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LOGO

Observerless Output-feedback Consensus-based Formation Control of
2nd-order Nonholonomic Systems

Antonio Loria

Abstract—We present a solution to the problem of formation
consensus control of second-order nonholonomic systems via
output feedback. We contribute with a distributed consensus con-
troller for force-controlled nonholonomic systems under the as-
sumption that the forward and angular velocities are not measur-
able. Our main statement establishes uniform global asymptotic
stability for the closed-loop system; this guarantees robustness
with respect to bounded disturbances, in the sense of Malkin’s
total stability, also known as local input-to-state stability.

Index Terms— Formation control, persistency of excita-
tion, nonholonomic systems, consensus, output feedback

[. INTRODUCTION

Formation control consists in making a group of multiple mobile
robots acquire positions (and possibly orientations) in a desired
geometric pattern, in order to maneuver as a whole [1]. As such, it
consists in two distinct problems: that of consensus-based formation,
(also known as rendezvous [2], [3]) and formation-tracking, in which
case a trajectory imposed by a (possibly fictitious) leader is to be
followed [4]-[6]. The distinction is important because, in contrast
to the case of holonomic systems, for systems with nonholonomic
constraints stabilization is not a particular case of trajectory tracking.
Indeed controllers that solve one problem generally cannot solve the
other [7]. Let alone for multi-agent systems.

The consensus-based formation problem fundamentally differs
from that of formation-tracking in that in the former there is no
pre-specified reference. That is, consensus-based formation is a pure
consensus-seeking problem in which the stabilized manifold of equi-
libria depends on the systems’ initial conditions, the graph topology,
and the systems’ dynamics [8]. Now, although the understanding of
the consensus paradigm is well established for robots modeled as
simple first- and second-order integrators, even under consideration of
network aspects as proximity constraints [9] or communication delays
[10], none of these approaches apply to consensus of nonholonomic
systems. Indeed, this problem inherits the difficulties found both in
cooperative control of networked systems and those related to set-
point stabilization under non-integrable velocity constraints [11], so
the literature on consensus of nonholonomic systems is more scarce.

For instance, in [12] and [13] the problem for systems in so-called
chain form is addressed and in [2] a discontinuous controller that
applies even under proximity constraints is proposed; see also [14]
in which, in addition, the collision avoidance problem is addressed.
In [15] the authors use the elegant reduction theorems to address a
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problem of consensus stabilization on circular formations. Neverthe-
less, with the exception of [S] and [15], in the latter papers, as well as
in several works on formation-tracking control, including [4] and [6],
nonholonomic systems are modeled as first-order systems involving
only the kinematics equations that encode the non-integrable velocity
constraints. Nonholonomic systems, however, are best modeled as
second-order systems in which a force-balance equation, most typ-
ically expressed in Lagrangian form, is also considered —see, e.g.,
[16]-[19].

In this Technical Note we address the consensus-based formation
control problem for 2nd-order nonholonomic systems —cf. [5], [15].
The originality of the controller proposed here resides in that it
relies only on position and orientation feedback, but the velocities
are not measured. Indeed, output feedback control of nonholonomic
systems has been addressed in the context of trajectory-tracking for
a single nonholonomic robot, e.g., in [16], [18], [20], and [21], but
it has been scarcely studied in a multi-agent-systems setting. For
instance, in [5] a discontinuous leader-follower formation-tracking
controller is designed to follow a predetermined reference trajectory.
The controller that we propose here is smooth and time-varying. It
contains correcting terms proportional to consensus errors and their
dirty derivatives, as well as a persistently-exciting term that excites all
modes in the system to overcome the stabilization obstacles imposed
by the nonholonomic constraints —cf. [22]. A downside of such
controllers, however, is the difficulty of tuning the control gains to
avoid excessive oscillatory behavior [23].

In contrast to some of the above-cited references, important aspects
related to the network, such as preservation of connectivity, time-
delays or, in robotics applications, obstacle-collision-avoidance, are
not broached. Yet, a formal analysis is made to establish uniform
global asymptotic stability for the closed-loop system. This property
goes well beyond the mere (non)-uniform convergence property
more often encountered in the literature. Indeed, for time-varying
systems, only uniform global asymptotic stability (UGAS) guarantees
robustness with respect to bounded disturbances, in the sense of
Malkin’s total stability [24].

