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Abstract— This paper deals with platooning navigation in Since a main objective is to manage the traffic flow, the
the context of innovative solutions for urban transportation performances of the whole formation must be guaranteed

systems. More precisely, a sustainable approach centeredau- 54 therefore the concept of string stability [21] has to be
tomated electric vehicles in free-access is considered. Tackle

the major problem of congestions in dense areas, cooperaév Cconsidered when designing the control strategy. Namety, th
navigation according to a platoon formation is investigate. Stability of a platoon formation requires that the effects o

With the aim to ensure the formation stability, i.e. longitudinal ~ disturbances are reducing when propagating from the Igadin
disturbances within the platoon do not grow when progressig  vehicle to the follower ones, thus ensuring that unaccégtab

down the chain, a global decentralized platoon control streegy  ogiljations within the platoon can not be induced by sensor
is here proposed. It is supported by inter-vehicle communia- .
noises and/or actuator delay.

tions and relies on nonlinear control techniques. A wide rage
of experiments, carried out with up to four urban vehicles,
demonstrates the capabilities of the proposed approach: tw
localization devices have been tested (RTK-GPS and monoeul
vision) along with two guidance modes (the path to be follows
is either predefined or inferred on-line from the motion of the
manually driven first vehicle).

Index Terms— mobile robots, automatic guided vehicles,
platooning, nonlinear control, path following.

. INTRODUCTION

Urban mobility is currently being developed under a Fig. 1. Experimental vehicles: a Cycab leading three CyRabiCab
new conceptual framework induced by the significant traf- ] ) ]
fic increase in metropolitan areas and growing sustainable T"€ Paper is organized as follows: the control architecture
considerations. Reducing congestion appears to be aatriti0" vehicle platooning is first discussed in Section II. A
goal which can be achieved by adopting a balanced a,%obgl decentrahzed_ contro_l strategy_ is _then ske_tche_d in
diversified mobility approach. As a consequence, the use gction lll and the integration of navigation functionedit
autonomous electric vehicles in free-access is a promisifgy Presented in Section IV. Finally, in Section V, experi-
and environment-friendly alternative, especially wher thments.|_n.volvmg up to four electric vehlcle.s demonstrate th
public demand is properly structured, e.g. commutatiorf@@Pabilities of the proposed approach with different get-u
within inner-cities or large industrial estates. The larg@nd guidance modes.
flexibility that can be obtained with such a transport system
(commutation at any time and along any route) is definitely
its main attractive feature and should meet user expentatio As introduced in [20], string stability mainly depends

One functionality of special interest that can enhancen the information used for vehicle control. The different
this transport system is automated platooning, i.e. sévermpproaches proposed in the literature can then be classified
autonomous vehicles following the trajectory of a first oneinto two categories: local and global strategies. The most
with pre-specified inter-distances. Such a functionality, common approaches rely docal strategies, i.e. each ve-
the one hand allows to easily adapt the transport offer tioicle is controlled exclusively from the information it can
the actual need (via platoon length), and on the other hamatquire, relative only to the neighboring vehicles. Thelwel
eases maintenance operations, since only one persomfrivknown leader-follower approachbelongs to this category
the first vehicle) can then move several vehicles at a timend considers only the preceding vehicle. Unfortunately,
(e.g. to bring vehicles back to some station). Moreovegesin it has been proven [17] that an infinite string can not be
cooperative navigation can ensure more coherent motions, stabilized by a linear controller even when the vehicle nhode
increase in traffic as well as an enhancement in safety c@simplified as a double integrator. String stability can be
be expected. Platooning is therefore considered in thismpapachieved by considering either a non-identical approath [1

II. CONTROL ARCHITECTURE DISCUSSION



or a variable spacing policy [8], [12]. In the first case, ; ) )
a communication is required between adjacent vehicles to ! off-tine processing
adapt the control gains. However the gains are increasing :
with the vehicle index, so that from a practical point of view

platoon length is limited. In the second case, the spacing :
policy depends on vehicle velocity and consequently affect
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the platoon tightness at the expense of the traffic flow. A

related alternative, relying on a cyclic topology, ensures ':
string stability by controlling the lead vehicle with respe :
to the last one [14]. Nevertheless, such a scheme lacks ofi
flexibility and demands for the platoon to be supervised. As
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a result, more complex topologies have been investigated,i - ﬂiﬁi '7
using information from several nearby vehicles to achieve :
string stability. For instance, since spring-damper syste ! on-line processing
present intrinsic robustness to model error and measurtemen :
signal noise, such an analogy has been introduced, regardin :
High level

rangefinder

vehicles as a serial chain of mass particles [23], [24], [7].
A control law is then derived from the combined front
and rear information relying on the analogy with virtual
mechanical forces. Unfortunately, in that case, strinbikta
is only satisfied in realistic conditions for finite stringé o
autonomous vehicles (see [23]).

