
HAL Id: hal-03442759
https://hal.science/hal-03442759v1

Submitted on 23 Nov 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Leaderless consensus formation control of cooperative
multi-agent vehicles without velocity measurements

Emmanuel Nuño, Antonio Loria, Elena Panteley

To cite this version:
Emmanuel Nuño, Antonio Loria, Elena Panteley. Leaderless consensus formation control of cooper-
ative multi-agent vehicles without velocity measurements. IEEE Control Systems Letters, 2022, 6,
pp.902-907. �10.1109/LCSYS.2021.3087095�. �hal-03442759�

https://hal.science/hal-03442759v1
https://hal.archives-ouvertes.fr


Leaderless consensus formation control
of cooperative multi-agent vehicles

without velocity measurements
Emmanuel Nuño Antonio Lorı́a Elena Panteley

Abstract— We address the full-consensus problem for
multiagent nonholonomic systems via output feedback.
That is, consensus both in position and orientation con-
sidering the latter as the measured output. The controller is
dynamic, but it does not rely on a velocity estimator, it relies
on a dynamic extension that has a clear physical interpre-
tation, as a mechanical system itself. Roughly speaking,
it is showed that the consensus problem may be solved
indirectly, by achieving consensus of the controllers them-
selves and, then, coupling each of these to each vehicle, via
a virtual spring. Simulation tests are provided in the present
manuscript to show the performance of our proposal.

Index Terms— Formation control, persistency of ex-
citation, output feedback, nonholonomic systems, au-
tonomous vehicles

I. INTRODUCTION

THERE is a broad variety of problems that pertain to
cooperative multi-agent systems in robotics, particularly,

in mobile robotics, such as reconnaissance missions. In that
scenario, it is typically required from the vehicles to advance
in formation, perhaps following a leader, virtual or otherwise.
This leads to the problem of formation-tracking control for
multiagent systems, which has been studied under various con-
ditions, see for instance [1]– [6]. This problem is sometimes
called leader-follower consensus —cf. [7], [8] as opposed to
the problem of leaderless consensus, which is reminiscent of
the classical consensus paradigm in which the states of a group
of systems converge to a common equilibrium.

If it is expected that both the vehicles’ positions and
orientations converge to a common value we speak of full
consensus [9], [10]; otherwise, if consensus is to be achieved
only in position [11], [12] or only in orientation [6], we speak
of partial consensus. Because the robots can obviously not
occupy the same physical space simultaneously, a formation
pattern with an unknown center must be imposed. This is done
by simply specifying for each robot, an offset position from
the unknown center. See Fig. 1 for an illustration.
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The significance of each of these distinct problems, leader-
less and leader-follower consensus, cannot be overestimated.
They are, together, constituting parts of a more complex co-
operative maneuvering task [13]. For instance, leaderless con-
sensus may be considered as a preliminary stage to formation-
tracking control.
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Fig. 1. Robots reaching full consensus-formation: they meet around a
set-point with common orientation

In this paper we address the problem of leaderless consensus
formation control for multi-vehicle systems under the follow-
ing scenario. A group of mobile robots, each equipped only
with position and orientation measurement sensors, is required
to meet at a rendezvous point not given a priori, but which
depends on the initial positions and orientations of the robots
and the network topology. The robots are assumed to be able
to communicate through a wireless network; not in an all-to-all
topology, but each robot is connected to at least one neighbor,
bidirectionally.

Our main contribution is a novel controller of remarkable
simplicity. Being a dynamic system itself, the controller is
reminiscent of a trivial second-order mass-spring dynamical
system. The stabilization mechanism relies on the appropriate
virtual coupling of each controller to a vehicle. That is, it is
consensus of the controllers themselves that is achieved in the
first place and, due to the virtual coupling with the controller,
consensus of the vehicles follows. Consequently, our control
approach obviates the use of observers.

From a systems viewpoint, the controller is dynamic and
uses output feedback (the output of each robot corresponding
to its position and orientation) while the problem addressed
is that of consensus in the measured outputs. Such problems
have been studied in the literature, e.g., for high-order linear
systems [14], vehicles considered as double-integrators [1],



[3], [15] or systems with holonomic constraints [5]. None of
such appoaches, however, applies to nonholonomic systems.
On the other hand, in spite of the many articles on control of
nonholonomic systems, very few address the output-feedback
control problem in a multiagent setting; see, e.g., [2], [16] on
the leader-follower problem or [17] on leaderless consensus
via output feedback, using approximate differentiation.

In the next section we present the problem formulation. In
Section III we present our main result; a stability proof is
provided in Section IV. Numerical illustrative simulations are
presented in Section V, before concluding with some remarks
in Section VI.

