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Abstract— To solve problems of traffic saturation in cities, new
alternative ”Urban Transportation Systems” are based on electric
vehicles in free-access. One necessary functionality of such
systems is their ability to move in a platoon fashion. Platooning
of these automatic guided vehicles, relying on RTK-GPS sensors
and inter-vehicles communication, is addressed in this paper.
The developed control law is based on a global control strategy;
actually, it can take into account all the platoon state, and not only
the immediate previous vehicle state. Distance here is understood
as difference of curvilinear abscissa along a reference trajectory.
Relying on nonlinear control theory, lateral and longitudinal con-
trol are fully decoupled, and therefore addressed independently.
To ensure passengers comfort, additional monitoring functions
supervise our control system. Then, experiment, carried out with
urban vehicles, and simulations of long platoon, are presented.

Index Terms—mobile robots, nonlinear control, platooning,
Automatic Guided Vehicles, RTK GPS.

I. INTRODUCTION

In order to reduce and suppress nuisances, linked to
the saturate traffic, new alternative “Urban Transportation
Systems” are in developing. Some of these projects, based
on urban electric vehicles, have been developped since the
mid-90’s, e.g. Praxitele in France [11]-[3], CarLink in the
USA [20], Crayon in Japan [6].

To move autonomously with the best efficiency, one of the
most interesting functionality appears to be the platooning
of vehicles composed of a leader followed by vehicles in
a single file. It is this functionality that we are going to
develop here. Nevertheless, the automatic guided vehicles
need to be localized the more accurate possible in their
environment. Different approaches can be envisaged. Some
applications, requiring equipped infrastructures, are in de-
veloping or developed: automatic vans in suspension over a
guideway, thanks to Electro Magnetic forces, are described
in [13], a fleet of urban shuttles detecting magnetic track
integrated in the road pavement is described in [7]. The
majority of Automated Highways Systems needs an equipped
road with an adapted architecture as described in PATH
project [9]. An alternative consists in relying on direct sensors
(as cameras [4], radar [10]....), providing relative informa-
tion with respect to the preceding vehicle without requiring
an equipped structure. Finally, mixed approaches are also
investigated: in [19], the authors combine a direct sensor
(laser radar) with an inter-vehicles communication integrated
in an equipped road infrastructure transmitting data from
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throttle and brake actuators. Unluckily, all these solutions
have drawbacks: respectively the cost and the necessity to
equip an area, and/or, a too small field of perception for the
considered sensor. To overcome such problems, an interesting
solution is the use of RTK GPS (Real Time Kinematic Global
Positioning System) sensors, which can provide in realtime
vehicle localization with a centimeter accuracy. These sen-
sors, coupled with an inter-vehicles communication, permit
to share absolute localization measurements. Some results of
vehicles platoon control relying on this technology can be
found in the literature: in [2], the authors develop particulary
the GPS aspect, while in [16], the communication is studied.

This last approach is here further developed: RTK-GPS
sensors and inter-vehicles communication relying on WiFi
technology are mounted on urban electric vehicles called
Cycabs (Fig. 1), which serve as development products in
several French laboratories.

Fig. 1.

Our experimental vehicles: Cycabs

One possible objective in platooning is to control vehicles
velocity in order to keep either a constant cartesian distance
or a constant time (see e.g. [8]) between the cars. Here,
our aim is to keep a constant curvilinear distance between
vehicles. The main advantage of curvilinear distance is that it
agrees with the distance travelled (monotonous behavior) and
is perfectly consistent when following reference paths with
high curvature (which is not the case with direct distance).