Such a problem can be overcome by considegtapal
strategies, i.e. each vehicle is now controlled from data

shared between all the vehicles. This category requiresi@ maintain a pre-specified curvilinear vehicle inter-aliste.

communication network and a balanced management pf orqer to ensure string stability as well as passengers
information flows is essential. For instance, if a centeiz security and comfort, the platoon behavior is imposed using

architecture is adopted, all interactions between SUBBYS! (a15 from the immediate front vehicle and from the leader
can be taken into account. Platooning can then be formulatgg,

as an optimization problem [13] and/or can use the formal-

ism of generalized coordinates [6], where the formation is ||| G| oBAL DECENTRALIZED CONTROL STRATEGY
characterized by its geometry and its position with respect

to some reference point. In both cases, the string stalslity A- Modeling assumptions

ensured, since the control input for each vehicle dependsthe scope of this study concerns small-sized vehicles
on the spacing errors of the entire formation. Howeveh iing in urban areas. As a result, several simplifying as-
this poses a burdensome data handling problem, especiallymptions can be made. It is assumed that vehicles are
when the vehicle string is long. To circumvent this techyigiq hodies, symmetrical with respect to their main axis an
nological limitation, our research is focused on distréilit mqying at quite low speed. It is thus possible to neglect the
control approaches. The emphasis is put on ensuring @namic components (suspension) and the tire deflection.
stable formation while minimizing the communication cosj, addition, dedicated navigation areas are asphalt roads
between agents. From this point of view, a stable guidanGg,g the contact between the wheels and the ground can
approach is proposed in [19], [18], where the velocity anfle assumed without slipping. Given these assumptions, the
accelerations information of the lead vehicle are trangait ontrol laws can be designed from a kinematic model and
to all the following vehicles. Nevertheless, in practicéillS ne most suitable one is the bicycle model (also called
ations, collision risks between adjacent vehicles can 10CCY ckermann model): the vehicle is then schematized by a
when using such a minimal communication scheme. Thegar griving wheel and a front steering wheel. To represent

control of more general formations is considered in [9]]{10 ¢ system, the following notation, illustrated in Fig. 3dan
relying on virtual rigid structures whose dynamics is dieth 4 5re introduced:

with respect to some reference vehicle. Neverthelessethes

techniques aim at imposing some pre-specified geometric Notation:

pattern, and not that each vehicle accurately reproduees th o T is the common reference path for any vehicle (speci-
trajectory of the first one. Instead, in this paper, a trajget fied in advance or to be inferred from the trajectory of
based strategy is proposed, as illustrated in Fig. 2. The the first one), defined in an absolute frapde X 4,Ya).
strategy relies on nonlinear control techniques: lateral a

Iongitudinallcontr.ols are decoupled, so that lateral guoga 0, is the center of theé'" vehicle rear axle.

of each vehicle with respect to the same reference path can be . .

achieved independently from longitudinal control, desigin ~ * M; is the closest point t@); onT.

Low level

- motor ah(
steering actyators

-nonlinear lateral and
longitudinal control laws

H

Fig. 2. Platoon architecture



State Space Model DerivationThe state of thei”
vehicle can be described in the Frenet frame along the
reference trajectory by the triplet|s;, v;,6;| and the state
space equation of the bicycle model can bé written as follows
(see [5)]):

. ;.COS 91
T yi-k(si)
i = ;. 8in 0; (1)
6':» _ v;.tand; 3 Ui.k(si).coséi
A o 1 — yik(s:)
X4 . . ) 1 .. .
The model (1) is clearly singular if; = m ie.if O, is

Fig. 3. Vehicle model

superposed with the pafth curvature center at abscissa
However, this singularity is never encountered in prattica
situations, firstly because the curvature along the reteren
trajectoryI' is generally quite small, and secondly because

« s; is the arc-length coordinate @f; alongI’ andk(s;)  the vehicle is expected to remain closelto

is the curvature of patl' at this point.

