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Abstract

Hybrid architecture for autonomous navigation raba$ presented in this paper. The
principal future aim of this architecture is to aetile multi-robot convoy which must navigate
in urban background, where autonomous vehicles haveack the desired trajectory while
avoiding possible obstacles (walkers, other robets,). Currently, we consider only the case
of fixed obstacles. We propose to coordinate twaticoous controllers (trajectory tracking
and obstacle avoidance) by discrete events. Howénaed switch from obstacle avoidance to
trajectory following controller, may cause collisi@r undesired effects due to nonholonomic
constraint or switching effects. Therefore, we adirce a third controller to overcome these
drawbacks.
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1 Introduction

Controlling a nonholonomic mobile robot widw a desired trajectory is treated since a
long time (see [12], [5] for instance) and is stilirrent as the case of trajectory tracking with
sliding [11]. If controllers [4] were developed $olve it, the environment of robots navigation
is subject to a lot of variations. Indeed, it's @us that these controllers become easily useless
and lead to collision when an obstacle appearshenrobot's way since they were only
designed to track trajectory.

However, the obstacle avoidance is not &dlprm anymore since it is widely investigated
in the literature: Khatib [9] used the potentiglds to give a real time method adapted to the
obstacle avoidance problem. He assumes that tle¢ nobves in a potential field considering
the objective to reach as an attractive point wdmetbe obstacle surfaces are repulsive fields.
Since the robot's action is accomplished by the sinndividual gradients at the robot’s
location, this method suffers from the local miniprablem when for instance, this sum is null.
To overcome this undesirable situation, circulareptal fields were used in the direction of
avoidance [14], [7]. However, Kim and al [10] gt these fields type cannot adjust how far
the robot avoids the obstacle and propose the tyale navigation as a new method. Zapata
and al [16] use a virtual deformable zone (DVZ)rsunding the robot thanks to proximity
sensors: if an obstacle is detected, it will defolne DVZ and the approach is to minimize this
deformation by modifying the control vector.

The unknown nature of the robot’s environiria the most of cases, leads up to develop
control architectures which guarantee a desirednaostly a safe navigation for the
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robot. In fact, the intuitive idea to make a mobidot able to avoid obstacles while tracking
the desired trajectory is to have two simple cdl@re and to switch from one to another
according to the robot’s relative position to thistacle (figure 1). It forms what we call hybrid
systems where discrete events allow switching batve®ntinuous behaviours.

However, Branicky, in [2], shows thatdam switches between two stable systems lead
easily to instability of the control. He consequgntmposes restrictions on switching to
guarantee a global stability which has been provienmultiple Lyapunov functions [2].
Moreover, hard switches may lead to the Zeno phemnoam [8] that exhibits an infinite number
of discrete transitions between controllers intéiriime. In robotics, it potentially appears when
the robot is on the boundary where the discretatelbecomes true causing switch between
nodes which represent individual controllers. Giratg effects caused by this phenomenon
were shown by Egerstedt [6]. Adouane in [1], prgso® avoid this hard chattering between
controllers’ commands while introducing a specditaptation of each controller law. In [6]
Egerstedt regularizes its automaton by adding a& riodovercome these undesirable effects:
this node contains the sliding dynamics that isingef on the boundary between the two
controllers.

In the proposed paper, we apply an hybrid architecfor autonomous mobile robot
using mainly two classical behaviours for an autbaos mobile robot: trajectory tracking and
obstacle avoidance. We propose to guarantee testgcon switching via multiple Lyapunov
functions by introducing an other controller whilgads the robot on its trajectory after the
obstacle avoidance step. Simulation shows thapoyposition insures global stability for the
robot control.

The rest of this paper is organized as followssdation 2, we give the proposed control
architecture and give some details on the multigl@punov function. Stability of individual
controllers is studied in section 3. Simulationutessare presented in section 4. We conclude
and give some prospects in section 5.

