar Kelimeler: Akilli Ulastirma Sistemleri, Isbirlik¢i Uyarlanabilen Seyir

Kontrolii, Dizi istikrar1, Serit Degistirmeleri, Ileri Beslemeli Kontrol.
vii
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CHAPTER 1

INTRODUCTION

The demand for mobility in modern traffic leads to an everaasing traffic volume
with a considerable negative impact on economy, humanthaaft environment [1-2].
Congestion and traffic breakdown cause increased travektifoel consumption and
emissions [3]. In addition, accidents cause a large numidfatadities and injuries [4].
Intelligent transportation systems (ITS) incorporateiniation, communication and
control technologies into the transportation infrastuoetin order to improve traffic
efficiency and safety [5-6]. To this end, ITS make use of vehio vehicle (V2V)
and vehicle to infrastructure (V2I) communication whicle dhe basis for enabling
cooperation between vehicles [7-8].

In dense traffic, vehicles do not travel independently buinfeehicle stringq3].
Hence, an important task of ITS is to realize safe vehicleofahg at small inter-
vehicle spacing in order to increase the traffic capacityteaftic throughput [3-9]. A
promising method to achieve this task is the recently intoedl Cooperative Adaptive
Cruise Control (CACC) [8-10-11-12]. CACC extends adaptivaeise control (ACC)
by V2V communication in order to obtain relevant signal dstigh as velocity and
acceleration of predecessor vehicle(s) to improve velalewing. One important
objective of CACC is to guarantee driving safety by ensutimg property ofstring
stability. If string stability holds, fluctuations such as velocityamceleration changes
of a vehicle are attenuated by the following vehicles, hesg@ding oscillations in
the vehicle motion. The literature proposes several methodthe CACC controller
design in order to achieve string stability [11-13]and it@cluded that CACC has
a positive impact on string stability and the usage of CAC@béegs a traffic capacity
increase [4-14-15].

It has to be noted that string stability is a desirable coowlithat aims at safe driv-
ing. Nevertheless, achieving string stability is not sigfit for obtaining a high traffic
throughput in dense traffic [16-17]. In particular, it is pie that disturbances in the



traffic flow are introduced for example by vehicles enterindeaving vehicle strings.
Such disturbances generally have a negative effect ondfii tilow and can even lead
to traffic breakdown. Accordingly, traffic breakdowns besmawf such disturbances
must be avoided. This property is captured by the notiomadfic flow stabilityin the
literature [18-19-20].

In relation to traffic flow stability, CACC has limitationsrsie it is designed for the
vehicle following on a single lane [9-13]. That is, manewwvguch as vehicles joining
or leaving a lane are not supported by CACC and have to bedenesl as disturbances
with a negative impact on traffic flow stability. Although imgvements of CACC such
as opening gaps for joining vehicles , no such improvemerts@nsidered in current
CACC designs.

This thesis develops a new method for the realization of saffe changes in ve-
hicle strings based on the observation that a safe lane ehaugires opening gaps
for vehicles that intend to enter a vehicle string or clogiags after a vehicle leaves a
vehicle string. As the first contribution of this thesis, wepose a control architecture
for the longitudinal motion of vehicles in a string. This ¢a architecture extends
the existing CACC design in [21] by an additional feedforgvarput signal. Applying
this input signal, a gap can be opened or closed smoothlygifired. Since this in-
put signal is used together with the CACC design for vehigl®wing, the important
property of string stability is preserved. This result ipgorted by several simulation
experiments in the thesis. As the second contribution offtksis, we study the effect
of opening gaps on the traffic flow. Analyzing different sagosfor opening multiple
gaps in a vehicle string simultaneously, it is concluded ¢fags should not be opened
at the same time in order to avoid traffic breakdown. Henceprmepose a method to
schedule the timing of maneuvers for opening gaps whileikgape traffic throughput
high. To the best of our knowledge, this is the first methodtierfeedforward design
for opening gaps and the scheduling of lane change maneuvers

The organization of the thesis is as follows. Chapter 2 draegground information
about vehicle following, adaptive cruise control, coopieeaadaptive cruise control
and string stability. Our control architecture for operigigsing gaps is presented in
Chapter 3 and illustrated by simulation experiments in @vag. In particular, Section
4.3 evaluates the effect of lane changes on the traffic flondatermines a policy for
scheduling lane changes. Conclusion and ideas for futurk are given in Chapter 5.



CHAPTER 2

BACKGROUND

This section provides the background on the topic of codperadaptive cruise con-
trol (CACC) which is the main subject of this thesis. Sectoh describes the concept
of vehicle following and Section 2.3 explains the functilitysof adaptive cruise con-
trol (ACC). CACC is introduced in Section 2.4 and two feedbaontrol methods for
CACC are outlined in Section 2.5.

2.1 Vehicle Following

The new approach of cooperative adaptive cruise controlQCAIs used for imple-
menting vehicle following in so-callegehicle stringst small inter-vehicle spacings as
shown in Fig. 1. In this schematik;, g, v; denote the length, rear bumper position and
velocity of vehiclei, respectively; is the gap between vehidle- 1 and vehicla. Us-

ing CACC,d; is obtained from sensor measurements (RADAR or LIDAR) byicieh.
Additionally, signals such as the acceleration or velooftgther vehicles are received
by each vehicle via wireless vehicle-to-vehicle (V2V) communication. Acding to
Fig. 1, the distancd; between vehiclesand vehicla — 1 is evaluated as

di(t) =qgi-a(t) —ai(t) — L. (2.1)

When considering vehicle following, the desired distaneeveen vehicles is de-
noted as thepacing policy In the recent literature, thenstant headway time policy
[8-21-22-23-24] as shown in (2.2) is used.

dir =r+hv. (2.2)

Here,d; ; represents the desired spacing between vehicle and vehicle. It is com-
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Figure 1: Vehicle string with CACC.

puted from thalistance at standstillrand theheadway time hThat is, at zero velocity,
the desired distance isandd; ; increases proportional tg.