The rest of this Technical Note is organized as follows. The
problem formulation is presented in Section II, followed by the
rationale of our control approach, in Section III. The main result
is stated in Section IV and numerical simulations are provided in
Section V. Concluding remarks are given in Section VI

II. MODEL AND PROBLEM FORMULATION

Consider a group of N differential-wheel mobile robots moving
on a plane. Denoting by z; := [z; y;]| € R%, withi € N :=
{1, ..., N}, the Cartesian position of one robot’s center of mass and
by 6; € R the vehicle’s orientation, the velocity kinematics for the
i-th robot is given by the equations

z; = wv;cos(6;) (1a)
gi = w;sin(6;) (1b)
0; = w, ieN (1¢)

where v;, w; € R are the linear and angular velocities of the center of
mass. Such model is often considered in the literature on cooperative



control of nonholonomic systems —see, e.g., [2], [4], [6] and [11]. In
this Technical Note, however, we adopt a more appropriate 2nd-order
model which includes the velocity dynamics equation

m; 0 'Di 1 1 1 )
[0 Il] L}J T [2Ri —2RJ T
where m; is the robot’s mass; I; is the moment of inertia; R; is
the distance between the point z; and the wheels; 7; is the radius of
the wheels; and 7; is the control input torque of the left and right
wheels, ie., 7, = [T,L'l,Tir]T. For analysis purposes, it is assumed
that the center of mass is placed on the axis joining the two wheels’
centers. Otherwise, Coriolis and centrifugal forces terms should be
included in (2) —cf. [16]-[19]. These are considered in Section V.
Let z¢ := [:cc yc]T denote a point on the Cartesian plane that is not
specified a priori and is unknown to any robot. Let this point be the
center of a formation pattern constructed by defining constant vectors
originating in z., denoted d; = [J;x 5iy]T. For each i € {1... N},
the vector d; is defined so as to determine a desired position for the
i-th agent with respect to z., thereby defining a formation centered
at zc. Then, defining Z; := z; — J; the consensus-based formation
control goal consists in ensuring that

(@)

lim (Z(t), 05(), vi(t), wi(t)) = (ze,0c,0,0), Vi€ N.

t—o00

3)

It is assumed that each robot possesses sensors to measure its
Cartesian position, z;, and its orientation, 0;, but the forward and
angular velocities, v; and w;, are not measurable.

Regarding the network topology we assume that the robots com-
municate their own measurements with a set of neighbor robots
located in sufficient proximity for the network interconnection to
be established, but not necessarily close enough for relative-distance
sensors to be effective [11]. Note that it is natural to assume that if a
pair of robots establish an interconnection, the flow of information is
bidirectional hence, the robots’ network topology may be described
using an undirected weighted graph. This is commonly defined via a
Laplacian matrix, L € RNXN , whose entries are defined as

> Wik
fij =

]CE./\/Z'
—w;j

where N; is the set of agents communicating with the ¢-th robot. The
interconnection weight, w;;, is positive if the pair of nodes (3, 7) is
connected; otherwise, w;; = 0. It is also assumed that the graph is
connected, so L is symmetric positive semi-definite and possesses a
unique null eigenvalue.

Remark 1: Consensus of nonholonomic systems under less strin-
gent graph conditions are considered, e.g., in [2], but in a state-
feedback control context. .

ifi=j, Vi, jeN

(C))

otherwise,

I1l. CONSENSUS-BASED FORMATION CONTROL

For the purpose of control design and stability analysis, we derive
now a dynamical model for which the control problem may be
formulated as one of stabilization of the origin. To that end, we define
@i :R—R%Zand & : RN — RZVXN a5

cos(6;)

wi(0;) == {sin(ﬁi)} D(0) := blockdiag[g@i(ﬁi)} 5)

where 6 := [0 --- GN]T. Then, we use (1) and zZ; = z; — §; to
derive the equations

(6a)
(6b)

ACH
01' = Wi .