Our platooning control design relies on nonlinear tech-
niques, as in [5], instead of control approaches based on
linear approximations (e.g. [14] [16]). These techniques can
provide better tracking performances and allow to fully
decouple longitudinal and lateral controls. Thanks to this
decoupling feature, lateral guidance of each vehicle in the
platoon can indeed be achieved independently, from its
longitudinal control. In [21], automatic lateral guidance of
an isolated vehicle has been addressed. So, the present paper
addresses only longitudinal control.
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Usually, the standard approach to control a platoon is
based on a local strategy, i.e. each vehicle is controlled from
the unique data received from the single immediate front
vehicle, see [1]. Such a local approach presents drawbacks,
like errors accumulation: the regulation errors, introduced by
sensors noises, are growing from the first vehicle to the last
one leading to unacceptable oscillations. To overcome these
problems, inter-vehicles communication has to be considered:
in [15], distance, velocity and acceleration with respect to
the preceding vehicle are transmitted in order to compute
the expected spacing error, and therefore to incorporate
prediction in the controller. In [23], information from the
immediate preceding and following vehicles are used in order
to guarantee stability in tight platoon applications.

In this paper, in order to more widely capture the platoon
behavior, information transmitted from the immediate front
vehicle and the leader one are used to control each fleet
element according to a global strategy. Moreover, to ensure
passengers security and comfort, a monitoring approach is
set to manage saturations of the nonlinear platooning control
law in critical situations.

The paper is organized as follows: first, platoon modeling
is addressed. Then, platoon control law design is presented.
After, on one hand, full-scale experiments show the perfor-
mances of a platoon composed of 2 vehicles, and, on the other
hand, long platoon (10 cars) simulations are then reported.

II. PLATOON MODELING
A. Modeling Assumptions

Since Cycabs are devoted to move in urban environments,
ie. at low speed on asphalt, dynamic modeling can be
unconsidered. Kinematic model can satisfactorily describe
vehicle behavior, as corroborated by extensive tests done in
various situations (different masses onboarded, on sloping
grounds,...). In this paper, the celebrated tricycle model,
validated by numerous laboratories [12] [18] [4] [21], is
used to describe Cycab: the two actual front wheels are
replaced by a unique virtual wheel located at the mid-distance
between the actual wheels. The notations used are detailed
and illustrated in Fig. 2:

Yy

Vehicle i

Vehicle i+1

Fig. 2. Model tricycle description

o (' is the common reference path, defined in an absolute
frame [A, X 4,Y4).

o O, is the center of the i*" vehicle rear axle.

e M; is the closest point on C to O;.

e s; is the curvilinear coordinate of point M; along C,
it corresponds to the distance covered along C' by
vehicle 1.

e ¢(s;) denotes the curvature of path C' at M;, and 6.(s;)
stands for the orientation of the tangent to C' at M;, with
respect to frame [A, X 4,Y}4).

o 0; is the heading of i*" Cycab at point O;, with respect
to frame [A, X 4,Y4).

o 0, =0,— 0.(s;) denotes the angular deviation of the i'"
vehicle with respect to C.

o ; is the lateral deviation of the i*" vehicle with respect
to C.

o §; is the orientation of the i*" vehicle front wheel with
respect to its centerline.

e L is Cycab wheelbase.

o v; is the 7*" vehicle linear velocity at point O;.

o n is the number of vehicles in the platoon, so (i < n).

B. State Space Model Derivation

The vector (s;, y;, 0; ) describes the state of the 7" vehicle.
It can be inferred online by comparing vehicle absolute
localization (provided e.g. by a RTK-GPS sensor) to the
reference path. The celebrated tricycle model is (see [18],

[4], [21]):

. _ . cosb;
8i =i lfyig(lsz')
Ui = v; sin b; (1)

j ; i 6;
01' — (taEJI _ c(s;) cos )

1—y; c(sq)

Control objectives are to bring and maintain y; and 0; to 0,
by means of ¢;, and the gap between cars to a fixed value d,
by means of v;. It is considered that: y; # Til) (i.e. vehicles
are never on the reference path curvature center). In practical
situation, if the n vehicles are well initialized, this singularity

in model (1) is never met.
III. CONTROL LAW DESIGN
First, it is shown that longitudinal and lateral controls can
be decoupled. Then longitudinal control law is designed.
A. Decoupling feature

