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A O-persistently-exciting formation controller for non-holonomic systems
over directed graphs

Maitreyee Dutta ~ Antonio Loria

Abstract— We study a formation control problem of non-
holonomic vehicles which consists in making a group of them
gather around a given rendezvous set-point and acquire a
common orientation. This task may be regarded as part
of a more complex maneuver, e.g., requiring the robots to
advance in a scouting mission on a path composed of straight
lines and occasional turns. The control approach relies on
addressing separately the problems of stabilization (on the
plane) and of orientation consensus. For the former we use
individual controllers involving smooth time-varying terms and
for the latter we use distributed consensus control, under the
assumption that the robots form a directed graph that contains
a spanning tree.

Index Terms— Formation consensus, non-holonomic con-
straints, Lyapunov stability

I. INTRODUCTION

Formation control of nonholonomic vehicles is a well-
studied problem in multi-disciplinary literature, but one
which has different interpretations and motivations. One per-
tains to formation-consensus in which case it is required for
the networked-interconnected vehicles to reach a consensual,
non-predefined posture. This is inherently a set-point stabi-
lization problem (with the well-known technical difficulties
that this implies for nonholonomic systems [1], [2]) that may
involve full consensus in position and orientation [3]-[6] or
partial, either in orientation [7] or in position [1], [8], [9].
The term formation control, however, may also refer to the
case in which a group of robots are required to follow a
leader, real or virtual, while keeping a formation [10]-[16].
We may generically refer to this scenario as that of leader-
follower formation-tracking control.

In the case of formation-consensus the equilibrium is not
pre-defined, but it depends on the topology of the network,
as well as on the initial postures and the nonlinearities
of the systems. In leader-follower-based formation-control
problems the vehicles are meant to track a leader, so both
problems are fundamentally different, are motivated by dis-
tinct practical applications and, from a control viewpoint,
demand very different approaches. A well-known fact, e.g., is
that smooth controllers must rely on persistency of excitation
[17] both in stabilization and tracking control tasks [2].
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However, the two problems are not solvable simultaneously
via the same controller [2].

Now, besides the difficulties imposed by the nonholonomic
constraints, controlling networked autonomous vehicles im-
poses challenges related to the network’s topology. Even
though the literature on consensus is very rich and covers
a wide range of graph topologies, this is so mostly for
linear systems. Alternatively, in the context of formation and
consensus of multiple vehicles, most works are restricted
to undirected-graph topologies—see e.g., [4], [6], [7], [9],
[11], [14], [15], [18]-[20]. Articles covering directed-graph
topologies are relatively scarce—see e.g., [3], [21] for forma-
tion consensus and formation-tracking control, respectively.
However, in both cases knowledge of the Laplacian is
needed. Leader-follower-based schemes are often restricted
to graphs that consist in (do not simply contain) a spanning
tree [5], [12], [22], [23].

In this letter we study a problem of formation control that
consists in all the robots converging to a static formation
with a pre-imposed reference position on the Cartesian plane
and acquiring a non-predefined orientation. This is a task
that involves both stabilization and orientation consensus, SO,
as in [1], [7]-[9] we solve a problem of partial consensus.
Our main contribution resides in that we consider that the
systems are interconnected over a generic directed graph,
i.e., that it contains a spanning tree. Hence, from a network-
topology viewpoint, the leader-follower scenarii are covered.
Relative to [3], [21] we stress that our controller is fully
distributed. Formation-tracking control is out of scope, but
the problem that we address may be regarded as part of a
more complex maneuver. For instance, as a byproduct of our
main statement, we show that our controller applies also in
simple tasks that require a group of vehicles to advance in
formation; not following a target or a leader, as in [10], [13],
[21], but advancing with constant forward speed, along paths
composed of straight-lines—cf. [12] and predefined turns.

II. PROBLEM FORMULATION

Let us consider a group of N nonholonomic vehicles
modeled by the kinematic equations

i‘,‘ = COS(GZ‘)UY‘, (13.)
:l)i = sin(@i)vi (lb)
0, = w, i<N, (1c)

where (z;,v;) := p; denote the Cartesian coordinates of the
center of mass of the ith robot on the plane, 6; denotes



its orientation relative to the abscissae; these variables are
measured and are to be controlled. The forward velocity v;
and the angular velocity w; constitute the control inputs.