Next, we perform a change of variable to “normalize” the control
inputs. That is, let

i my L/2R; | e
T [mi —1;/2R; | |uwi]’ M
so the velocity-dynamics equations become
Vi = Ui (8a)
Wi = Uy (8b)

From a control viewpoint, beyond the weak convergence property
expressed by (3), it is desired to design decentralized dynamic output-
feedback controllers with state (. and control laws (¢, z;,0;, () —
Ui (¢, Zi, 05, Ce) and (¢, Z;, 05, Ce) = uwi(t, Z;, 05, Cc) which depend
on the measurable positions and orientations, z; and 6;, as well as on
the controller state variable, ., such that the origin for the closed-
loop system is uniformly globally asymptotically stable. To that end,
we define the consensus errors

e = Z wij (zi — %) , ©)
JEN;
i = Y wij (0; —0;) (10)
JEN;
and we introduce the smooth control laws
Uyi = *kdvi@i(ei)—rﬁm' *kpviﬁpi(ei)—rei: an
Ui = —kgwiVwi — kpwiegs + i (t,0;,€),  (12a)
ai = kaiti(t)i(0:) e, (12b)
where kd'ui7 kp'uiy kdwis kpwi’ kai >0,
©i(0;)F = [—sin(6;) cos(6;)]

is the left annihilator of ;(6;), ie. @i(0;) pi(0;) =
©i(0:) T [@i(0:)F]"T = 0, and the function v; : R>g — R is cl,
bounded, has bounded derivative, and is persistently exciting —see
Proposition 1 farther below. The variables 9,; and 9,,; are defined
dynamically as

Qui —Qyg (qm + bvizi) ) (13a)
Yoi = Qui +byiZi, aui, by; >0 (13b)
and
Gui =  —awi (qui + bwith), (14a)
Vi = Qui+ buwibs, Gwiy buwi > 0. (14b)

The dynamic controller defined by Eqgs. (11)—(14) is, essentially, of
the proportional-derivative type, with the added time-varying term «;
—cf. [22]. In particular, the terms —k g,;p; (Gi)Tﬂm- and —kg.,;004
are responsible for injecting appropriate damping to achieve asymp-
totic stabilization. However, in place of velocity measurements 2; and
w; the variables 9,; and 4,,; are used. These may be regarded as the
outputs of approximate-differentiation (low-pass) filters which, in the
frequency domain, correspond to

byi - b;
Yz Vi = ——w;. (15)

"~9vi = %
S+ ay; S+ au;

Such ad hoc replacement for the velocities is often used, e.g., in
control of robot manipulators, since the seminal paper [25]. Now,
the system (6) in closed-loop with the controller defined by Egs.
(11)-(14) is given by
0= w;
Xwi Wi = —kdwiVwi — kpwiegi + o (L, 65, €;)
Yoi = —ui¥wi + buwiw;.

(16)



zZi= i(0i)v;
Yvi ,'[)'i = —kd'ui‘)oi(e’i)—r'ﬂvi - Pvi(pi(ei)Tei an
Vyi = —ayi¥vi + byiwi(0i)v;-

Several structural properties of the closed-loop system above are
worth remarking. On one hand, note that both X,, and X,; are
reminiscent of second-order systems coupled with first-order low
pass filters. To better see this, consider X,; with o; = 0 and
Yw; = w;. Then, we recover a linear second-order system for
which the consensus manifold {w; = 0, ey, = 0} is asymptotically
stable [8]. What is more, replacing eg; with 6; in the first two
equations in (16), we observe that these equations correspond to an
ordinary second-order linear system and the control gains ky.; and
kq.i determine the fundamental frequency and damping coefficient
respectively. Thus, with o; = 0, the equations (16) correspond to
those of two stable feedback-interconnected systems. Furthermore,
letting aside the nonholonomy expressed via ¢; in (17), 3,; has
similar structural properties. On the other hand, note that if in (17)
we replace the state variable 6; with the corresponding trajectories
0;(t), which are (part of the) solutions of (16), then X,; may be
regarded as a decoupled linear time-varying system —cf. [26, p.
657]. Correspondingly, 3.,,; may be considered as a system that is
“perturbed” by «;, which is a function of e; so it is both an output of
i and an “input” to X,;. Thus, the closed-loop system X,;—>,;
may be considered as if interconnected in cascade! .