Using (2.1) and (2.2), the spacing erepft) is

& (t) =di(t) —di(t) = (qi-1(t) —ai(t) —Li) — (ri +hw(t)), (2.3)

2.2 String Stability

In order to realize safe and comfortable following, vehidkowing must be realized
such that disturbances are attenuated along a vehiclg stsidepicted in Fig. 1. That
is, a small variation in the speed or acceleration of anyatehishould not lead to
increasing variations in the motion of its follower vehile

This condition is captured by the notion sfrict string stabilityin the literature
[8-13-21]. Assuming a linear system representation wighttnsfer function

Vi(s)

I (S) = Vi_1(3>

. (2.4)

between the velocitieg_, andy;, strict string stability is achieved if for all vehicles
T ()]0 < 1. (2.5)

Hereby,Vi(s) denotes the Laplace transform of the sigi@) and|| e || denotes the
He-norm. Hence, each controller design for vehicle followstguld ensure (2.5).

In order to illustrate the notion of string stability, we peait two example simula-
tions. Strict string stability is fulfilled in Fig. 2. In thisimulation, the leader vehicle 1
first accelerates with up to 4 n¥/and then decelerates with uptat m/s (right-hand
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Figure 2: Vehicle string with 10 vehicles performing an acceleraii@celeration ma-

neuver and CACC design that fulfills strict string stabilit¢ach line represents the

motion of one vehicle.
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Figure 3: Vehicle string with 10 vehicles performing an acceleraki@teleration ma-
neuver and CACC design that violates strict string stabilit

plot). The follower vehicles perform the same motion withexmkased (attenuated)
acceleration/deceleration. Similarly, the velocity ation (center plot) is attenuated
along the vehicle string. In addition, the position ploftdeand side) indicates that the
vehicles follow each other at a safe distance. In contrastgsstability is violated in
the scenario of Fig. 3. Performing the same maneuver of televehicle 1, it now
holds that the acceleration and velocity of the followerigkds is amplified which is
clearly undesirable.

2.3 Adaptive Cruise Control (ACC)

The first automated system for vehicle following has beehzeéin the form of adap-
tive cruise control (ACC) by several car manufacturers sagliNissan, Volkswagen,
BMW, etc. ACC is based on velocity measurements and radasunements in order
to detect directly preceding vehicles and to determine istaice to directly preceding



vehicles. Then, the functionality of ACC is as follows: iftle is no preceding vehicle
at a close distance, ACC keeps the vehicle at a constant spetaid set by the driver;
if a vehicle is detected at a close distance, ACC realizegheefollowing according to
the spacing policy in (2.2) [25].

The advantage of ACC is the requirements of only local measants of each
vehicle. Nevertheless, ACC has several disadvantagest, &ir ACC system does not
have information about vehicles that are not in the line giitiSecond, it is shown that
the lags observed in a vehicle string with multiple vehidéssl to increasing spacing
errors and velocity variations for vehicles at the back efgtring, potentially violating
the requirement of string stability. For example, in a giavith three vehicles as shown
in Fig. 4, a braking action of the first vehicle leads to stremigraking of the second
and even stronger braking of the third vehicle. Third, in @&CAdesign, asymptotic
stability (convergence to zero spacing errors) can onlydbeeaed for large enough
values of the headway timearound 2 s [21]. That is, close following of vehicles as
required in dense traffic cannot be achieved using ACC.

T = e
e, e, e, e =

Figure 4: Vehicle following using ACC.

2.4 Cooperative Adaptive Cruise Control (CACC)

Cooperative adaptive cruise control (CACC) addresseddtedsdisadvantages of ACC.
It extends the local measurements of ACC by vehicle-tostel(iV2V) communica-
tion. For example, relevant information such as accelamabr engine input signals
are transmitted by the preceding vehicle using wirelessnconication [8-21-22-23-
26-27-28-29-30].

rrat - "
e . o, e, e e .

Figure 5: Vehicle platoon using (CACC)



Fig. 6 shows a block diagram of the frequently consideredo€&3ACC with single-
vehicle lookahead.

u U Ui g u;

- 1] 2
Uy vehicle [ . — > — > ) N L
. q vehicle 2 g, * e g vehicle 7 | .
1 2 i-1 q;
e —— —]

Figure 6: Vehicles with CACC in a string.

The first vehicle of a string is controlled by the exogenoymitrsignalu;, whereas
all the other vehicles obtain the position (sensor measamgnand input signal (wire-
less communication) of the directly preceding vehicle. Maogportantly, the addi-
tional communicated input signal aids in achieving stritadp8ity at a smaller headway
time [21].