Via invertible state and control transformations, nonlinear
model (1) of each Cycab can be converted, in an exact way,
into the following so-called chained form, see [18]:

ay; = my;
G2; = az;Mmy;
ag; = mo;
where (ali,agi,agi) = <5i;yia (1 — c(si)yi)tanéi) is the

chained state vector and M = (my;, ma;)T = Y(v;,d;) is the
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chained control vector. From this chained form, a large part of
linear systems theory can be used (but, since transformations
are exact ones, it is not required that vehicle configuration
is close to a specific one, contrarily to what is needed with
tangent linearization techniques). More precisely, it can be
noticed that lateral control of each vehicle (i.e. control of
as; and as;) can be achieved independently by designing
only mg;. Since it can be shown that my; is related in an
invertible way to 9; (provided that v; # 0), lateral control
is fully decoupled from longitudinal one: in lateral control,
v; appears as a free parameter, that can now be used to
achieve longitudinal control. Details and performances of
lateral control, not reported hereafter, can be found in [21].

B. Longitudinal Control

In this part, a longitudinal (or platooning) control law is
designed. First, two platooning navigation strategies, respec-
tively a local one and one based on an absolute reference,
are studied and compared. Then, a Global Control Strategy
(GCS), combining the advantages of each approach, is pro-
posed and control law design is reported. Finally, to ensure
safety and improve comfort, control values are supervised by
a monitoring unit.

1) Platooning Navigation Strategies: A first possibility to
achieve platooning is to rely on a Local Control Strategy
(LCS), i.e. control law of each car is only dependant on the
previous car, and aims at preserving a constant curvilinear
distance d with respect to it. Collision risks are therefore
explicitly addressed. This control scheme, investigated in [1]
is depicted on Fig. 3. The input of the control law for the
(i + 1)*" vehicle is:

€1 =5 —si1—d 2

LCS has been satisfactorily implemented for a two cars pla-
toon (see Fig. 9). However simulations presented on Fig. 12
demonstrate that LCS is inappropriate in controlling long
platoons: due to errors accumulation, oscillatory behaviors
are observed when the number of vehicles is increased.

Desired
distance

i+1™ Mobile
Robot

i onir 5 5
; ‘ C ;l;::)l Pitsdite Mmliml'ingv’ﬂ i+

Longtiudinal Control Law

Sirl

Fig. 3. Longitudinal control law with LCS

To overcome this problem, an alternative is to control each
car with the aim to preserve a constant curvilinear distance
with respect to a common absolute reference (chosen here as
the platoon leader. However, in case of platoon splitting or
undesired intermediate vehicle behavior, this reference could
be changed for an eventual new leader.). The input of the
control law for the (i + 1) vehicle is:

1 .
€1 = 51— Sip1 — 1.d 3)

Errors accumulation is then eliminated and in theory, the
number of vehicles in the platoon is unlimited. Unluckily,
the immediate front vehicle is not considered: e.g. if the i*"
vehicle stops (or slows down), the (i 4+ 1)** continues to
maintain a constant gap with the leader without taking into
account the 7" car, the inter-distance is so not respected and,
collisions can occur.

2) Global Control Strategy: These two approaches present
several advantages, but also some drawbacks ! Therefore a
Global Control Strategy (GCS) is proposed here below to
retain only the advantages. GCS scheme is illustrated on
Fig. 4.

i+l

; {Adapted ControlfeierControl| ver [y roioring| [ i+1™ Mobile
i Variable Law | 8ur = Robot

Longitudinal Confrol Law
Sivl

17 Mobile

Fig. 4. Longitudinal control law with GCS

The input of the control law is now set up, in a module
called ”Adapted Control Variable”, from (2) and (3):

) ,
Tiy1 = Oit1€49 + (1 —0oit1)ei g 4)

with 0,1, giving more or less predominance at each error.