It is assumed that each system has access to its own
coordinates p; and 6;, as well as the orientation of neighbor
vehicles, 0;, where j € N; and N; is the set of indexes
corresponding to the neighbors of the ith vehicle. In that
regard, we assume that through their interconnections the
systems form a directed graph that contains a spanning tree.
We stress that such condition is necessary for consensus and,
therefore, cannot be relaxed. In particular it is satisfied in
leader-follower configurations [5], [12], [22] in which the
graph consists in a spanning tree and cycles are excluded.
For these systems, we address the following problem.

Formation-stabilization with orientation consensus: Let
p* = [pk p,";]T be a given reference constant set-point on
the plane. Let §; := [0, J,:] be a given offset relative
to p*, so that, defining p; := p; — d; — p*, we have that
p; = 0 for all # < N means that all the vehicles are
positioned in a geometric formation with center at p*. Then,
the formation-stabilization-with-common-orientation control
problem consists in designing decentralized control laws
such that

T 78] = 0. lim 63(t) — 0. @)
tli)%vi(t) :O, tlizgowz(t) :Oa Vi € {17 7N}7
(2b)

where 6. is a non-given constant that depends on the system’s
dynamics, initial conditions, and the networks topology. This
is a problem of partial consensus control—cf. [1], [7]-[9];
from a practical viewpoint, it is pertinent, e.g., as the first
part of a more complex maneuver [24] which may consist
in making the robots gather and advance in formation, for
instance in a scouting mission—see Section III-C.

III. CONTROL APPROACH AND MAIN RESULTS
A. Rationale

Formation control with consensual orientation, as stated
above, may be solved by designing a formation-stabilization
and a consensus controller independently. However, this
presents two difficulties: the first stems from the fact that
nonholonomic systems are known not to be stabilizable via
smooth time-invariant feedback; the second is that of ana-
lyzing consensus over generic directed graph-networks for
highly nonlinear systems, such as nonholonomic integrators.
To circumvent the first difficulty we use the approach of so-
called §-persistently-exciting (6-PE) controllers [12], which
are designed to inject an external time-varying perturbation
that is persistently exciting [17], as long as a certain function
of the state is away from the origin. To achieve the consensus
goal we use the control law

wi=—kw > a0 —0;), ku>0, 3)
JEN;
where a;; = 1 if an interconnection from the node j to

the node ¢ exists and a;; = 0 if otherwise. Note that since

the interconnections are directed, in general, a;; # aj;.
Disregarding the stabilization task, orientation consensus
is achieved provided that the network’s graph contains a
directed spanning tree [25]. That is, (3) guarantees that
0; — 0; — 0. for all 4, j < N, where §. is constant.

Now, in relation to the stabilization objective we start by
introducing the error coordinates

P d(0:)*+ 5 ¢(6;) = [cos(6;) sin(&i)]T
T e0)T) T g0t = [—sin(6)  cos(6:)] .
4)
Note that ¢(6;)*¢(6;) = 0, so, after (4) and (1), we have
. |Ru| | 2w
e [221} N |:Zliwi + Ui:l )
and since the matrix in (4) is globally invertible, we have that
z; = 0 if and only if p; = 0, so the formation-stabilization
objective boils down to ensuring that z; — 0 holds for (5).
To that end, we remark that Equations (5) may be assimilated

to those of a stable (oscillatory) system with input v;. Hence,
for any w; # 0, the control law

v; = —koizo; + (k1 — Dw;z1s, ki, k2 >0,  (6)

makes z; — 0. To see this more clearly note that the closed-
loop system takes the form

Zoi| | —ka  Ruwi| |22
o i v ERL

which has a structure familiar in adaptive control—cf. [12].
Hence, it may be showed that if ko; > 0, 29, — 0 (see the
proof of our main result below). Moreover, if w; depended
only on ¢, it would be sufficient to make w; persistently
exciting (PE), i.e., to ensure that there exist u and 7' > 0
such that