These observations are useful in understanding the stabilization
mechanism in play. For cascaded systems uniform global asymptotic
stability of the origin follows if three basic conditions are met: 1)
the origin for the perturbed system without input (i.e., with o;; = 0),
30> 18 UGAS; 2) the origin for the perturbing system, 3,,;, is UGAS,
uniformly in the trajectories 6;(¢); and 3) the solutions of X,; are
uniformly globally bounded. Now, UGAS of the origin for ¥.,; may
be established as per the rationale above. UGAS of the origin for
Ylvi comes after similar considerations as for ,;, in addition to the
fact that v; is persistently exciting. Indeed, this property guarantees
that a; #Z 0 unless e; = 0 —see (12b). Therefore, the “perturbation”
oy; persistently prevents X, to stabilize at unwanted equilibria while
the consensus errors e; perdure. Uniform global boundedness of the
solutions of 3,,; with a; #Z 0 follows by proving, in addition, that the
trajectories e;(t), and hence the “perturbation” «;(t, e;(t), 6;(t)), are
bounded. Our main result and its proof constitute a formal statement
of these intuitive arguments.

IV. MAIN RESULT

We start by rewriting the closed-loop equations for the N robots
T]T >

in compact form. To that end, let e := [elT ~~-el¥ , 2 =
[z "'Z&F’ vi=[v; - un]T, eq = [egy --ean]’, 0 =
[91T “'HN]Tv w = fwr - WN]T, Oy = [7931 ) 191TN}T7
and Yo, = [Uy1 -+ Yun] , as well as o = [ag -+ ay]

and the control gains Ky, := diaglkgyi], Kqo = diaglkquil,

Kpy = diaglkpyi], Kpw := diaglkpu:], Av = diagla,;] ® 2,
A = diagaw;], By = diaglby;] ® I2, By, := diag[b,,;], where
the matrix I corresponds to the 2 X 2-identity-matrix and ® denotes
the Kronecker product. Then, the closed-loop may be rewritten as

6 = w
Yo w = —Kg,0u — Kpweg + aft,0,e)
Y9 = —Awdw + Bow

(18)

ISee [27] for a more detailed explanation of how feedback-interconnected
systems may be considered as if interconnected in cascade.

z = o)
Sy b o= —Kgu®0) 0y — Kpu®(0) e
Dy = —Aydy+ By®(0)v

19)

where, in addition, we stress that e = £z, with £ := L ® I>.

Proposition 1: (Main re;sult) Consider the system (18)—(19). As-
sume that for each ¢ € N, there exist cy;, p; and T; > 0, such
that

IA

max { [ti]oc, [P0 } Cpi (20)

T ,
/ Yi(s)7ds >
t

where [iloc = sup;>q [¢;(t)|. In addition, assume that all the
control gains Ay, Aw, By, Bu, Kiy, Kaw. Kpv, Kpw, and Ko are
positive definite and By, is sufficiently large, such that

V>0 1)

By > 2L, (22)

ie, (Bw — 2L) is positive semi-definite. Then, the origin,
(e,e9,v,w, %y, Y%w) = (0,0,0,0,0,0) is uniformly globally asymp-
totically stable. In particular, under the action of the controller
defined by Eqgs. (11)—(14), the system (6) achieves full consensus,
i.e., (3) holds.

Remark 2: The condition (22) imposes a lower bound on each
byw; depending only on a bound on the interconnection strength of
the links involving the i-th robot and its neighbors. Also, the factor
‘2’ is used to simplify some computations in the proof, but (22) may
be relaxed to imposing that (B, — L) be positive definite. .
Proof of Proposition 1. According with the rationale given pre-
viously, we follow three logical steps and we invoke a cascades
argument, specifically, [28, Lemma 2].

Step 1: UGAS of Xg,.— Consider the system (18) with e = 0, hence,
with o = 0. The proof follows invoking the Generalized Matrosov’s
Theorem [29]. Let K, := K ;U} Ky.,Bo ! and consider the functions

1

2

Wa(w,dw) = —w 'y,
Ws3(0,w) := egw,

Wi (0, w,00) = [WTK;JM + 9] Kb + (fLe] . (23a)

(23b)
(23¢)

where eg = L. The function W is positive definite in the space of
(eg,w, Vw) since there exist c; and cg > 0 such that

Cl|€9|2 < 0" Lo < c2\69|2. 24)

—see [30, Lemma 1]. Next, we evaluate the derivatives of Wy, Wa,
and W3, along the trajectories of (18) with o = 0. For W we obtain