2.5 Controller Design for CACC and Simulation

In this section, we outline two controller design methods@ACC that are represen-
tative for the one vehicle lookahead policy as describedreefHereby, we consider
the case ohomogeneous stringa/here all vehicles have the same dynamic properties
[8-21] and model each vehicle by the plant transfer funcimo(2.6).

e—(Ds B Qi(S)
(1+s1)?  Ui(s)°

G(s) = (2.6)
® is a possible plant delay arrds the time constant of the low-level drive line dynam-
ics and the double integration obtains the vehicle positiom the acceleration.

2.5.1 Control Design for CACC Casel

Fig. 7 shows the block diagram of the CACC realization for erhicle as used in
[23]. Here,K is the controller transfer function whose input signal is plosition error
g-i_1—q —Li —ri—hw. Hereby, the terngj + h v is obtained from the spacing policy
transfer functiorH (s) that is equal to

H(s) = hs+ 1. (2.7)

In order to maintain the open-loop transfer functio@, the additional precompensator
—— is introduced. Finally, the input signaj_; from the predecessor vehicle is ob-

H(s)



tained as an additional feedforward signal with a potenligayD(s) = e 5. In [23],
K is realized as a state-feedback controller

€ €
Kla|=|ko ke kao |&]. (2.8)
8 8

where the errog and its derivatives are used as states.

Since the subject of this thesis is not the feedback coetrdésign, we do not repeat
the controller design steps but rather show an example mgatéation for the chosen
plant parameters = 0.1, ® = 0.2 andf = 0.15. The resulting controller parameters
arekp=0.2,kq=0.7 andky4=0.

|

i1 ;
b - K 1/H » G —
T: H |«
Li+ri

Figure 7: Block diagram casel

The CACC design in [23] is stable for values o¥ @ of the headway distance. This
can be seen in the simulation in Fig. 8. Both the velocity astkeration variations are
attenuated along a vehicle string with 10 vehicles. In timsigation, the leader vehicle
receives an input step to 4 ri/at time 0, to—4 m/< at time 4 s and to 0 mfsat time
8s. It can be seen that the follower vehicles keep a safendista the leader vehicle.

Differently, if the headway is chosen too small, string gigbis not preserved in
this CACC design. For example, Fig. 9 shows the cage-00.3 s. Here, the system is
not string stable. This can be seen by the increasing vgland acceleration variations
to the same input signal of the leader vehicle.
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Figure 9: Behavior of ten vehicles fdi= 0.3 s



2.5.2 Control Design for CACC Case?2

Fig. 10 shows th€ ACCconfiguration for one vehicle look-ahead as used in [21].

%
Uiy -
D | U;

qi.1 _ € — /[ G >
Uil G —-{?_> qi
H |e—-

Figure 10: Block diagram for CACC

The difference of this block diagram to the previously d&smd case is that has
one feedback controller with the position error input ane éeedforward controller
using the (delayed) input signal from the predecessor iehithe controller transfer
function can be written as

U(9) = 75 (KO8 + K (91U 5(9). (2.9)

Here,K;¢ represents the feedforward controller dtg represents the feedback con-
troller. Together, the controller transfer matrix is weittas

K(s) = [be(S) Kff(5>] (2.10)

In [21], K(s) is determined usingl. controller synthesis. Since the feedback con-
troller design is not the subject of this thesis, we refe2t for design details.

Again, we show an example implementation for the chosent plarameterg =
0.1,® =0.2 and@ = 0.15. The resulting controller transfer functions are

| 2.6880s+23.22)(s+ 10)(s+ 1)(s+0.3646

fb = (S+24.65)(s+5.926)(s+5.049)(s+ 0.9947) (2.11)

_ 1.039Y(s+24.1)(s+7.233)(s+4.051) (s + 1)
M= (s+24.65)(s+5.926)(s+ 5.049)(s+ 0.9947)

(2.12)

We first shows the simulation of a ten vehicle string with thme input signal as in
the previous section for a headwaylof 0.7 s in Fig. 11 andh = 0.3 s in Fig. 12. This
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simulation shows that the design in [21] achieves stringikty even for the smaller
headway oh=0.3s.
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Figure 11: Behavior of ten vehicles fdi= 0.7 s
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Figure 12: Behavior of ten vehicles fdn= 0.3 s

That is, the design in [21] has the advantage of achievimggsstability for smaller
values of the headway time. However, the possible disadgantf this design in prac-
tical applications is the higher controller complexity.
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CHAPTER 3

MANEUVERS FOR LANE CHANGES

This chapter considers the realization of longitudinal enavers that are necessary for
lane changes as the first main contribution of this thesisti@e3.1 outlines the basic
requirements of lane change maneuvers and Section 3.2rexfi@& concept of feed-
forward controller design. Then Section 3.3 and 3.4 proposelution to the problem
of adding a new vehicle to and removing an existing vehiaeifa vehicle string, re-
spectively. The special situation of aborting an alreadlyaited lane change maneuver
is addressed in Section 3.5. Finally, Section 3.6 briefljarp the implementation of
the required functionality in a Matlab s-function.

3.1 Basic Requirements

The CACC designs in the existing literature are suitablestde vehicle following in
dense traffic as described in Chapter 2. In addition, theezehment of small inter-
vehicle spacings allows a higher vehicle density on the,rbadce increasing the traf-
fic throughput [3]. Nevertheless, CACC can only be used fasterg vehicle strings
without any changes. In practice, it is frequently requitieat vehicles enter/leave a
string. This happens for example when merging at an on-ramyhen performing a
lane change because of an obstacle (bottleneck) on the &uadh maneuvers require
additional space for vehicles that enter a string in ordentsure driving safety.