4T
/ |wi(s)|ds > p Vit >0,
t

to ensure that z1; — 0. Making w; be PE, however, means
that #; cannot converge to a constant value, which is in
clear conflict with the orientation-consensus objective. In
summary, persistency of excitation is needed to attain the
formation control objectives, while it is required that w; con-
verge to zero to achieve orientation consensus. To overcome
this conundrum, we endow the angular-motion consensus
control law (3) with an oscillatory perturbation that persists
as long as |z1;| # 0. That is, with a d-persistently exciting
function—cf. [12]. Hence, we redesign the consensus control
law (3) to take the form

w; = —ky Z aij(Gi - 9]) + fi(t)/Bi(Zi)7 kw > 0. (8)
JEN;

In the previous expression, f; : R>9g — R is designed to

be twice continu(?usly differentiable, bounded with bounded

derivatives, and f; is persistently exciting, that is, there exist
T, i > 0 such that

T
/ |fi(s)|ds > p Vit >0. )
t



In addition, the function 3; : R? — R is chosen to be
twice continuously differentiable and to satisfy 3;(z;) = 0
if and only if z; = 0. Loosely speaking, the purpose of
the term f;(¢)5;(z;) is to prevent w; from vanishing to zero
(achieving consensus) as long as z; # 0 (the stabilization
task has not been achieved). Indeed, provided that z;(t)
is bounded, f;(t)53;(z;) acts as a bounded disturbance that
vanishes only if both objectives, consensus and stabilization
are attained simultaneously. This rationale is formalized in
following statement given next.

B. Formation stabilization

Proposition 1 (Formation stabilization): Consider a net-
work of autonomous vehicles modeled as in (1), communi-
cating over a directed-graph containing a directed spanning
tree, in closed loop with the controller (6)-(8), where for each
i < N, fi : R>o — R is twice continuously differentiable,
bounded with bounded derivatives, and satisfies (9), whereas
B; : R?> — R is twice continuously differentiable and
satisfies (;(z;) = 0 if and only if z; = 0. Then, the
formation-stabilization-with-common-orientation goals in (2)
are attained. O

Proof: Replacing the control laws (6)-(8) in the kinematics
equations (5)-(1c) we obtain the closed-loop system

1, = —wizg; (10a)

Zo; = kuwizii — k22 (10b)

0, = —ky Z aij(0; — 0;5) + fi(t)Bi(z).  (10c)
JEN;

To establish the statement of the proposition we start by
showing that z; € L., where z; := [21; 22;] . To that end,
we use the positive-definite, decrescent Lyapunov function

N

Z[klzzi + 23]

=1

V.(2) = (11)

DO =

Its total derivative along the trajectories of (10a)-(10b) yields

N
Vo(2(t) = —kai »_ 22i(t) < 0. (12)
i=1

Integrating on both sides of V(z(t)) < 0, from ¢, > 0 to
t, we obtain [kh-zh-(t)2 + Zzi(t)2] é [kh-zh-(to)z + Zgi(tO)Q]
which implies that

max{kh—, 1}
min{k;li, 1}

That is, z; is uniformly globally bounded.

Strictly speaking, the latter holds only on the interval of
existence of t — w(t). Say, for a certain co >ty > t,, any
to > 0 and for all ¢ € [t,,t, + ts). In the sequel we show
that t; = 4oo0, that w := [wy --- wy] T is also uniformly
bounded and, therefore, the arguments above hold for all
t>t, > 0.

To that end, we start by rewriting (8) in multi-variable
compact form,

|2:(t)]* < |2i(to)]?. (13)

W= _L0+a(tvz)7 (14)

where Oé(t,Z) = [fl(t)ﬂl(zl) fN(t)BN(ZN)]T, 0 =

[91 HN}T, and
—aij Vi#j
L=[l;;] eRNN g .= i 7
[€:5] € ) J {ZkGNia’ik’ Vi=j
(15)

is the Laplacian matrix. Then, following [26], we introduce
the synchronization errors

eo = [In — 15/ )6, (16)

which correspond to the vector eg := [eg1 -+ egn] ', where
eg; = 0; — v[@, vg is the left eigenvector associated to the
unique zero eigenvalue of L, and vz—Q is a weighted average
of 8. That is, consensus is reached if 6; — v}@ foralli < N
or, equivalently, eg — 0.