« Or(s;) is the orientation of the tangent foat M, with
respect to{4, X 4,Ya).

« 0; is the heading ofi'” vehicle with respect to
[AaXAaYA)-

B. Chained form of the state space model

Vehicle model (1) is nonlinear. However, it has been
established in [16] that kinematic models of non-holonomic
mobile robots can be converted via invertible state and con-
trol transformations into so-callezhained formsmore con-

e 0; = 0; — Or(s;) is the angular deviation of th&"  venient to address vehicle control. In the case of model (1),

vehicle with respect td'.

« y; is the lateral deviation of th&” vehicle with respect by (2) and (3):

toT.
« 0; is thei'™ vehicle front wheel steering angle.

(I)([Si Yi éi])z[ali a2; aSi}

A

the state and control transformations are respectivelgrgiv

S[si w (1—yik(s)). tand; 2
o [ is the vehicle wheelbase. [ si ¥ (L=gak(si)) tan } @
o v; is theit" vehicle linear velocity at poin®;. _
yatp (mas, ma;) = E(v;, 6;) 3
Finally, Fig. 4 introduces the quantity; ; = s; — s; that  with:
denotes the longitudinal distance between vehi¢lesd j g.
. . A cos t;
in the platoon, evaluated as an arc-length distance alotiig pa my; = ’Uzm (4)
1‘1. [ 3
d -
ma; 2 7 (1= yik(s)). tan ;) (5)
Transf?rmationsb andZ are invertible under the conditions
y # —— (model singularity discussed above),# 0 and

Fig. 4.

Longitudinal distance; ;

alsof; # Z[m], unexpected configurations if the platoon has
been properly initialized. Substituting (2), (4) and (5join
(1), the nonlinear bicycle model can be rewritten without
approximation as the following chained form:

a1; = Mmi;
a2; = G35 M4 (6)
a3z; = 1M24

Model (6) depends on two control variables:; is con-
sistent with the vehicle curvilinear velocity; along I’

and mo; is related to its angular velocity; = %
Control laws are now designed, relying on model (6). It is
shown that vehicle guidance along a path can be achieved
with performances independent of the longitudinal velgcit
so that lateral and longitudinal control can be decoupled
(described respectively in Sections III-C and IlI-D).



C. Lateral control risk: for instance, if thei*” vehicle stops or slows down,
To this aim, chained system (6) is rewritten by differentiit Will abnormally be approached by thet+ 1" one since

ating with respect to the curvilinear abscissa rather tioan fhisllatter continues to maintain a constant gap with thd lea
the time. Denoting:’;; = daji _ d4i the chained form (6) vehicle.

is then: doai —dsi ~ Inview of these remarks, a new hybrid error variahle;
ay, =1 is built from (11) and (12):
a’ ;= a3; (7) ;
azz. = mai i1 = oi1(zit1) i1 + (1= o1 (zig1))-€pq (13)
T mi;
. . d*—d
Path following consists in regulating to zero lateral and WIth zi1 = €i1 + — >, (14)

angular deviations. According to (2), it is equivalent to o ) -
impose the convergence of variables, and as; to zero. and d, denotes a security distance, defined as the minimal

Given the structure of system (7) (a double integrator), curvilinear distance that always must be observed between

proportional derivative controller for variable:s; is then .RNO V?h'des-_ThefunCtIOﬂiﬂ, defined in the intervgD, 1],
chosen: is defined as:

] — oz 1
mai = —Kaasi — Kpagi, (K,, Ki) € R™* x R™™ (8) 0it1(zit1) =05 (7 + 1) =1t e-amr @ >0