We illustrate the maneuver of a safe lane change that ingthree vehicles in Fig.
13. Before the lane change (left-hand plot), the vehiclead Zon the target lane
perform safe following using CACC. In order to let vehicle &edy move in on the
target lane, vehicle 2 needs to open a sufficient gap (celdgr After that, vehicle 3
can change the lane, resulting in the modified string in tipetfhand plot.

The main task in the longitudinal motion of the describecelahange maneuver is

12
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Figure 13: Lane change procedure for adding a vehicle to an existimgstr

opening a sufficient gap by vehicle 2. Similarly, the caseeaioving a vehicle from an
existing string as shown in Fig. 14 has to be considered. itnciiise, the procedure is
as follows. Before the lane change (left-hand plot), thaalek 1,2 and 3 on the target
lane perform safe following using CACC. If vehicle 3 leavks string, a gap appears
between vehicle 1 and 2 (center plot). After that, vehiclagto close the gap resulting
in the modified string in the right-hand plot.

T0 D D 0E0 G0 O&L
§(E3ln
(a) (b) (c)

Figure 14: Lane change procedure for removing a vehicle from an exgjstinng.

In summary, lane change maneuvers in dense traffic requiggti@inal maneu-
vers for opening or closing gaps on the target lane. Herehy,important that the
property of string stability that is achieved for vehicldldaving is not violated due
to the additional longitudinal motion of the lane change enaver. The main subject
of the remainder of this chapter is the design of feedforwamakrol laws in order to
open/close gaps on the target lane while retaining theetesiring stable vehicle fol-
lowing behavior. This is the first study on this topic in thes¢ixg literature.

3.2 Feedforward Control

The main idea in this chapter is the usage of feedforwardrabintorder to determine
an input signaly; for vehiclei in order to smoothly open or close a gap to its preced-
ing vehiclei — 1. To this end, we first describe the basic concept of the teedid
controller design method used in this thesis. In particule method is based on the
block diagram in Fig. 15 with the plant transfer functiGs), the input signabl and

the output signay.

We assume that a desired output functignis given and we want to compute the
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Figure 15: Feedforward block diagram.

required input signally in order to achievegy. We consider

K
G(s) = U®s) = AS) (3.1)

with the denominator polynomial
A(s) =ans" +an 18"+ ... +ag (3.2)

and the numeratdf. nis the order of the transfer function.

Transforming (3.1) to the time domain, we obtain
Ku=any™ +an 1y"™ "+ +aoy. (33)

That is, knowing the output signg(t) = yq4(t), the input signal can directly be com-
puted using/y andn of its time derivatives. In this thesis, we represgnby a contin-
uous function

Yo fort<O
ya(t) =9 f(t) forO<t <t (3.4)
y¢  otherwise

with a polynomial functiort (t). That is,yq is constant until time 0, changes to the value
of ys within the time interval from 0 té; and remainy; afterwards. Considering that
G(s) has degre@, n time derivatives of/qy have to be 0 at time 0 and at tihe This
implies that a polynomiaf of degred = 2n+ 1 has to be chosen [31]. Hence, we use

f(t) =vo+vat +Vot2+ ...+t (3.5)

Considering the vehicle model in Section 2.5, the relevamstfer function is

1

G(s) = m

(3.6)
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Thatis,n=3,| = 7,K = 1 andA(s) = 15’ 4 &% and we need that

e f(0)=0andf(tf) =ys

e fM(0)=0fori=1,23
o fU)(tf)=0fori=1,23.
Using

y(t) = Vo + Vit + Vot + vat 3+ vat? + vst® + vt - vt/

dy(t

—)c;(t ) _ V1 + 25t + 3vat? + Avyt® + Bvst* + Bvet® + 7vot°
d2y(t

d>;(2 ) 2V + BVat + 12v4t2 + 20vst> + 30vet? + 42v5t°
dy(t

gt(?) = BV3 + 24vat + 60vst2 + 120vgt> + 210vgt?,

we arrive at the following conditions for the polynomial ¢io@ents.

y(0) =Vvo=Yo
= 2 3 4 5 6 7_
Y(ts) = Vo + Vats + Vot f + Vaty + Vats + Vst? + Vet ? + vrts = ys
dy(0)
dt 1
VU)o 4 usts -+ 12vat2 1 20vet? 1 30vet? 1 42t5 — 0
gz = Vo Ovsty + 1tf 4 20vsty + SOVets + 4ty =
d?y(0)
=2»=0
dt2 2
PV oy 1 bty 1204t 1 20vetd + 30vgt? + 4205 — 0
d%y(0)
=6v3=0
dt3 3
d3y(t
é/t(gf) = 63+ 24V4tq + 60Vsts + 120gt3 + 210vgtg = O

T
Hence, arranging the vector= [Vo Vi Vo V3 V4 V5 Vg v7] , We can com

pute the polynomial coefficients solving the matrix equatio

v=A1lbp

(3.7)

(3.8)
(3.9)

(3.10)

(3.11)
(3.12)

(3.13)
(3.14)
(3.15)
(3.16)
(3.17)

(3.18)