Remark 1: The errors ey satisfy

ég = —Leg + [In — 1nyv/ |alt, 2). (17)
To see this, we note that from (16),
ég = —L[In —1nv) 10+ [In — 1nv/ ]a(t, 2),
so (17) follows observing that L1y = 0. °

Next, let us assume that the graph contains a directed
spanning tree then the statement of [26, Lemma 2] generates
P = PT ¢ R¥XN on solving, for any matrix Q €

RN*N Qr, = Q] > 0 and for o > 0, the equation
PL+L'P=Q —o[Plyv/ +v14P], (18)

where vy is the left eigenvector associated to the single
zero eigenvalue of L. Then, consider the Lyapunov function
Ve, = 6;—P€9. Its total derivative along the trajectories of
(17) yields
V., = —€4 [PL+ LT Pleg + 2e) P[In — 10/ ]a(t, 2),
s0, using (18), we obtain
Ve, =—e4 [Qr — o[P1yv) +vlNP)]eg
+ 2¢4 PlIy — 1nv] |al(t, 2).

However, since v; 15 = 1, the second term on the right-
hand side of the equation above equals to zero. Indeed, after

(16), P1yv/eq = Plyv][In — 1yv)]0 = Pllyv] —
1yv/ )0 = On. Therefore,

Vi, = —€d Qreg + 2¢4 PlIy — 1yv[ Jalt, 2).

Now, let A := 2|P[Ix — 1yv,]| where | - | denotes here
the induced matrix norm. For any ¢y > 0, let
lalle; == sup Jalt, 2(2))]-

t€lto,totty)

Then, defining ¢,, := Amin(Qr), we have
Vo (€0 (1)) < —gmlea(t)* + Aleg(t)]]|alls,

for all ¢ € [t,,t, +tf). We show by contradiction that ¢y =
+00, so all of the above holds for all ¢t > ¢,.

Assume that |w(t)] — oo as t — ty < oo. Then, since
o(t) = ftto w(t)dt we have |6(t)] — oo as t — ty. On

19)



the other hand, V¢, (eo(t)) = 0(t)"[In — 1nv/]|"[IN —
1nv/]0(t), so Ve, (eg(t)) — oo as t — t;. Next, defining
v(s) := Ve, (eq(s)), after (19), we have

(20)

Integrating on both sides of (20), from ¢, to ¢y, we obtain

2

| X
lim v(t) < %HQHW [ty

t—ty

to] + v(to).

By assumption ¢y < oo, so the right-hand side of the
inequality above is finite, whereas
Jim v(t) = Jim Ve, (e(t)) = +oc,

which is a contradiction. We conclude that ¢y = +oco so
(12) holds along trajectories for all ¢ > t, and z;(t) is
uniformly globally bounded. Also, in view of the latter, the
continuity of «(¢,-) and the uniform boundedness of (-, z),
t — a(t,z(t)) is uniformly bounded, that is, ||a?, < oco.
From this and integrating on both sides of (19) along the
trajectories, from ¢, to oo, we obtain that ey is uniformly
globally bounded.

We show next that w is also uniformly globally bounded.
For this, we note that the Laplacian matrix L admits the
decomposition L = UMU ! where U is a matrix whose
columns are the right eigenvectors of L, i.e., U = [1y Ui,
U™l = [v, U"]T, and M contains the Jordan blocks
corresponding to the eigenvalues of L. The first eigenvalue
of M being zero and simple, we also have L = U, M U{r s
where M contains all the Jordan blocks of L corresponding
to the non-zero eigenvalues. It follows that L0 = U M UlT 0,
50 [L0] < Amax(D)|ULUS0] = Amax(D)|[In — 1x0] 16| =
Amax(L)|eg|. We conclude that |LO(t)| is uniformly glob-
ally bounded. From this, and the boundedness of f; and
a(t, z(t)), it follows that w in (14) is also uniformly globally
bounded, and so is § = w. Consequently, z; is uniformly
globally bounded as it is a function of z; and w;—see Eq.
.