1+ ez
whereK, and K, are positive scalars specifying the conver- (15)

gence rate. By reporting (8) into (7), this controller indee The beha:/ior of fungtiomiﬂ is illléstrated in Fd'g o ‘(’j\’ig'
leads to the following differential equation: a = 2.5, d* = 5m andd, = 2, 3 and4m. As evidenced by

the “S” shape of the curve, functian . is used to give the

ay; + Kqah; + Kpaz; = 0. (9) predominance to either the global error or to the local one:
As equation (9) is differentiated with respect to the vadgab ’
a1; = s;, a settling distance is specified by gaiRs and T —
K, instead of a settling time. Therefore, for a given initial ~ °® citical error - df;’:”
positioning error of thei’” vehicle, its lateral behavior is & oot o <4 o S
imposed regardless of the vehicle linear veloeityassumed 5 ... ——d.=2m
non-zero, even if that velocity is time-varying [22]. By in- % ol d, = 3m
verting chained transformations (2-4-5), the nonlineartad =~ ~ / d = 4m
law is expressed as follows: oL = = - = . i 5
dy — d* dy — d* dy — d*
0i(yi, 671) — arctan (l [(1_‘;;)(5;)9@)2 (dl%(siz) ;. tan 671 Curvilinear error e}, (m)
—Kq(1 — k(si).y;) tan 0; — Kpyi+ ~ Fig. 5. Functiono; 11
B(si)(1 = k(sq).9s) tan? 6; ) + Segheseti )
10)

« when there is no imminent collision risk, i€, , > d,
the global approach relying on a common reference can
be safely usedo(+; = 1 and therefore; 1, = e}+1).

It is well defined underghe three conditions above mentioned
(vi #0, y; # ﬁ ando; # 5[r]).

D. Longitudinal Control « on the contrary, when the collision risk is important,

A local longitudinal error and a global one are here e el,, becomes less thady — d*, the local approach
considered. First, the local error between e and the must prevail over the global one,(,; = 0 and therefore
i+ 1t vehicles is defined as: Civ1 =€)

X3 * *
e e (1) The scheme of the longitudinal control is depicted in Fig. 6.
Regulatinge;grl to zero would impose a constant curvilinear
distanced* between any pair of vehicles. Collision risks | hice |,
would then be explicitly addressed. However, as discussedica —¢ %
in Section II, the main disadvantage of this local strategy i & 7 |7 variable Jaw i1 = sl
that the string stability can not be ensured. To overconee thj "

1 i .
problem, a global erroe;, , is also considered:

Sit1

- . , h yehicle
hybrid control  |Ci+1 control | [Vit1 i+ 1" vehicle

v

Longitudinal Control
vehicle s1 A (’,fﬂ Sit1

. ) Fig. 6. Longitudinal control with a global strategy
1
€it1 = dl,i+1 —i.d* = 81— Si11 — i.d* (12)

! . -
R_egulatmg_eiﬂ to zero would impose a constant curvilinear Control law design: Differentiating the hybrid control
distance with respect to a common absolute reference, shoseg, . .

i?f.‘jlrlableciﬂ leads to:

here as the abscissa of the platoon leader. Nevertheless, fo
obvious safety reasons, longitudinal control law cannotco ¢;4; = ai+1é}+1 +(1—=04q1)éi 1 + di+1e}+1 — Jit1€54,
pletely ignore the local erroe; ; because of the collision (16)



In order to simplify the equations, let us denote: to an iterative optimization process, have been proposed
—— to represent the reference path. A sliding window, only

(17) containing the latest localization data of the lead vehicle

enables to bound the computation time and adjust only the
Therefores; 1 can be written as: extremity of the reference trajectory, without impactitng t
(18) part of this trajectory that the other vehicles are already

tracking. Optimization parameters, namely the size of the
Just as in lateral control design, exact linearizationtiégpiies ~ sliding window, the number of control points to be adjusted
can also be used: nonlinear equation (16) can be converteadd the degree of the B-Spline curves, are specified acaprdin
without approximation into the linear one: to the vehicle velocity (see [1]).

A(zipr1) = (Tt eamm)?