In order to design 0,1, security distance d; is introduced
as the minimal curvilinear distance that always must be ob-
served between 2 vehicles. When distance between vehicles
1 and 7 + 1 is close to this limit, collision risk is important.
Therefore, local approach must prevail over the absolute
reference one. ;41 must then be close to 0 when eﬁ 11
is close to —d + ds. On the contrary, when inter-vehicles
distance is close to d, absolute reference approach can be
safely used. 041 must then be close to 1 when e’ , is close
to 0. Such a commutation can be obtained via the sigmoid
function (5):

051 4y 5
oit1(zit1) = 0. <1+6_QZ+1 + ) ©)
driven by variable z;y; defined by:
i d—ds
Zitl T €y T

Parameter a = 2.5 is chosen to ensure the shape on Fig. 5.

1

05| the error |,__dist:security
can not be between
lowered carsisd

~dist.secyrity

Parameter o

morg vehicles aye close,
more ¢ tends towards 0

-d,
s error between vehicles

Fig. 5. Function o1
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3) Control Law: Differentiating adapted control variable
z;4+1 (equation (4)) leads to:

. .1 .4 .1 . i
Tip1 = 0169 + (1 —04p1)€i g + 001 — Givieiyg (6)

In order to simplify the equations, let us denote:

Gir1 = Alzip1)ély with A(zig) = %
(7N
From (1), (2), (3), (6) and (7), it can be written:
. V1 COS 51 U; COS 9~1
gy 1— o v R
Fe =0y oy T T I )
i . V; COS éi

FA(zip1)éy (51— 55 — (1 — 1)d) — —1 L (®)

I —yip1c(siy1)
Just as in lateral control design, exact linearization techniques
can also be used: actual control variable is the follower
velocity v;41. Let us however introduce fictive control ;4 1,
related to v;4; according to :

_ 1—yit1 c(siy1) (U‘ vy cos 01
cos 0,41 [1+A(zi41)(s1—s:—(1—1)d)] l+~1 1—-y1 c(s1)

H1 = oig1 + Ain)(s1 = s — (1= DDI TS — uis

Vi41 =

)
Convergence of ;11 to 0 can then be ensured by designing:
Ujt1 = -k Tiq1 with k>0 (10)

The actual platoon control law is finally obtained by report-
ing (10) in (9).

Proportional fictive control (10) provides satisfactory re-
sults in urban environment, see Fig. 9. However, if pertur-
bations (sliding, sloping ground,...) occur, more elaborated
correctors could also be envisaged.

Control (9)-(10) presents one singularity, namely
14 (s1 —s;i— (i —1)d)A(zi41) = 0. However, it
corresponds to a very special configuration of the first,
the i*" and the (i + 1)*" vehicles, which is not expected to
be met in practical situation. Moreover, if this configuration
was met, v;+1 would increase to reach very large values that
would then be corrected by monitoring.

4) Monitoring: Saturation problems can clearly appear:
e.g. if the cars are too far, large accelerations, and so high
velocities, can occur. In order to achieve passengers security
and comfort, some constraints have to be satisfied. First,
vehicles velocities have to be bounded:

O S Vi+1 S Umaz (11)

This ensures that vehicles never move back nor exceed a
desired velocity. Secondly, if vehicle ¢ + 1 is far behind
vehicle ¢, or if vehicle ¢ presents an odd behavior (e.g.
if it stops abruptly), control law (9)-(10) may then lead
to very large accelerations/decelerations, very unpleasant to
passengers aboard. Therefore, the monitoring scheme shown
on Fig. 6 has been introduced, with the aim to privilege
passengers comfort, as far as their security can be guaranteed.

More precisely, the notation a., ; on Fig. 6 stands for the
maximum acceleration/deceleration comfortable to a passen-
ger aboard. Then, if the acceleration/deceleration of vehicle
1+ 1, denoted a;41, is superior to that value, a security test
is performed:

o the case a;41 > Gcomys > 0 occurs when vehicle i + 1
is far behind vehicle ¢. In such a situation, a; 1 can be
limited t0 @com s Without any collision risk.

o the case a;+1 < —acomys < 0 occurs if vehicle ¢ stops
abruptly. In such a situation, collision risks have to be
investigated. To this aim, the distance covered by vehicle
i+ 1, if it was stopped with a deceleration —acom g, is
first computed, and its final inter-distance with vehicle
1 is derived (the worst case, i.e. vehicle ¢ is stopped, is
here assumed).