In addition, for further development, we remark that w is
also globally uniformly bounded, since so are all the terms
on the right hand side of

w; = —ky Za”

JEN;

0Bi(zi) . | ;

P+ 08,

2D

Next, we establish the convergence of z and L6. This part
of the proof relies on a recursive application of Barbalat’s
Lemma.

First, we integrate on both sides of (12) from ¢, to
0. Since z is globally uniformly bounded we obtain that
z9 € Lo N L. Since, moreover, zo € L., we obtain, by
[17, Lemma 3.2.5] that 25 — 0 asymptotically. To establish
the convergence of z; we proceed by establishing, first,
the convergence of w;z;; for any ¢ < N. This follows
from the fact that both terms on the right hand side of
ki;wiz1; = kojzo; — 2o;—cf. (10b), converge to zero. That
z2; — 0 was established above, while the convergence of

—wj) + fult)

%9, follows from Barbalat’s Lemma. Indeed, on one hand,
Zo; 1s uniformly globally bounded since so are all terms on
the right hand side of

Z9; = krwizis + kriwiZis — koidos

0Bi(%) .
= k1i|: kw Y aij(wi — w;) + fi(t) Bz, P
JEN;
+ki fi(t)Bi(z:) 210 — kliwz'ZZQi — kiikoswizi; + kizz:zz
(22)
On the other hand,
t

tll)l{.lo égi (T)d’r = tlig.loZQi (t) — Z29; (to) = —2Z9; (to).

to

Now, since |w;21;| — 0 and both w; and zy; are uniformly
globally bounded, either z1; — 0 or w; — 0. In the first case,
the proof is completed. Hence, let us assume that w; — 0
and turn our attention to the term ky; fl(t)ﬁl(zl)zl2 on the
right-hand side of (22). By assumption j;(z;) = 0 if and
only if z; = 0 and f; is persistently exciting. Therefore,
since ¢ — B;(z;(t)) is uniformly globally bounded we see
that z1; — 0 if and only if so does

ku‘fi(t)ﬁi(zi)zu = Zg; + kliW?ZQi + kikosw;i 215 — ki—Zzi
IBi(2) .
s [ — 3 o — ) + 10 S 5
JjEN;

We proceed to establish the convergence of all the terms on
the right-hand side of the previous expression, individually.
As a matter of fact, this has already been done for the
second, third, and fourth terms, since both zo; and w;z1;
converge to zero. Furthermore, the convergence of the last
term on the right-hand side follows from that of Z; and the
uniform boundedness of f;(-) and S;(z;(-)). In addition, by
assumption w; — 0, so it is only left to show that Zo — O.
To that end, we use Barbalat’s Lemma once more. First, we
observe that, for any ¢, > 0

t
lim égi = lim 221’ (t)
t—o00 t t—o0
o

— 2i(to) = —22i(to).  (23)
On the other hand, we observe that ¢ — Zo;(¢) is uniformly
continuous since zé‘s) is uniformly globally bounded. Indeed,
so are all the terms bounded on the right-hand side of z(s).

This completes the proof. [ ]

C. Application to formation scouting

After Proposition 1, the controller (6)-(8) guarantees that
a group of vehicles meet at a specified rendezvous set-
point and acquire a consensual orientation. This task may be
considered as the starting of a gather-and-scout maneuver in
which it is also required to advance in formation along a path
composed of straight lines and occasional turns. Besides the
practical motivations of such a mission, it is worth noticing
that a formation cannot be rigidly maintained over arbitrary
paths, but it can if they mainly consist in straight lines [27],
[28].



This task may be simply achieved by introducing indi-
vidual reference models for each vehicle, given by p} :=
¢(0;)v* with p;(0) = p;(0) for all 4, j < N, and constant
speed v*. Then, we redefine the control law (6) as

v; = —kaizoi + (k1 — 1w z1; + 07, k1iy ko > 0. (24)

For the vehicles to agree on a consensual orientation, we add
to the network an orientation leader with dynamics 6* = w*,
where w* is set to zero (to move on a straight line) or to a
constant (to take a turn). More precisely, for v turns in a
path, let M :=2v + 1 and, for each k € {1,2,..., M + 1},
let {¢;,} be an increasing finite sequence of times, such that
w*(t) =0forall ¢ € [tg,tgs1) with k odd, and w*(¢) # O for
all t € [tg, tg+1), with k& even. In addition, let (¢;41 —1;) >
(tj+2 — tjy1) for any odd number j € {1,2,...,M — 2},
and tpr41 = 400, so w*(t) =0 for all ¢ > t,,.