2 Architecture of control

The proposed hybrid architecture is suppdseedok applied to a mobile robot using basic
perceptual and decisional capabilities. Therefaceprding to the robot’'s sensors information,
decision to apply the convenient controller is made
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FIG. 1 - Hybrid control architecture for trajectdracking
with obstacle avoidance
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However, as we saw in section 1, hard switches teadstability or cause chattering
effects even if each controller is individuallylsia Therefore, more restrictions are needed to
control these switches.

Multiple Lyapunov function method [2] gives suffcit conditions to guarantee
stability of the overall system. Based on this rodththe following theorem which has been
demonstrated in [2] will be used.

Theorem
Given N dynamical system§y, ..., Xy, each with equilibrium point at the origin, and
N candidate Lyapunov functionsg V..., V.

If {V; decreases whexyis active} and
{M (at the time whe@; switched inX V; (at the last time whel; switched in)}
Then the hybrid system is Lyapunov stable (figure 2).

Vio
Vu

» Time

FIG.2 — Variation of the Lyapunov function for thié controller. Solid lines
indicate that is active, dashed inactive.

In our case, it is possible to use this theoregutrantee stability of the robot during all
its navigation. Since we use controllers that $tghs proven by the simple Lyapunov theorem,
we have only the second condition of the above ateth satisfy. Moreover, we have to satisfy
this condition for the trajectory tracking only.deed, obstacles that the robot meets are
independents, and the obstacle avoidance contiigllaormally activated only one time for
each obstacle. Therefore, our idea is to use afspégo-to-goal” controller (cf. subsection
3.4). This one is stable and is activated onceobistacle is avoided. Its role is to lead the robot
toward the reference trajectory until the Lyapumawction of the trajectory tracking controller
becomes less than the last time this one is swdtahmeThe proposed control architecture is
given in figure 3.
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FIG. 3 — The proposed hybrid architecture of cdntro

2.1 The proposed control structure

Figure 4 shows the possible undesired robot behesiaccording to the robot position.
This is due to inappropriate switches between chsi@voidance controller and the trajectory
tracking one. This is what motivate us to searchafoegularized automaton that insures safety
and stable navigation to the robot.

Obstacle
detectionarea Y

A

—

Reference trajectory
» X X

FIG.4 - Possible consequences of hard switches ffostacle avoidance to trajectory
tracking. Dash lines show the undesired resultbdtrbehaviour.

On the left, switching occurs soon enough. Theggfoonverging to the trajectory lead the
robot to the obstacle zone which activates theaghsiavoidance controller again and so forth.
On the right, the undesired effects are due tondmolonomic constraint. Indeed, switching to
trajectory tracking occurs only when the robotns(or too close) to the reference trajectory.

Figure 5 shows an automaton where switch tramsitiare only guided by geometric
conditions overlooking other constraints. Note tlA¢yoiobstacielS the Euclidian distance
between the obstacle center and the axle centbeabbot and Rs the obstacle radius plus a
safety distancé considering the robot dimension and a safety margi
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FIG. 5 - Hard switches automaton.

To avoid this, we introduce the “go-to-goal” conkeolto regularize hard switches due

to the only distance criterion (figure 6). This qatfier leads the robot to a virtual target that we
define on the reference trajectory which keep iaypdrom the risk of oscillation zone (cf.

figure 7).
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FIG. 6 — The proposed automaton with an extra nodesgponding to
the go-to-goal controller
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FIG 7 - Virtual target to reach before reactivatirggectory tracking
controller. The obstacle is avoided here clockwise.

The virtual target point “P corresponds to the intersection of a circle afiua (R + ¢€)
wheree> 0. We define alsoend Yend as the end point where the obstacle is considesed
already avoided. It is also the intersection oftdr@gent of the detection zone (circle of radius
R,) passing by the virtual target.

The position R in the case where the robot avoids the obstadekalise can be
calculated by

JR +ep-R?

6, = arctan{ )

Hz — ar(.‘:tar\l\,yvirtual—t arget - yobst)
X

Xvirtual—t arget ~ Aobst
Xend = Xobst + R/ COS@l + 32)
yend = yobst + R/ Sin(Hl + 62)

Note: The choice of the way of avoidance (clockwise amter-clockwise) is indicated in
subsection 3.3.