II. MODEL AND PROBLEM FORMULATION

Fig. 2. Schematics of a group of differential wheeled mobile robots
communicating over a wireless network.

Consider a group of N force-controlled differential-drive
autonomous vehicles, as depicted in Figure 2. Each of these
vehicles is assumed to be torque-controlled at each wheel
independently; we denote these torques τi1 and τi2. The
position of the ith robot on a fixed frame is given by the
2-dimensional vector of Cartesian coordinates zi := [xi yi]
and its orientation with respect to the abscissae is denoted θi.
Furthermore, denoting by vi and ωi the vehicle’s forward and
angular velocities, respectively, the full dynamic model for the
ith robot is given by the following equations:

żi = ϕi(θi)vi, ϕi(θi) := [cos(θi) sin(θi)]
> (1a)

v̇i =
1

rimi
[τi1 + τi2] =: uvi (1b)

θ̇i = ωi (2a)

ω̇i =
2Ri
Iiri

[τi1 − τi2] =: uωi. (2b)

For control design purposes, we also introduce the inputs uvi
and uωi. These quantities depend on the robot’s mass mi, on
the moment of inertia, Ii, on the radius of the wheels, ri, and
on the distance between a point Qi at the center of the robot
and the wheels, Ri. For simplicity, all robots are assumed to
be identical, but this is not conservative since, as we describe
below, the control approach is distributed, so each controller
depends only on the parameters of the actual robot. From a
dynamical systems viewpoint the model (1)-(2) consists in
two second-order dynamical systems, one which represents
the forward motion —Eq. (1)— and one corresponding to the

orientation dynamics —Eq. (2)—. This model captures well
the physics of the vehicle [18].

Then, the full leaderless consensus (or rendezvous) problem
consists in requiring that all the robots acquire a desired
formation pattern relatively to a static point, zc that is not
given a priori and a common angle, θc. See Fig. 1 for an
illustration.

It is assumed that the network contains at least one spanning
tree (any node is reachable from any other node), which is
the minimal configuration to achieve consensus. Therefore,
each robot communicates only with nearby neighbours —see
Figure 2. It is also assumed that the communication channels
are bidirectional and static. Such topology may be represented
by an undirected, static and connected graph that may be
modeled a constant Laplacian matrix, L := [`ij ] ∈ RN×N ,
where

`ij =

{ ∑
k∈Ni

aik i = j

−aij i 6= j,
(3)

Ni ⊂ Z is the set of indexes corresponding to robots
transmitting information to the ith robot, aik > 0 if k ∈ Ni
and aik = 0 otherwise. By construction, L1N = 0, where
1N = [1 · · · 1]> and L is symmetric, it has a unique zero-
eigenvalue, and the rest of its spectrum is strictly positive.
Thus, rank(L) = N − 1.

The physical formation that the robots are required to gather
into may be defined by setting distance offsets for each robot.
We denote these offsets by δxi and δyi. Then, for each robot
we define the translated position vector z̄i := zi − δi. Then,
the consensus problem is tantamount to designing uvi and uωi

so that

lim
t→∞

vi(t) = 0, lim
t→∞

z̄i(t) = zc, (4)

lim
t→∞

ωi(t) = 0, lim
t→∞

θi(t) = θc ∀ i ≤ N, (5)

where (zc, θc) is a unique equilibrium point for (1)–(2).
Furthermore, it is assumed that each robot is equipped only

with position sensors that is, for each robot only the Cartesian
coordinates zi and the orientation angles θi are measured and
constitute the output of the system.

III. CONTROL APPROACH

The control design primarily relies on structural properties
of the system that may be well explained via linear 2nd-order
mechanical systems. Thus, to motivate and better present our
control design approach and as an academic example used
as a starting point for our controller design, let us consider
the consensus problem for a group of N simple double-
integrator systems, each communicating with nearby agents
whose indexes belong to the set Ni, that is,

q̈i = ui, qi ∈ R. (6)

In these systems qi stands for the position and hence q̈i is
the acceleration. For system (6) the consensus problem, which
consists in making qi → qc and q̇i → 0 for all i ≤ N for a



non-a-priori-given set-point qc, may be solved using the simple
consensus algorithm [19]

ui = −diq̇i − pi
∑
j∈Ni

aij(qi − qj); di, pi > 0. (7)

The term pi
∑
j∈Ni

aij(qi−qj) hinges the respective positions
qi to each of the agent’s neighbours’, qj with j ∈ Nj . The term
−diq̇i introduces necessary damping to ensure the asymptotic
stabilization of the set {qi = qj = qc}. This simple controller,
however, relies on the assumption that q̇i is measurable. If
this is not the case, one may rely on a state estimator or on
a dynamic controller to inject damping [20]. A simple choice
is a controller with dynamics similar to that of the plant itself