(3.19)
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with the matrix

10 0 0 O 0 0 0
1tg t3 3 tF & & tf
01 0 0 O 0 0 0
0 1 24 3t3 43 5t 63 7S
A= ¢ Td TdoSd Fd T (3.20)
00 2 0 O 0 0 0
0 0 2 @y 123 203 30f 423
00 0 6 O 0 0 0
0 0 0 6 24y 603 1203 2105
and the vector
05
Yi
0
0
b= 3.21
0 (3.21)
0
0
0
Using the symbolic toolbox of Matlab, the solution is ob&dras
35(yf — 84(ys — 70(ys — 20(ys —
() = (Yf4 Yo) 4 (Yf5 Yo) s, (ny Yo) 6 (Yf7 Yo) 7. (3.22)
L t; tf ts
Using the output/input relationship
dy(t) dyt
U:(TS3+SZ)Y(S):>U—T£ at) (3.23)

- dts3 dt2 ’

the corresponding input signal is

u(t) = 140(ys —yo)/tft®+ (—420(ys —yo)/t? + 35(ys — yo) /t)t*
+(420(ys — o)/t — 84(ys —yo)/t2)t° (3.24)
+(—140(ys — Yo)/t{ +70(ys — Yo)/t) t® — 20(ys — yo) /t{t’

Applying this input signal to the vehicle with transfer fuion G(s), the resulting
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outputisyq(t) asin (3.4). We note that this feedforward input computatvdhbe used
throughout this chapter for the required longitudinal mavess.

3.3 Adding Vehicle

The desired behavior for opening a gap between vehiel@ andi is to increase the
vehicle distance from the starting valdg = ri + hjv; (realized by CACC) to the dis-
tancer; + hjvi +L+r; + hjv; in a pre-specified timg,p such that an additional vehicle
with the lengthL fits into the gap according to the constant headway spacihcypo
(2.2). We solve this problem by introducing a polynomialdtion ui” as an additional

exogenous input (see also Fig. 16) for the distance incregfasshiclei.

D e

e —

A

Q
S

| =

Figure 16: Block diagram of feedback loop for CACC extended by feedfoohinput
uiff for opening gaps.

This input signal provides a means to adjust the vehicletiposior opening gaps.
In order to preserve the possibility of safe following, wealintroduce the path be-
tweenui” and the error signa to modify the desired distance signal according to the
applied inputuiff. As a consequence, when applyiufgf for opening a gap, vehiclie
keeps following vehicle — 1 but at an increasing distance. In particular, this measure
preserves string stability as required.

Computing the input signeuiff for opening a gap, it is only required to specify
the timetgap, for opening the gap, the start distange= 0 and the final distancgr =
L+ri+hVvi =: Agap. That is, the desired distance signal evaluates to

35A 84A 70A 20A
Agi(t) = = oapga S0 oapys | T 0oape  Sooan7 (3.25)

5 6 7
gap tgap tgap tgap
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and the desired input signal evaluates to

+(420A0gap/ tgap_ 84Aq9ap/ tgap) t° (3.26)
+(—140Adgap/tgap+ 70Aqgap/tgap) — 20Adgap/tdapt”

Fig. 17 shows example trajectories #g; and uiff usingAgap = 29 m andtgap =
10s.

time [s] time [s]

Figure 17: Polynomial trajectories folq; anduiff

In order to illustrate the maneuver for opening a gap on tfyetdane, we perform a
simulation with three cars. The resultis shown in Fig. 18tesithe first (leader) vehicle
travels at a constant velocity of 72 km/h. The second velopns a gap between time
2s and 12 s according to the trajectory given in Fig. 17 udwegféedforward control
computed in (3.24). After time 12 s, a safe gap for a vehiclenter between vehicle 1
and 2 is obtained. In turn, the third vehicle follows the setweehicle using the CACC
feedback control as described in Fig. 16. That is, both shigaipening a gap using
the proposed feedforward control and safely following #epective preceding vehicle
using the existing CACC design is achieved.
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Figure 18: Opening a gap by the second vehicle in a string.

3.4 Removing a Vehicle

When a vehicle is removed from a string, it is required thatftllower of that vehicle
closes the gap to its predecessor. We use the same contndkatare as shown in
Fig. 16 and the feedforward computation in Section 3.2. ddéht from Fig. 17 in
Section 3.3, the position now has to be decreased such thénh#l distance becomes
Yyt = —L —ri —hv = —Agap. Using (3.19), the resulting distance signal evaluates to

35aq9apt4 , 840dgap 5 70Adgap 6, 20Agap, 7
to t6 7
gap gap gap

Adi(t) = — (3.27)

gap

and the desired input signal is

(420Aqgap/tgap—|— 84Aqgap/tgap) (3.28)
—(—140A0gap/tdap— 70Adgap/t5ap) t® + 20A0gap/tiapt -

The maneuver of closing a gap is illustrated in Fig. 19. H#re,trajectories of three
vehicles are shown. The leader vehicle travels at a conspe®td and there is a large
gap between the first and the second vehicle due to a vehaslmtethe string. At time

2 s, the second vehicle starts closing the gap within 10 s. tiiné vehicle performs
vehicle following according to the CACC design and hencekeesafe distance to the
second vehicle.
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Figure 19: Removing one vehicle from a string.