Giv1 = A(zig1)él,

Cit1 = My(i+1) (19) P SETememmes STTTmTmTomTmmmmemmmmemmemennemanneneees '
on-line processing

by introducing the virtual control variable. ;1) related to
v;4+1 according to (just inject the expressionséf ,, ¢!,
andg;;1 in (16):

Local perception

Communication

global Fmiss
o S0, 8 mission
positioning  —= 1, 01 - O, b, v, 6y
sensor
9 oo - updated
& odometry —> | - V1, 0 control points
[ Trajectory creation ]

- . - SR
Extension of the . ‘ human ‘

Vi+1 =

1—yiy1.k(sit1) oy 1 cos 01
0059i+1[1+A(zi+1)eH " 1—y1.k(s1)
1 V; COS 91

(20)
[1 — 041+ A(Zi+1)€i] Tog, k(s0) m4(i+1))

Convergence of;,; to zero can then be ensured by choosin
a proportional controller for the variable,(;1):

operator
\ J

B-Spline curves : T'

B 7 [,

m4(1‘+1) = —K.Ci+1, avecK € R+* (21)

The actual nonlinear longitudinal control law is finally ob-

tained by reporting (21) into (20). It presents one singtyar Fig. 7. Architecture of the lead vehicle
namely 1 + A(z;41)el = 0. However, this corresponds to

a very special configuration of the first, th&" and the Localization by monocular vision

(i+1)" vehicles, which is not expected to be encountered in ) o ]
practical situations. Moreover, if this configuration wastm RTK GPS receivers are not realistic sensors in the context

viy1 would increase to reach very large values, that woulgf urban transportation systems: they are not reliableesinc

then be corrected by monitoring (not presented here). the satellite signals can be mgsked by taII_ byildings. Camgr
appear more appropriate, since the buildings offer a rich

IV. NAVIGATION FUNCTIONALITIES environment from an image processing point of view (and
The potentialities of this control strategy have first beefn addition, they are definitely cheaper).

demonstrated with the experimental vehicles shown in Fig.1 Vehicle localization relying on monocular vision has
when their absolute localization is supplied by accuratB€en investigated in [15]. The difficulty lies in the fact
RTK GPS receivers: completely automated platooning, witat absolute localization is expressed in a virtual vision
respect to some given reference trajectory specified befor&orld, slightly distorted with respect to the actual metric
hand, has been investigated in [4]. In order to increagene. Such deformations, that mainly occur in the curved
the flexibility of this transportation system and enable th@arts (i.e. when the points of interest used to localize the
guidance in realistic urban conditions, new functionediti vVehicle are changing), alter noticeably the estimatiomtefri

have been developed in a second step. vehicle distances, and therefore impair longitudinal cunt
) performances. When completely automated platooning is
Manual guidance mode addressed, two strategies have been proposed to estimate on

A manual convoying functionality has been proposetine local scale factors between the two worlds, along the
in [1]. The lead vehicle is no longer in an autonomous modespecified reference trajectory (see Fig. 10). These locdésc
but manually driven and defining on-line the trajectory to béactors can then be used to correct raw localization data,
followed by the other vehicles. The architecture of the leadnabling accurate distance evaluation.
vehicle is then modified as shown in Fig. 7. Such a manual Two vehicles are involved in the first approach [3], whose
guidance mode is very attractive, for public transportatioarchitecture is depicted in Fig. 8 for the second vehick: it
as well as for maintenance operations, since vehicles céaser rangefinder is used to evaluate the direct distance to
then instantaneously be driven along any route, withodhe leading vehicle, and an iterative optimization relyorgy
requiring a previously recorded reference trajectory. Thehese telemetric data is run to obtain the local scale factor
challenge consists in creating on-lineC® reference path The second approach [2] is easier to implement since itselie
(as required in control laws) as close as possible to thtanly on the odometric data of the leading vehicle, as shown
trajectory of the leader, although its raw localizationadate in Fig. 9: the local scale factors are then derived according
noisy. Uniform B-Spline curves, extended on-line accagdinto a nonlinear observer.
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emC

on-line processing

aboard the Cycalresp. the RobuCab)rheir small dimen-
sions (length 1.90m, width 1.20m) and their maximum speed
(5m.s™!) are appropriate to urban environments. Vision-
based localization and platoon control laws are implentente
in C++ language on Pentium based computers using RTAI-
Linux OS. Laser rangefinders provide telemetric data at a
60Hz sampling frequency, with a standard deviation within
2cm. The cameras supply visual data at a sampling frequency
between 8 and 1%z according to the luminosity. Each
vehicle is also equipped with an RTK-GPS receiver, running
at a 1Mz sampling frequency, either used for vehicle control
(manual guidance mode) or exclusively devoted to perfor-
mance analysis (vision-based localization). Finallyeint
vehicle communication is ensured via WiFi technology. 8inc
the data of each vehicle are transmitted as soon as the
localization step is completed, the communication fregyen

is similar to the frequency of the localization device.