Wi = -9 KoAwbo = Yur(eg,w,¥0) < 0. (29

It follows from the latter that the origin, {z,, = 0}, where zy :=
[e",v", 9], is uniformly globally stable for $2,. Now, the total
derivatives of Wy and W3 yield

Wo = —w " Bow + 9, [Aww + Kpweg + K] (26)
=: Yy2(eg,w, V)
: T T T
W3 = —eg Kpweg — Uy, Kquep +w Lw 27

= ’u)3(697w719w)

We see that Wy is negative semi-definite on the set {Yw1 = 0},
Wy is negative definite on the set {Y,,1 = 0} N {Yy2 = 0} and
all Yy,;, with ¢ € {1,2,3}, are zero simultaneously if and only if
(eg,w,Yw) = (0,0,0). UGAS of the origin for X, follows from
[29, Theorem 1].



Step 2: Uniform boundedness of the solutions of 3,.— Let 1, €2 > 0
and consider the function W : R>q x R3N — R>g,

W(t707w7ﬁw) = W1(97w7l9w) +€1W2(w719&)) =+ 52W3(0,W)-

This function is positive definite in (eg,w, Jy,) for sufficiently small
€1 and €9 > 0. Its total derivative, using (18), yields

W = Y1 +e1Yu +e2Yus
+ aflt, 0, e)T[Kp_wlw —e1%w + e2¢eg).
Now, define k7 and kM as the smallest and the largest elements of

a diagonal matrix Kx« > 0. After some direct computations, using
(26) and (27), we see that

. 1
Wgﬂ[kmamww bZL|w| + ok |eg) }

+\a|[ |w\+51ww|+sz|ee\]

—wT [ 5 By, — EQL]OJ - — [bm — 2Xay, ] |w|2
1

—5 [Ral = 5ol + kol + 22kdL] — Sk vl
1

[egkzzj - )\[81]6% + 52k%)] ] leal? (28)

2
where €1, €2, and A € (0,1). On the right-hand side of the previous
expression, the third term is non-positive, e.g., if €1 = €2 and in view
of (22), the fourth and last terms are non-positive for sufficiently small
values of A, while the fifth term is non-positive for sufficiently small
values of €1 and 5. Hence, let €1 = €9 =: € and b} := 20)\ai,w
with ¢ > 1. Then, the last term is non-positive if

km
ey @)
because
B kL, _ by k.,
CbMEM T 2ehalOM KM
while the before-last term is non-positive if
bm kdw aw (30)

e < .
= 2cal o} KDL (ol + KJL + (A + 1)K ]

In turn, (29) and b7} = 2cAal impose that

o Fopio + kg, b

ko all’

Remark 3: If necessary, the value of £ computed to satisfy (30)
for an arbitrary ¢ > 1 may be redefined. °

Thus, W is bounded from above by the first two terms on the
right-hand side of (28) so, for all |z,| > 1, any co > 0 and all
a < ca, we have W < 0. That is, the solutions ¢ +— () are
uniformly globally bounded provided that so is «(t, 6, e(t)) which,
in view of (20), holds if e(¢) is uniformly bounded. This is proved
next.

Consider, the system 3, with 8 = 6(¢), the latter corresponding
to (part of) the solution to Egs. (18), and the Lyapunov function
candidate

Vi(2,0,90) ::%[UTK;}UW Ky Kay By 002" £2]. G1)

This function is positive definite in (e, v,?), where e = LZz. Indeed,
there exist ¢1 and co > 0 such that

cile]? < 7Lz < calel?. (32)

—see [30, Lemma 1]. Furthermore, using the first equation in (19)
we find that the total derivative of V7 along the trajectories of X,
yields

Ky == Kpy Kgy Byt Ay

Vi = -9, Kybo, (33)

for all (z,v,9,) € RPN, Since V; < 0, it also follows that

Vi(2(t),v(t), 90 (t)) < Vi(Z(to), v(to), Du(to)) for all t > to > 0.
In view of (23), it also follows that, defining,

Ty = [eT wT,ﬁg]T (34)
there exists ¢, > 0 such that

[zv|oo < cvlzu(to)l, (35)

which implies uniform global stability for the origin of ¥,, hence
uniform global boundedness of x4 (t).