3.5 Aborting a Lane Change

We finally consider the special case of a lane change thatisted but aborted before
completion. On the target lane, this means that a vehickésstgening a gap and
needs to close the already opened gap after the lane chamgpivea is aborted. It is
again possible to use the control architecture in Fig. 1&ekbeless, the feedforward
computation in Section 3.2 needs to be modified. Assume lileagap is opened with
the trajectoryf (t) starting from time 0 but the maneuver is aborted at time0. Then,
the gap at timd, is f(t3) and the corresponding time derivativ%sf (ta), g—tzzf(ta),
g—;f(ta) are non-zero. Closing the opened gap hence starts from aaroniitial

condition. We suggest to close the gap with tignend compute the trajectorfy(t) for
closing the gap with the conditions

o f3(0) = f(ta),

o fa(ta) =0,

. %fa(O) - %f(ta),
. %fa(td) _o,

. g—éfa(O) - (;j—;f(ta),

20



d2
.—

dt2
d3
e
d3
e

That is, we again use (3.19) but with a modified vector

fa(ta) =0,
d3

fa(0) = 3

fa(td> = 01

f(ta),

(3.29)

We illustrate the maneuver of aborting a lane change in igH2re, a lane change

Is requested at time 3 s and the second vehicle increasestdack to the first vehicle.
Nevertheless, it is decided at time 10 s that the lane chamygdbe aborted. Hence,
the second vehicle closes the gap and continues followiaditst vehicle. The third

vehicle keeps the safe distance to the second vehicle angdaithe CACC design.

500

400

300

200

position [m]

100

0 5 10 15 20 25

time [sec]

Figure 20: Aborting a lane change.
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3.6 S-Function Implementation

The described functionality for opening/closing gaps oghiele in a vehicle string is
implemented in the form of a Matlab s-function as shown in Biy This s-function is
used in the simulation experiments in this thesis.

slart
feedforward b—
jisd

dd
complete b——moF

by

=25 )

Lewel 2 MATLAB
5 Function

Figure 21: Block diagram of Sr function

The inputs to this s-function are

start: this input is 0 by default; if this input is set to 1, gpga opened; the
maneuver is aborted if this input is set+td.

td: this input specifies the time duration for opening a gap;

dd: this input specifies the desired distance (gap) to beezpen

ack: this input specifies that a lane change maneuver is etetpif set to 1; in
that case, the internal variables of the s-function are.rese

The outputs of the s-function are

e feedforward: input and position feedforward trajectoméf andAg; in (3.24)
and (3.22).

e complete: specifies that the maneuver is completed if set to 1
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CHAPTER 4

EXPERIMENTS

In this chapter, we perform various simulation experim@&ntgder to support the func-
tionality of the proposed control architecture in Chapte#& first consider the case
of adding a single vehicle and removing a single vehicle icti6e 4.1 and 4.2, respec-
tively. Then, we address the case of multiple simultaneans thange maneuvers in
Section 4.3. As a further main contribution of the thesis,olveerve the effect of mul-
tiple lane changes on the traffic flow and introduce the idescb&duling the timing of
lane changes for the first time in the literature.

4.1 Adding a Single Vehicle

We use the control architecture in Section 3.3 with a strihg®vehicles. In this
section, we intend to evaluate the simultaneous usage dib&sk control (CACC) for
vehicle following and feedforward control for opening gapg® this end, the leader
vehicle obtains a "harsh” input signal with large positivelanegative accelerations as
shown in Fig. 22.

At the same time, we assume that a vehicle wants to enter betilie first and the
second vehicle at time 2s. That is, the second vehicle hadlowfthe maneuver of
the first vehicle and at the same open a gap starting from tisne 2

Considering that our control architecture is general, iit lsa used with any CACC
design. We illustrate this fact by conducting the describederiments both for the
CACC designin[23] and [21] in Section 4.1.1 and 4.1.2,retipely.
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Figure 22: Input signal of the leader vehicle.

4.1.1 Adding a Single Vehicle Casel

We use the CACC controller as described in Section 2.5.1t iShae use the parame-
terskp = 0.2, kg = 0.7 andkyq = O for the feedback controller. First, we assume a large
headway time oh = 0.7 s and a communication delay 6f= 0.02s. The simulation
result is shown in Fig. 23.

It can be seen that the suggested control architecture eedhduitable for simul-
taneous following and gap opening. In particular, the retpgegap between vehicle 1
and vehicle 2 is available at time 12 s. In addition, a safeadie between the first and
second vehicle is always obtained despite the maneuvegedirdt vehicle with large
positive and negative accelerations. Moreover, it can lee fieat both the variations
in the velocity and acceleration are decreasing along thechestring. That is, the
property of string stability is still achieved.

We now perform the same experiment for a smaller headwaydirhe= 0.3s. The
simulation result is shown in Fig. 24.

In this experiment, it can be seen that vehicle following apening the gap is
also performed. Nevertheless, the CACC design is no lorigagsstable such that the
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Figure 23: Simultaneous CACC following and opening a gaptiee 0.7 s.
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Figure 24: Simultaneous CACC following and opening a gaptiet 0.3 s.



variations in the velocity and acceleration now increase@the string. However, this
resultis not due to the additional feedforward control fpening a gap but is caused by
the violation of string stability by the CACC design as attgaoted in Section 2.5.1.

4.1.2 Adding a Single Vehicle Case2

We now perform the same experiments as in Section 4.1.1édZACC design accord-
ing to Section 2.5.2. The results for different headway §roEh = 0.7 s andh = 0.3s
are shown in Fig. 25 and 26, respectively.
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Figure 25: Simultaneous CACC following and opening a gapliet 0.7 s.

As noted in Section 2.5.2, string stability is obtained ithboases at the expense of
a higher CACC controller complexity.