Since an orientation-leader node is added, we also modify
the orientation-consensus controller so that, on the consen-
sus manifold {0; = 6*}, the individual reference models
generate a consensual trajectory, solution of p* := ¢(6*)v*,
that is, p;(t) = pj(t) for all ¢ > 0 and i, j < N. As
a result, they advance in the same direction while keeping
the formation. The orientation-consensus controller, which
is given in the following statement, is decentralized and
modifies the generic directed graph into one that typically
appears in leader-follower configurations—cf. [21].

Proposition 2 (formation scouting): Let v* be a given
constant velocity and, for w* as defined above, let 0% = w*
and p} := ¢(0;)v*. In addition, let

wi = —ku | > ai (0 = 0;) +b:(0; — 07) | + fi(1)Bi(=1),

JEN;

(25
where (3; and f; are as in Proposition 1, b; > 0 for at least
one node from which any other node can be reached while
b; > 0 for any other node, and a;; are such that the Laplacian
matrix L defined in (15) contains a unique zero eigenvalue
and all others have strictly positive real parts (the graph
contains a spanning tree). Then, for the closed-loop system,
limy 00 [Pi ()] = 0 and limy o0 6;(t) = im0 0*(¢). O

Proof: The closed-loop equations correspond to Egs.
(10a)-(10b) and, in terms of the synchronization errors, ey =
0—1N0%, g = —k‘w[L—l—B]eg—i-Oé(t, Z) —1yw®*, where B =
diag[b;]. Under the above-stated assumptions, [L + B] is a
non-singular M -matrix, so for any Q) = QT > (), there exists
a matrix P = PT > 0 that solves the Lyapunov equation
—P[L+ B] - [L+ B]TP = —Q (for details, see Theorem
4.25 in [29]). By construction, w*(t) = 0 for all ¢ > ¢y, so
the proof follows as in that of Proposition 1. [ ]

IV. SIMULATION RESULTS

We simulated two experiments involving a group of eight
vehicles interconnected as in the directed graph showed in
Fig. 1, which contains a directed spanning tree. The first
experiment consists in making all robots meeting around the
origin, so p* = (0,0)7, at the vertices of an octagon and
acquiring a common non pre-imposed orientation 6., so we

Fig. 1. Connection digraph for the eight communicating agents

use the controller (6)-(8). The initial positions on the plane
are depicted in Fig. 2 with a ‘o’ while the initial orientations
are set to 6(0) ;== [r/207/8 —w/8 /3 /5 —x /7 7/6].
The control gains were set to the same values for all robots,
in a way to produce a little oscillatory transient; we used
ki; = 3.5, k9; = 30, and k,, = 1. In addition, we used
fi(t) = cos(15t) — sin(35¢) and S3;(z;) = 2221;.

The paths followed by the robots on the plane are also
showed in Fig. 2 below, and their final consensual orientation
(0. =~ 35[deg]) is illustrated with pointing arrows.

6 | = Robot 1

= Robot 2

a4k Robot 3

= Robot 4

. = Robot 5

00" 2| = Robot 6

= = Robot 7

W ook — Robot 8
S

Yis

-10 -5 0 5
T, i€ [1. 8]
Fig. 2. Vehicles on the phase plane converging to a rendezvous point

2

1

i€ (1,8

0

6; [rad],

-1

d 10 20 30 40 50

time [s], i€ [1,8]
Fig. 3. Systems’ orientations achieving consensus

In Fig. 3 we show the variation of orientations. The
consensus errors in Cartesian positions rapidly become very
small in norm while the orientations take a longer to settle
due to the persistent, but vanishing perturbation f;(t)08;(z;)
in (8), needed to achieve set-point stabilization.