— if this inter-distance is superior to dg, then a; 1 can
safely be limited t0 —acomy-

— in the other case, the deceleration (denoted —ayrg)
leading to a projected inter-distance equal to dg
is computed, and a;;; is limited to that value.
Passengers security is privileged with respect to
their comfort.

When computing the final inter-distances with constant decel-
erations (—ayrg OF —@Gcomy), delays introduced by actuator
features and transmission latencies are taken into account.

‘ vz unchanged ‘ ‘ Security Test ‘

Dangerous
Situation ?

Vi ; computed
from a,,

v 7 computed
01N oy

Fig. 6. Monitoring scheme

IV. EXPERIMENTATION AND SIMULATION RESULTS

This section is divided into two parts: first, experimental
results involving two vehicles validate control law (9)-(10)
and monitoring. Secondly, simulations with larger platoons
compare capabilities of LCS and GCS.

A. Experimentation

Several experiments have been carried out at “Campus
des Cézeaux”, in Clermont-Ferrand area. These experiments
involve only two vehicles, therefore 0,11 has no influence as
the immediate front car and the leader are the same. However,
experiments with more vehicles are planned, since our lab
will soon be equipped with additional vehicles.
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1) Experimental Vehicle: Experimental vehicles, named
Cycab, are depicted on Fig. 1. Their small dimensions (length
1.90m, width 1.20m) are advantages for the urban traffic. The
used kinematic configuration is the same as the one of a car-
like vehicle. Its maximum speed is 5m/s. The mounted RTK
GPS receiver provides measurements at a 10H z sampling
frequency, with a 2c¢m accuracy. The communication between
cars is ensured via WiFi.

2) Experiment: The gains of the lateral control law are
tuned to impose that lateral deviation converges to 0 within
15m. Parameters of the longitudinal law are set to k = 0.6,
Vmaz = 4m/s, aecomsr = 1m/s? (ensued from studies
reported in [22]), d = 8m and d; = 6.50m. In practical
situation, we could imagine that the leader is pulling a trailer,
and that collision occurs if the inter-distance is inferior to d.

The experiment reported on Fig 7 can be divided into
three main parts. First, the hooking is tested: at initial time,
the space between the cars is close to 20m. Thanks to the
monitoring, the hooking appears smooth and comfortable
(acceleration saturated at Gcop, r and v < Uppq4, see Fig. 8). In
a second phase, the longitudinal standard law performances
are scanned. Once the follower is hooked, the gap is equal
to d with a satisfactory standard deviation of 4.7cm and a
mean error inferior to lem (Fig. 9). Finally, the security

Init phase, the gap between cars
P converges to 8m

leader stops abruptly

Gap inm

Standard Mode —————*|

] 2‘0 40 60 80 100 120
time in seconds
Fig. 7. Curvilinear distance between cars

— : : :
“’/\\ — nit. Phase leader stops abruptly
14

[

/ the leader speeds up to be in critical
I situation when it will stop abruptly \ﬁM{

el G

L
[ 20 40

Velocities in m/s
©

st
Stanqard Mode ; ; i\

60 80
time in seconds

Fig. 8. Velocities measured by GPS

Gapinm

|standard deviation: 4.67cm average error: 0.73c

20 30 40 50 60 70 80 % 10 110 120
time in seconds

Fig. 9. Zoom on curvilinear distance in standard mode

of the law, in critical situation is investigated. Preliminary,
the leader reaches a higher velocity in order to position
the platoon in a critical situation when it stops abruptly.
As the security can not be achieved with a deceleration
equal to —aom £, an urgency deceleration equal to —1.2m /s?
is computed and applied, see Fig. 10 and Fig. 11. This
experiment demonstrates satisfactory performances of the
control law (9)-(10) and monitoring (comfort mode is tested
at the beginning and security mode at the end).