4.1.3 Opening a Gap without Feedforward Control

The main contribution of this thesis is the usage of feedéwdrcontrol for opening and
closing gaps between vehicles. An alternative solutiorofigning a gep between two
vehicles is to change the reference position of the predecehicle to the desired
gap distance for example by a position step. Consider twahesh — 1 andi. Then,
vehiclei receives the positiog;_1 from vehiclei — 1. A gap can be introduced by
simply adding the gap distanbe; + L; +r; to this position. Since the controller design
guarantees string stability, the positignof the follower vehicld will converge to the
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Figure 26: Simultaneous CACC following and opening a gapticet 0.3 s.

desired gap distance and the follower vehicles will attémtiae motion of vehicle.
Fig. 27 shows the result of the same experiment as in Fig. @2&rut when opening
the gap using the described reference step.

It can be seen that the gap is successfully opened. Nevesthelue to the reference
step, large positive and negative accelerations are ejuwihich are both undesirable
and practically not realizable. Hence, opening a gap usietgaence step in the CACC
design is not advisable, which demonstrates the usefutri¢ss proposed feedforward
control.

4.2 Removing Single Vehicle

In this section, we perform the same experiment as in Sedtibnvith the difference
of removing a single vehicle instead of adding a vehicle. S&me input signal of the
leader vehicle in Fig. 22 and the same parameter valuesédCACC design are used.

4.2.1 Removing Single Vehicle Casel
We first consider closing the gap between the first and secehitle for a headway

time of h = 0.7s. The simulation result is shown in Fig. 28. It can be sean tte
gap between vehicle 1 and vehicle 2 is successfully closela wihicle 2 follows the
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Figure 27: Simultaneous CACC following and opening a gap lice 0.3 s when ap-
plying a step for opening the gap.

maneuver of vehicle 1. In this experiment, it is interestingnote that string stability
seems to be violated since the velocity fluctuations of yetiicseem to be larger than
those of vehicle 1. Nevertheless, this is not the case. Hierabolds that a larger
velocity of vehicle 2 is required in order to close the gap. aA®sult, vehicle 2 (and
its followers) travel at a higher velocity until the gap i®&kd which is related to the
feedforward control input. However, the fluctuations dugehicle following (CACC)
still decrease along the vehicle string, preserving stsiadility.

Next, we perform a simulation fdr= 0.3 s as shown in Fig. 29. Here, it is known
from the previous sections that string stability is viothfer the CACC design in [23].
This can be seen by the increasing velocity and accelerfiticiuations of the follow-
ers along the string.

4.2.2 Removing Single Vehicle Case2

We perform the same simulation experiments as in Sectiat.4The simulation resuls
are shown in Fig. 30 and 31.

In this experiment, string stability is achieved for bothues of the headway time
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Figure 28: Simultaneous CACC following and closing a gap foe 0.7 s.
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Figure 29: Simultaneous CACC following and closing a gap lfioe 0.3 s.
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Figure 30: Simultaneous CACC following and closing a gap foe 0.7 s.
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Figure 31: Simultaneous CACC following and closing a gap foe 0.3 s.



4.3 Effect of Lane Changes on the Traffic Flow

In the previous sections, the case of a single vehicle ewten leaving a string was
considered and it was shown that string stability is presgnnder the proposed control
architecture. In this section, we investigate the effedané change maneuvers on the
overall traffic flow. Hereby, we quantify the traffic flow by lkiag at the velocity
decrease of vehicles along a string for different maneywengreby a large velocity
decrease is undesired.

4.3.1 Lane Change of a Single Vehicle

We first characterize the effect of the paraméjggs on the traffic flow. To this end, we
perform simulations, where the second vehicle in a strirgnsm gap with the values
tgap = 10, tgap = 15 andtgap = 20. The resulting velocity profiles are shown in Fig.
32. Here, a shorter time for opening a gap leads to a largeedse in the velocity
of vehicle 2 and its follower vehicles. That is, choosing Beravalues fortgap has an
increasingly negative effect on the traffic flow.
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Figure 32: Velocities of different vehicles when opening a gap. Eank liepresents
the motion of one vehicle.

4.3.2 Multiple Vehicle Merging

We next consider the practically interesting scenario wheultiple vehicles have to
open a gap at the same time. Such scenario for example odcansramps where
multiple vehicles want to enter a vehicle string on the maiadr We first conduct a
simulation where vehicle 2, 3, 4 in a string open a gap at thees@ame. The corre-
sponding position and velocity profiles are shown in Fig. 8Xxan be seen that the
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velocity of the follower vehicles in the string decreases@@0 km/h since multiple
sequential vehicles perform a velocity decrease simuttasig. That is, the described
situation needs to be avoided in order to prevent traffickutean.
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Figure 33: 3 vehicles opening a gap at the same time.

In order to open multiple gaps without causing traffic breakud, we suggest to
scheduleghe maneuvers of different vehicles such that they stamiogegaps at dif-
ferent times. To this end, we evaluate the effect of choosdiffgrent starting times
depending on the vehicle velocityand the timetgap for opening the gap. Table 1
shows our comparison for vehicle speeds/ef 72,108 144 km/h,tgap = 10,15,20s

and a differencét = 5,8,12 s between the maneuvers for opening a gap of 3 vehicles.