The second condition of the multiple Lyapunov funetis then satisfied for trajectory
tracking controller by leading the robot on thetwa target once the obstacle is avoided.
Indeed, the chosen Lyapunov function (subsection @spends on the lateral and angular
errors. Since we can correct the robot position laeading by go-to-goal controller once the
obstacle is avoided and the virtual target is redcfiherefore, we minimize this Lyapunov
function (figure 8) before switching in trajectaracking controller again.
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FIG.8 — Evolution of the Lyapunov function of traject tracking when go-to-
goal controller is active. Continuous line meara thajectory tracking is active.

3 Mobilerobot control

3.1 Robot mod€

Consider the unicycle mobile robot (fig®e Let x, y and be the state variables where
x IR and yU IR are the Cartesian coordinatéd,] ]-n, «] is the robot’'s orientation with
respect to the X-axis. We note respectivelgndu the linear and the angular velocity of the
robot. The kinematics model of the robot can be rilesd by

X =v.cosf)
y = v.sin(d)
f=u

X

FIG. 9 — Unicycle mobile robot.

3.2 Trajectory tracking controller
Considering the lateral and the angular erroth®@frobot (figure 10):

e= (Xtraj - X)'Sinec - (ytraj - y).COSHC
6=6-06,
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Where (X, Yy ) are the coordinates of the set points of the eefes trajectory, and, is the

corresponding desired orientation. Tracking a eefee trajectory means thatand & must
tend towards 0. If we take= constantthe time-variation of these states are given by

é=v.siné
g=u

FIG10 — The mobile robot on the Frenet frame.

The following controller based on the Lyapunov 8ighis developed in [3] and is given by
v=K

u= -k, .v.e.(%) -k, Jv.8

Where K, k, k; are constants.
2
To prove the stability of this controller, we take kl.f +9— as a candidate Lyapunov

function. Its time derivative i¥' = —k, .62 < 0. Then, we can conclude that the controller is
stable.

3.3 Obstacle avoidance controller

We saw in section 1, that the limit cycle natiga method seems overcome the
drawbacks of the other obstacle avoidance methddseover, it allows deciding in which
direction and how far the robot avoids the obstade reintroduce briefly the limit cycle
navigation algorithm proposed in [10] that we usetlhe avoidance obstacle controller.
Consider a mobile robot which must reach the tavgsdse global coordinates af€,, G)
while avoiding the circular obstacle of global atioates (Qy, Q) and a radiusR,
(corresponding to the real radius of the obstalils p distance including the robot size and a
safe margin) (figure 11).
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FIG 11 — Limit cycle navigation method

The steps of the limit-cycle method are as follows
The linel has a.x+b.y+c = Oas equation.

1) The distance from the center of the obstacle to the ling calculated as
4= aQ, +bQ, +c
[a2+p2

2) The desired direction of the robot is calculatedaath position by

>'<=ﬁy+X(F’»2-x2—y2)
. d
y:_HH Y(RZ=Xx2-y?)

Wherex andy are relative values of the robot position accaydio the obstacle. In these
equations, i is positive, the robot avoids the obstacle clodewiOtherwise, it is avoided in a
counter-clockwise direction.

To prove stability along the trajectory, the Lyapuriunction candidate is given b= x2+ y?

V =2xk+2yw =2V(X)(r?-V(X))
Which is negative foW(x)>r2. Therefore, we can adjust the radius and conséiguemmtrol
the distance that the robot keeps with respedtdmbstacle.

3.4 Go-to-goal controller
The task to accomplish by the robot is simplyréach a desired positidr,,y, . )t

means that (e§) must tends to (0, 0) (figure 12).

Developed in [13], the following controller allovike robot to reach a desired position
without guaranteeing the orientation:
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v=K,_.ecosf
u= Ke.cosé.siné +K;.tanhk; .5)

With K, —| o andk; is a constant gain.

1+[d

Cartesian errors are defined as
e =Xy —X
ey = yd - y
The control states are given by

e=.e?2+ez?