Remark 4: Technically, the equations (19) are defined only on the
maximal interval of solutions of ¢ — 0(t), [to, tmax) With tmax <
+00, so the bound (35) holds only for all ¢ € [to, tmax). Forward
completeness of (18)-(19), however, follows from the fact that (33)
and (28) hold along the system’s solutions on any maximal interval
of existence, [to,tmax) for any tmax > to. By continuity of the
solutions in the initial conditions this interval may be extended up to
tmax = +00. o
Step 3: UGAS of the origin for ¥, with = 0(t).— We proceed as
in Step 1. First, in view of (33) and the uniform global boundedness
of the solutions, the origin for 3, with 6 = 0(t) is globally stable,
uniformly in the initial conditions and in 6(t). Next, consider the
functions ®(-) := ®(4(-)),

Va(t,v,9y) 1= —v ' () D, (36)
Va(t,e,v,) =0 &(t)" (37)
and
B t+T B
Valte) = —J@(t)”/ W) Tw(r)dr B(1) -
t

where U(t) :=diag[+;(t)], i € N. These functions are defined on
[to,00) for any to > 0, are smooth, and uniformly bounded in ¢.
Now, the total derivative of V2 (¢, v,y ) along the trajectories of Xy
with 6 = 0(t) yields

Va(t,0,00) =—v| Byv+ [[Q() ® I)®(6)FT + Avcf(t)]v],
05 [ SO [Kan®(t) 00 + Kpo® (1) e]

which is negative semi-definite on the set {V; = 0}. In the
computation of Vo we used ®(0) = [Q ® I]®(0)L" where
Q :=diag[w;]. Next, define & (t,e) := ®(t) e; then, the total
derivative of V3(¢, e, v) yields

V3 (tv €, U) = _51 (t7 e)TKP’Ufl (t7 6) - ﬁl—lr(i(t)Kdvgl (t, 6)
ol [(i)(t)J‘[Q(t) ® Dle + é(t)%é(t)v] ,
which is negative semi-definite on the set {V; = 0} N {Va = 0}.

Finally, we ~evaluate the total derivative of V4. To that end, define
£a(t, e) := B(t) e then,

. T t+T T
Va(t,e) =Va(t,e) —262(t, €) / W(r) ¥(r)dr | %
t
[ o) [Q® Le + é(t)lcé(t)u} ,
where we used ®(0)- = —®(0) " [Q® I5]. Now, let 1 := min{y;}
and T := max{T;} where 1; and T; are as in (21) and observe that

Vi < —pe “Teo(t, e)| We see that V; is negative semi-definite on
the set {V; = 0} N{Va = 0} N {V3 = 0}. Moreover, V;, with i < 4



are equivalently equal to zero if and only if v =9, =& =& =0,
while £ = & = 0 if and only if e = 0. Thus, V; = 0 for all
i < 4 only at the origin, {z, = 0}. UGAS follows invoking the
Generalized Matrosov’s Theorem [29, Theorem 1]. |

Remark 5: The proposed controller may be modified to address
the problem in which the robots are required to converge to a given
desired constant orientation 6;, as opposed to a common, not pre-
imposed one, 6.. This may be achieved by replacing the orientation
error (10) with

eoi = Y wij (0 —0;) + Y bib;,

jeNi JGNl

where 6; := 6; — 6,4, b; > 0 if the ith-robot has access to the desired
orientation 64 and b; = 0 otherwise. The result follows provided that
at least one robot has access to 0. °

V. SIMULATIONS

Numerical simulations in Matlab™ Simulink™ under two different
scenarii were performed to illustrate the controller’s performance.
The simulation setup consists in six robots required to meet at an
unknown rendezvous point while forming a hexagonal pattern. The
latter is defined by setting the offsets (04, dy;) to the values showed
in Table I below. The robots’ initial conditions are also given in Table
I and the robots’ parameters were taken as in [31]: m; = 10.4kg,
I; = 3kgm?, R; = 0.3m, and r; = 0.05m.

TABLE |
INITIAL CONDITIONS, RELATIVE DESIRED POSITIONS,
AND DESIRED ORIENTATIONS.

R1 R2 R3 R4 R5 R6
z:(0) | 5 7 7 3 1 1
v | 2 | 55 35 2 | 35 ] 55
0;0) | 0 | —w/4 | —7/2 | w/4 | ®/2 | w/4
60, | 2 1 -1 2 | - 1
5y, | 0 2 2 o | 2| 2

It is assumed that the vehicles are interconnected according to a
cyclic graph topology as illustrated in Fig. 1 below, with unitary
interconnecting weights.