Local perception

monocular

vision : Observer relying on :
B leader odometers B
& odometers —s— :

Communication
r High levell

. ) B. Experimental results
on-line processing
""""""""""""""""""""""""""""" The experiments reported below consist in platoon control
with a constant leader velocityl = 1m.s~!. Several
scenarios have been investigated.

1) Manual guidance modeThree vehicles follow the
iRath generated on-line by a manually driven one along
a 240n-long path. The lateral deviation of of the three

llowers remains mainly withint10cm from the leader

Fig. 9. Architecture of the lead vehicle: second approach

The relevance of these two strategies is illustrated
Fig. 10: it can be noticed that both scale factors sets co
puted on-line are very close to the actual ones evaluated o

line from RTK-GPS measurements. The scale factor pea fajectory and does not exceedci4 see Fig. 11. Lateral

visible arounds2m, is due to the sudden appearance angUldance is therefore as satisfactory as in previous work,

disappearance of a tree in the field of perception of thyhen vehicles were guided with respect to a pre-specified
camera reference trajectory (see [4]).

V. EXPERIMENTAL RESULTS 0al-
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In order to investigate the capabilities of the propose
control laws, several experiments have been carried o
in Clermont-Ferrand on “PAVIN Site”, an open platform
devoted to urban transportation system evaluation.
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The experimental vehicles are shown in Fig. 1. They arc
electric vehicles, powered by lead-acid batteries progdi

Fig. 11. Vehicle lateral deviations: manual guidance mode
2 hours autonomy. Twdresp. four) passengers can travel



VI. CONCLUSION

In this paper, vehicle platooning in urban environment has
been investigated. First, a global decentralized contrat-s

The accuracy of the longitudinal control law is investighte
in Fig. 12. Once the platoon is in nominal mode (i.e. all
vehicles have reached their desired inter-distances)bé¢he
havior is identical to what was observ_ed N previous Wo_rk [4]e y, taking advantage of inter-vehicle communications, ha
namely a 10cm accuracy: the on-line reference trajecto

eneration does not disturb the longitudinal performance, een proposed, in order to ensure the stability of the entire
9 9 P formation and therefore avoid error accumulation inherent

to local control approaches. Moreover, nonlinear control
techniques have been considered, in order to take explicitl
into account the nonlinearities in vehicle models, so that t
same high accuracy can be expected in any situation (for
instance, whatever the reference trajectory curvature).

Flexibility and adaptation to urban areas have been in-
creased by introducing two functionalities: first it is pibés
to manually drive the platoon, for instance to ease mainte-
nance operations. Secondly, instead of using GPS receivers
for vehicle localization, more realistic vision sensors eon-
sidered: vehicle localization can be inferred from monacul
vision, complemented with local scale factors estimated on
line either from telemetric or odometric data.

Full scale experiments, carried out with up to four vehi-
cles, have finally demonstrated the efficiency of the progose

~ 2) Localization by monocular visionThree vehicles nav- 455r0ach. Reported control performances are satisfactory
igate in an autonomous mode along a 28lng predefined \yathever the navigation mode and localization device.
reference trajectory. Local scale factors are computed on-

line either from the odometric data of the leading vehicle or
from the telemetric data of the first follower (as discussed
in section 1V) and then retransmitted to the other vehiafes i [1]
the platoon.

Platoon control performances are evaluated in Fig. 1
(longitudinal error of the second and third vehicles are
shown respectively in the top and bottom graphs). When
inter-distance error is directly deduced from raw localma .
vision data, longitudinal control is largely erroneous #ee
black curve in Fig. 13. These large errors, namelyrAd@or
the second vehicle and @@ for the third one, show clearly
the necessity for local corrections. The relevance of the tw

vehicle 2

o

o

@
T

vehicle 3

o
[
T

vehicle 4

0.05

interdistance error with
the leader (in meters)

50 100 150 200 250
RTK-GPS based curvilinear abscissa of the keader vehicle (in meters)

Fig. 12. Vehicle inter-distance errors: manual guidanceeno
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