In a second simulated experiment, the robots gather in
an octagonal formation and advance in formation along
the consensual direction, only that in this case a virtual
orientation reference 6* = w* is accessed only by node 1
so by = 1and by =0,k € {2,---,8}. The squad is required
to advance at a constant speed v* = 0.05[m/s] along straight
paths and turning at an angular velocity of w* = 0.1[rad/s]



for pre-planned short periods of time. For this, we used the
controller (24)-(25). The paths followed by the vehicles are
showed in Fig. 4.
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Fig. 4. Systems’ paths on the phase plane converging to a formation and
moving with constant speed

V. CONCLUSIONS

The decentralized controller for formation-stabilization
and orientation consensus in Section III-B addresses, indi-
vidually for each robot, the problem of formation stabiliza-
tion and, in a decentralized multi-agent fashion, orientation-
consensus control. With such controller, moreover, a simple
task of formation-scouting may be achieved. Our contribu-
tions, however, are limited as they do not cover the case
of full-consensus formation control, i.e., including position-
consensus, nor forward velocity consensus. Specifically for
the latter, the use of second-order models appears imperative.
Designing a fully distributed controller to address these
problems over a directed graph containing a spanning-tree
for nonholonomic systems is to the best of our knowledge an
open problem. The Lyapunov-based analysis that we provide
may serve as basis to extend our results to these scenarii and,
in turn analyze robustness with respect to input disturbances.

REFERENCES

[1] Z. Lin, B. Francis, and M. Maggiore, “Necessary and sufficient graph-
ical conditions for formation control of unicycles,” IEEE Transactions
on automatic control, vol. 50, no. 1, pp. 121-127, 2005.

[2] D. A. Lizérraga, “Obstructions to the existence of universal stabilizers
for smooth control systems,” Mathematics of Control, Signals and
Systems, vol. 16, pp. 255-277, 2004.

[3] A. Dong and J. A. Farrell, “Cooperative control of multiple nonholo-
nomic mobile agents,” IEEE Trans. on Automatic Control, vol. 53,
no. 6, pp. 1434-1447, 2008.

[4] D. V. Dimarogonas and K. J. Kyriakopoulos, “On the rendezvous
problem for multiple nonholonomic agents,” IEEE Transactions on
automatic control, vol. 52, no. 5, pp. 916-922, 2007.

[5]1 E. Restrepo, I. Sarras, A. Loria, and J. Marzat, “Leader-follower con-
sensus of unicycle-type vehicles via smooth time-invariant feedback,”
in 2020 European Control Conference (ECC), pp. 917-922, IEEE,
2020.

[6] K. -C. Cao, B. Jiang, and D. Yue, “Rendezvous of multiple non-
holonomic unicycles-based on backstepping,” International Journal of
Control, vol. 91, no. 6, pp. 1271-1283, 2018.

[7]1 E. Montijano, J. Thunberg, X. Hu, and C. Sagiiés, “Epipolar visual ser-
voing for multirobot distributed consensus,” IEEE Trans. on Robotics,
vol. 29, no. 5, pp. 1212-1225, 2013.

[8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

A. Roza, M. Maggiore, and L. Scardovi, “A Smooth Distributed Feed-
back for Global Rendezvous of Unicycles,”IEEE Transactions Control
Netw. Syst., vol. 5, pp. 640-652, Mar. 2018.

A. Bautista-Castillo, C. Loépez-Franco, and E. Nuifio, “Consensus-
based formation control for multiple nonholonomic robots,” in 2016
IEEE International Autumn Meeting on Power, Electronics and Com-
puting (ROPEC), pp. 1-6, IEEE, 2016.

X. Peng, K. Guo, and Z. Geng, “Moving target circular formation
control of multiple non-holonomic vehicles without global position
measurements,” IEEE Transactions on Circuits and Systems II: Ex-
press Briefs, vol. 67, no. 2, pp. 310-314, 2020.

M. Ou, H. Du, and S. Li, “Finite-time formation control of multiple
nonholonomic mobile robots,’International Journal of Robust and
Nonlinear Control, vol. 24, no. 1, pp. 140-165, 2014.

A. Lofia, J. Dasdemir, and N. Alvarez-Jarquin, “Leader-follower
forma- tion and tracking control of mobile robots along straight
paths,” IEEE Trans. on Control Systems Technology, vol. 24, no. 2,
pp. 727-732, 2016.