Fig. 1. Graph representation of the interconnection topology

The linear- and angular-velocity dynamics, >y, and X, corre-
sponding, essentially, to second-order systems coupled with low-pass
filters, the controller gains may be selected following a rule of thumb
based on the tuning of an ordinary second-order system. Hence,
they were set to kp; = 300, kg; = 600, kpw; = 30, kg = 60,
koi = 15 in order to damp transient oscillations. Regarding the
gains of the filters, as expressed in (15), they were set so as to
have a unitary DC gain and filter out “high” frequencies. Hence,
they were set to ay; = by; = awi = by = 10. Finally, for 1; to
satisfy (21) we used the periodic (hence persistently exciting) function
;i (t) := 2.5 + (4/7) sin(0.5¢) for all agents, but it may be chosen
differently for each of them.

The paths followed by the robots on the plane are illustrated in
Figure 2. We observe that all the robots converge to the desired
hexagonal formation. The center of the latter is at the point (z¢, yc) =

55 [ T T T T T ™
35 9
=)
=
w 15 F 9
051 Robot 1 1
5 Robot 2
T Robot 3
25 Robot 4 4
Robot 5
Robot 6
-4.5 by L L L L L =
-15 0.5 25 4.5 6.5 8.5 10.5
z; [m], i€ [l,6]

Fig. 2. Path followed by the robots on the plane

(2.22, —1.95). The final coinciding orientations of the robots, which
settle at approximately 6. = 1.85rad, are depicted using vectors.

For the purpose of illustrating the robustness of the controller
relative to parametric uncertainty, neglected dynamics, and measure-
ment noise, a second simulation was performed in which there is a
discrepancy between the actual values of the mass, the inertia, and
the location of the center of mass and those considered for the control
design. Also, white noise of zero mean and standard deviation equal
to 2% was added to the position measurements, to account for sensor
defects [32]. It is assumed that the value of the mass and moment of
inertia are inaccurate by a 10% of their value and the center of mass
is located off the axis connecting the two wheels. The misplacement
of the center of mass entails neglected quadratic Coriolis terms, %w%
on the left-hand side of equation (8a) and —rgz” w;v; on the left-
hand side of equation (8b) —cf. [17].
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Fig. 3. Cartesian positions and orientations converge to consensual
values despite parametric uncertainty and unmodeled dynamics

In Figure 3 are showed the Cartesian positions and orientations
converging to, and remaining within a neighborhood of, consensual
values. The relatively small steady-state error is also appreciated in
Figure 4 —notice the deformed gray hexagon.

The transient behavior, which in this simulation is clearly unfit-
ting from a robotics viewpoint, may be improved by re-tuning the
control gains. For the sake of fair comparison, however, the control
gains and the initial conditions are deliberately set as in the first
scenario (in which the Coriolis terms, the measurement noise, and



the parametric uncertainty are neglected). Indeed, the purpose of the
second simulation is to illustrate the robustness provided by uniform
global asymptotic stability, that is, in the sense of total stability. In
that regard, it is also worth recalling that only uniform asymptotic
stability, and not mere non-uniform convergence (as it is more often
encountered in the literature), guarantees total stability.

The paths on the plane are illustrated in Figure 4. Even though
the intersections do not necessarily happen simultaneously, it shows
the importance of improving our controller with collision-avoidance
strategies.

T T

11 F|— — —Robot 1

— — —Robot 2

— — —Robot 3

9l — — —Robot 4

— — —Robot 5

= — — —Robot 6
=,
w
=

z; [m],

i€ [1,6]
Fig. 4. The robots on the plane converge to a hexagonal formation and

consensual orientation despite parametric uncertainty and unmodeled
dynamics, albeit an oscillatory transient

VI. CONCLUSIONS

The rendezvous control problem for 2nd-order nonholonomic sys-
tems, without velocity measurements, may be addressed via smooth
control laws of proportional-derivative type, by replacing the unavail-
able measurements with an ad hoc dirty-derivative filter. This result
may serve as basis for further work on output-feedback formation
control problems involving the relaxation of the assumptions made
here on the network’s topology and the nature of the interconnec-
tions. Also, it appears important to extend this work to models of
nonholonomic systems involving Lagrangian dynamics.
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