According to our evaluation, the combinationtgf, = 15s andAt = 8 s proved most
suitable for all velocities (see rows highlighted in grayhe reason for this statement
is that this parameter assignment leads to a tolerable tiedwd the minimum velocity
of the vehicle string while keeping the time for opening apg small. It can also be
seen that the acceleration remains betwe@m/s> and 2 m/$ which is suitable for
practical driving scenarios.

The position, velocity and acceleration profile for the cabgap = 15s,At =8s
andv = 72km/h is shown in Fig. 34. Here, the starting times of the enaers for gap
opening are indeed distributed such that for example tiné Heihicle starts opening the
gap (deceleration) when the second vehicle is already exatlg again. As a result,
the velocity decrease of different vehicles does not happéme same time.

In summary, our initial experiments indicate that traffimflstability can be achieved
when appropriately scheduling the maneuvers of differehtates.
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Table 1: Choice oftgap

Vo | tgap | At | Vmax Vmin | @max Amin PerrorMaXx | PerrorMin
72 | 15| 8 | 722 | 543 | 1.3 | —1.29 0 —-3.2
72 | 10 | 8 | 729 | 445 | 3.17| —-3.25 0 —-4.5
72 | 20 | 8 | 7208 | 576 | 0.71 | —0.706 0 -2.8
72 | 15| 5| 722 | 475 | 1.3 | —-1.28 0 —-4.7
72 | 10 | 5| 729 | 445 | 315| -31 0 -4.9
72 | 20 | 5 | 7206 48 0.9 -0.9 0 —-4.6
72 | 15 | 12| 722 | 542 | 13 -1.3 0 -31
72 | 10 | 12| 7359 | 444 | 3.15| -31 0 —-4.5
72 | 20 | 12 72 589 | 0.7 -0.7 0 —24
108 | 15 | 8 | 1083 86 1.6 -1.6 0 -4
108 | 10 | 8 109 735 4 -4 0 -5.4
108| 20 | 8 | 1081 | 90.1 | 0.87 | —0.87 0 -35
108| 15| 5 | 1023 | 777 | 1.6 -1.6 0 -5.87
108| 10 | 5 109 738 | 3.9 -3.8 0 -6.15
108| 20 | 5 | 1082 | 784 | 1.13| —1.31 0 -5.7
108 | 15 | 12| 1082 86 1.6 -1.6 0 -3.89
108 | 10 | 12| 1094 | 738 | 3.9 -3.8 0 -55
108 | 20 | 12| 108 917 | 0.88 | —0.88 0 -3
144 | 15 | 8 | 1443 | 1177 | 191 | —-1.91 0 —4.75
144 | 10 | 8 145 | 1029 | 466 | —4.83 0 —6.58
144 | 20 | 8 | 1441 | 1227 | 1.05| —1.05 0 -4.16
144 | 15 | 5 | 1444 | 1077 | 1.92 | —1.92 0 -7
144| 10 | 5 145 103 | 466 | —4.83 0 -7.35
144 20 | 5 144 | 1084 | 1.35| —-1.34 0 —6.82
144 | 15 | 12| 1443 | 1177 | 19 -19 0 —4.65
144 | 10 | 12| 1455 | 1032 | 4.6 —-4.6 0 —6.55
144 | 20 | 12| 144 | 1245 1 —1.05 0 -3.58
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Figure 34: 3 vehicles opening gaps according to a given schedule. Heehelpresents
the motion of one vehicle.
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CHAPTER 5

CONCLUSION AND FUTURE WORK

The subject of this thesis is the realization of lane changefense vehicle traffic.
On the one hand, it is required to perform seéhicle followingat small inter-vehicle
distances to achieve a high traffic throughput. On the othedhit is necessary tapen
gapsfor vehicles that want to enter a vehicle string ahase gapsafter vehicles that
leave a string without a negative impact on the traffic flowcfsas small velocities of
some vehicles). In this context, the thesis has two mairnritarnions.

First, we propose to extend cooperative adaptive cruiser@ofCACC) for safe
vehicle following by a feedforward control input for longdinal maneuvers such as
opening or closing gaps. Using CACC, each vehicle meashesadistance to its prede-
cessor vehicle and additionally obtains state informattiom its predecessor vehicles
via vehicle-to-vehicle (V2V) communication in order to mgin a safe but close dis-
tance to its predecessor vehicle. In this thesis, we emplogeavehicle lookahead
policy, that is, each vehicle communicates only with itedirpredecessor vehicle. In
addition, the feedforward control input is used to smootpgn gaps for vehicles that
enter a vehicle string and to close gaps after vehicleselgtla vehicle string. The the-
sis both performs the feedforward input computation angliges simulation studies of
the respective maneuvers. The novelty of our control achite is the consideration
of longitudinal maneuvers different from only vehicle faMing.

Second, we study the effect of opening gaps for lane changeiseotraffic flow.
We observe that opening multiple gaps simultaneously caah te traffic breakdown.
Hence, we propose to schedule the timing of such maneuvdrsxgerimentally eval-
uate appropriate timings. We show in simulation experimémat traffic breakdowns
can be mitigated with our method.

In accordance with the existing literature, it is assumeoktphout the thesis that the
vehicles are homogeneous, that is, each vehicle has thedsaramic properties. One
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possible extension for future work is the consideratiormoglchanges of heterogeneous
vehicles with different dynamic properties. We furtherenttat a particular method for
the feedforward input computation is used. The study ofed#iit methods such as
optimal control for computing the feedforward control sagjis also a subject of future

work.
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