~ e
6=6,-0=tan’ ()-8
eX

The time-variation are given by

e= —v.cos@)
5 _V sin@)
€

2
V = 6_ + f
2 2
The time derivative is given by = —ewv. cosd +8.Y sin@ <0
e-u
Ya
Yd

S

v

X
X

FIG 12 — Go-to-goal controller

We saw that this controller allows the robot tocreaa destination without final
orientation. However, it is easy to notice thatshene controller can control the heading.
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Indeed, when v = 0, the controller is still stadte onlyu controls the desired heading.
Stability when switching to v = 0 in order to casitfinal heading is immediate since the same
Lyapunov function is kept. Detailed proof is avhl&in [15].

4 Simulation

To estimate the relevance of the proposed hydmatlitecture, we compare it with results
given by hard switches between the two controllgegectory tracking and obstacle avoidance.
Indeed, we use MATLAB to simulate a mobile robaicking a given trajectory while avoiding
an obstacle. The real path the robot follows wahdrswitches is given in figure 13.

Robot trajectory in the [O, X, Y] reference

,,,,,,,,,,,, -

| H F %
oscillations
| |

Y [m]

FIG 13 — Real robot’s path controlled by hard shéts.

We can see that when detecting the obstacle, that switches effectively to obstacle
avoidance controller. However, the distance separdhe robot from the obstacle is the only
condition of switching. Therefore, oscillation ihet robot’'s path is observed. It is due to
switching to trajectory tracking as soon agpRobstacidS higher than Rwhich is the detection
zone radius. While the obstacle is not passediahet (which is now controlled by trajectory
tracking command) falls in the detection zone agaid tries to avoid it again (switch to
obstacle avoidance controller).

Switch moments are illustrated in figure 14 whidiows clearly undesirable switching to
trajectory controllers whereas the obstacle ispastsed yet.

Moreover, figure 15 shows the Lyapunov functioniataon for the different controllers.
In spite of decreasing when the controller is agtithe second condition of the Multiple
Lyapunov function theorem is not satisfied, andtewng in the trajectory tracking occurs with
a higher Luyapunov function value than the lastcwin.
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FIG. 15 — Lyapunov variation functions with harditshes.

At the contrary, our architecture of control givensection 2 allows avoiding these
useless switches since our automaton is regulabyedego-to-goalcontroller (figure 6). This
latter prevents hard switches occurring before that obstacle is passed. The real path
followed by the robot is shown in figure 16 whereascillation is observed.

Figure 16 shows clearly that our method preventg andesired switch between
controllers. Thereby, the robot does not switch ttajectory tracking before avoiding
completely the obstacle. This is confirmed by stwitnoments (figure 17).
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Robot trajectory in the [O, X, Y] reference

X [m]
FIG 16 — Real robot path when controlled with thepgosed

control architecture
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FIG 17 — Switch moments. High state correspondsajectory tracking

controller. Low state is when the obstacle avoidasactive.

Figure 18 shows also that our method allows tosBathe second condition of the

Lyapunov variation function (cf. section 2). Inde&dhen trajectory tracking is reactivated, its

Lyapunov function value is less than the last tinssvitches in.
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FIG 18 - Lyapunov variation functions of the propdsontrol
architecture.

5 Conclusion and futureworks

We applied hybrid control architecture on a mobidot to obtain a stable trajectory
tracking while avoiding obstacles. Indeed, the toisocontrolled by elementary continuous
controllers according to the sub-tasks to accomplisajectory tracking, obstacle avoidance)
and switching from a controller to an other is doeterring to discrete events. We saw that
hard switches cause chattering and are not effit®msure a safe navigation. Therefore, we
propose to use the multiple Lyapunov function fgbrd systems to design a stable hybrid
control architecture. In addition to elementarybitacontrollers for the two main sub-tasks, we
introduce a third controller which insures the setsufficient condition of multiple Lyapunov
function (cf. section 2). Simulations show that @ichitecture prevents useless switches,
guaranteeing thus a safe navigation for the rodpplying this stable control architecture to a
dynamic environment (e.g., moving obstacles), ballthe subject of future works. Application
to multi-robot systems navigating in formation ssesso to be interesting. The objective is to
make each robot able to avoid an obstacle befganmmg the convoy.
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