" leader stoﬁs abrdp!ly :
L

’ Stop Phase

from this moment,
he 2 cars are stopped

Standard Mode

Gapinm

65 secu‘rity dis‘(ance . . . - : : 5
17 118 119 120 121 122 123 124 125 126 127 128
time in seconds
Fig. 10. Curvilinear Distance between cars in stop phase
s AT T I T T T —]

. A7 | T\ Stop phase
v whﬁ urgent deceleration

\,\‘

\_/\xv/' v
at this time, leader
stops abruptly i

Standard Mode Follower Velocity

Velocities in m/s

\

Leader Velocity

117 118 119 120 121 122 123 124 125 126 127 128

time in seconds

Fig. 11. Velocities evolution during stop phase

B. Simulations

In this part, GCS is compared with a classical LCS. The
common scenario is a path following to be achieved, by a 10
vehicles long platoon, at a constant velocity of 2m/s (fixed
by the leader). In order to simulate LCS, the parameter ;1
is simply set to O in control law (9)-(10). All parameters are
identical in LCS and GCS simulations (they are the same
as in the experiment). Finally GPS features are introduced
via a white noise with a standard deviation of 10cm added
to position measurements. GPS sensors used in previous
experiment have a 2cm accuracy, but are quite expensive.
When numerous vehicles have to be equipped, decimeter GPS
appears more realistic. Moreover, less accurate sensors reveal
more clearly the advantages of GCS over LCS.

The first simulation presents LCS. In order to highlight
errors accumulation, the gap between each vehicle and a
common reference point in the platoon, i.e. the platoon leader,
is depicted on Fig. 12. The main drawbacks of LCS appear
then clearly: the distance to the leader presents a standard
deviation of 9.7cm for the first follower, when it is 67.7cm
for the last one. The situation gets even worse in tight turns:
when the last vehicle is in a bend, at ¢ = 95s see Fig. 12,
the maximum error recorded is 2.80m.

In the second simulation, when GCS is used, these draw-
backs disappear, see Fig. 13: each follower is subjected
to errors of the same order of magnitude. The standard
longitudinal deviations of each vehicle are close to 10cm
(9.5¢m for the first follower and 10.9c¢m for the last one,
i.e. the error is simply equal to the introduced GPS noise,
see Fig. 15). Therefore, these simulations demonstrate that
GCS surmounts the limitations of LCS. Moreover, when
observing parameter o, in the Init. phase (Fig. 14), it can
be seen that the platooning laws commute progressively from
LCS (when inter-vehicles distance is small) to a control with
respect to an absolute reference (when the gap is close to d).
Platoon security is therefore ensured (by LCS) when cars are
close to each other, and in standard mode, high regulation
performances are obtained (by the absolute reference). The
skill to adapt the longitudinal error at the met situation is
clearly demonstrated.
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Fig. 14. Evolution of parameter o1

Vehicle 2 3 4 8 9 10
LCS 9.7 | 147 | 187 | ... | 459 | 54.1 | 67.7
GCS 95| 84 82 | .. | 92 9.0 | 109

Fig. 15. Standard deviation (in cm) according the strategy

V. CONCLUSION

In this paper, a Global Control Strategy (GCS) has been
derived to address platooning. It takes into account the
immediate front vehicle (as standard Local Control Strategy
(LCS)), but also preceding vehicles. Therefore, in safe sit-
uation, errors accumulation inherent to LCS is avoided, but
immediate front vehicle is taken into account when vehicles
are abnormally close to each other. Monitoring has also been
sketched in order to guarantee passengers security and com-
fort. Finally, performances of GCS have been demonstrated
via full-scale experiments on urban vehicles and simulations
of long platoons.

From a technological point of view, possible losses of
GPS signal, due to canyoning effect, are a major concern.
To deal with this difficulty, data fusion combining GPS
and odometric sensors is investigated. An other solution
consists in reconstructing the vehicles state by vision, see
[17]. Moreover, online communication from each vehicle
to the vehicles ranked behind, appears to be an ambitious
challenge in long platoons.
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