W. Wang, J. Huang, C. Wen, and H. Fan, “Distributed adaptive control
for consensus tracking with application to formation control of non-
holonomic mobile robots,” Automatica, vol. 50, no. 4, pp. 1254-1263,
2014.

A. Saradagi, V. Muralidharan, V. Krishnan, S. Menta, and A. D.
Mahin- drakar, “Formation control and trajectory tracking of non-
holonomic mobile robots,” IEEE Transactions on Control Systems
Technology, vol. 26, no. 6, pp. 2250-2258, 2018.

X. Liang, H. Wang, Y. -H. Liu, W. Chen, and T. Liu, “Formation
control of nonholonomic mobile robots without position and veloc-
ity measurements,” I[EEE Transactions on Robotics, vol. 34, no. 2,
pp. 434— 446, 2018.

L. Consolini, F. Morbidib, D. Prattichizzob, and M. Tosquesc, “Leader-
follower formation control of nonholonomic mobile robots with input
constraints,” Automatica, vol. 44, no. 5, pp. 1343-1349, 2008.

P. Toannou and J. Sun, Robust adaptive control. ~New Jersey,
USA:Prentice Hall, 1996.

M. Defoort, G. Demesure, Z. Zuo, A. Polyakov, and M. Djemai,
“Fixed- time stabilization and consensus of nonholonomic systems,”
IET Control Theory & Applications, vol. 10, no. 8, pp. 2497-2505,
2016.

E. Nufio, A. Loria, and E. Panteley, “Leaderless consensus formation
control of cooperative multi-agent vehicles without velocity measure-
ments,” IEEE Control Systems Letters, vol. 6, pp. 902-907, 2021.

D. Liang, C. Wang, X. Cai, Y. Li, and Y. Xu, “Distributed fixed-time
leader-following consensus tracking control for nonholonomic multi-
agent systems with dynamic uncertainties,” Neurocomputing, vol. 430,
pp. 112-120, 2021.

X. Zhang, Z. Peng, S. Yang, G. Wen, and A. Rahmani, “Distributed
fixed-time consensus-based formation tracking for multiple nonholo-
nomic wheeled mobile robots under directed topology,” International
Journal of Control, vol. 94, no. 1, pp. 248-257, 2021.

M. Maghenem, A. Loria, and E. Panteley, “Cascades-based leader- fol-
lower formation-tracking and stabilization of multiple nonholonomic
vehicles,” IEEE Trans. on Automatic Control, vol. 65, no. 8, pp. 3639—
3646, 2019.

Y. Xu, Y. -P. Tian, and Y. Chen, “Output consensus for multiple non-
holonomic systems under directed communication topology,” Interna-
tional Journal of Systems Science, vol. 46, no. 3, pp. 451463, 2015.
S. Zhao, “Affine formation maneuver control of multiagent systems,”
IEEE Transactions on Automatic Control, vol. 63, no. 12, pp. 4140-
4155, 2018.

W. Ren and R. W. Beard, Distributed consensus in multi-vehicle coop-
erative control. London, U.K.: Springer verlag, 2008.

E. Panteley, A. Loria, and S. Sukumar, “Strict lyapunov functions
for consensus under directed connected graphs,” in Proc. European
Control Conference (ECC), (St. Petersburg, Russia), pp. 935-940,
2020.

T. D. Barfoot and C. M. Clark, “Motion planning for formations of
mobile robots,” Robotics and Autonomous Systems, vol. 46, no. 2,
pp. 65-78, 2004.

Y. Wang, M. Shan, and D. Wang, “A comparative analysis on rigid
and flexible formations of multiple differential-drive mobile robots:
a motion capability perspective,” in 2019 18th European Control
Conference (ECC), pp. 2077-2082, IEEE, 2019.

Z. Qu, Cooperative Control of Dynamical Systems: Applications to
Autonomous Vehicles. London: Springer-Verlag, 2009.



	Introduction
	Problem formulation
	Control approach and main results
	Rationale
	Formation stabilization
	Application to formation scouting

	Simulation Results
	Conclusions
	References