ϑ̈i + diϑ̇i + pi
∑
j∈Ni

aij(ϑi − ϑj) = 0. (8)

Indeed, note that this system corresponds exactly (with ob-
vious changes in the notation) to the closed-loop dynamics
of (6) with (7). That is, Eq. (8) is reminiscent of a group of
second order integrators coupled via a consensus control law
hence, it is expected that ϑi → ϑj → ϑc ≡ const for all i,
j ≤ N . Thus, it may be reasonably conjectured that if the
systems (6) are coupled with the systems (8), say via a virtual
spring, consensus among the two groups of systems should be
achieved. More precisely, we claim that for the systems

q̈i = ui (9a)

ϑ̈i + diϑ̇i + pi
∑
j∈Ni

aij(ϑi − ϑj) = −ui (9b)

it may be achieved that qi → qj → qc ≡ const and ϑi →
ϑj → ϑc ≡ const for all i, j ≤ N by simply defining the
coupling force ui as

ui := −kvi(qi − ϑi), kvi > 0. (10)

We do not prove this conjecture here, but stress it only
for the purpose of motivation. An interesting related remark,
however, is that the closed-loop equations resulting from using
(10) in (9), correspond (again, with an obvious change of
notation) to

Mi(q1i)q̈1i + Ci(q1i, q̇1i)q̇1i + gi(q1i) = K(q2i−q1i) (11a)

q̈2i +K(q2i−q1i) = diq̇2i + pi
∑
j∈Ni

aij(q2i − q2j) (11b)

with Mi = I and Ci = gi ≡ 0. The relevance of this
observation is that the equations (11) correspond to those
of robot manipulators with flexible joints, coupled through
a standard consensus algorithm. The fact that consensus is
reached for such systems stems from the main results in [21].

The control design for the second order mechanical systems,
albeit with nonholonomic constraints, (1)–(2) relies on the
previous observations and a cascades argument [22]. First,
we design dynamic consensus algorithms separately for the
forward-velocity dynamics, (1), and for the orientation dy-
namics, (2). The control design for each of these follows the
rationale above while incorporating the additional difficulties
imposed by the nonholonomy of the integrator (1). Then, we
regard the overall system as a cascaded one.

The controller equations are presented next in detail and
farther below we explain the stabilization mechanism. Let

uvi = −kviϕi(θi)> (z̄i − ϑvi) , (12a)
ϑ̈vi = −dviϑ̇vi − kvi (ϑvi − z̄i)− pvievi (12b)
uωi = −kωi(θi − ϑωi) + αi(t, θi, evi), (12c)
ϑ̈ωi = −dωiϑ̇ωi − kωi(ϑωi − θωi)− pωieωi, (12d)

where

evi :=
∑
j∈Ni

aij
[
ϑvi − ϑvj

]
, (13)

eωi :=
∑
j∈Ni

aij
[
ϑωi − ϑωj

]
, (14)

the constants kvi and kωi > 0 are plant-controller intercon-
nection gains; pvi and pωi > 0 are proportional gains; dvi and
dωi > 0 are damping gains and the term αi consists in a δ-
persistently exciting function [8] that is defined and explained
farther below.

The resulting closed-loop equations, have the forms previ-
ously discussed and, moreover, form a cascaded system.

∑
vi

:


˙̄zi = ϕi(θi)vi (15a)
v̇i = −kviϕi(θi)> (z̄i − ϑvi) , (15b)
ϑ̈vi = −dviϑ̇vi − kvi (ϑvi − z̄i)− pvievi (15c)

∑
ωi

:


θ̇i = ωi (16a)
ω̇i = −kωi(θi − ϑωi) + αi(t, θi, evi), (16b)
ϑ̈ωi = −dωiϑ̇ωi − kωi(ϑωi − θi)− pωieωi. (16c)

Note that each of the systems Σvi and Σωi is reminiscent
of the closed-loop system equations (9)–(10) previously de-
scribed, albeit certain differences. The most obvious is the
function ϕi in (15a) which stems from the nonholonomic
constraints. Therefore, as opposed to the simple expression
(10) which may be regarded as a spring force hinging the
variables qi and ϑi, the control law uvi ∈ R2 in (12a) must
also account for the robot kinematics, whence Eq. (15b).

Now, since the system (1a)–(2a) is not stabilizable to a
set-point via smooth time-invariant feedback, our controller
relies on the external function of time f(t), which excites the
system’s modes —cf. [8]. More precisely, the function αi is a
δ-persistently exciting function defined as

αi(t, θi, evi) := kαifi(t)ϕi(θi)
⊥> (ϑvi − z̄i) , (17)

where kαi > 0, ϕi(θi)⊥ = [− sin(θi) cos(θi)]
> is the

annihilator of ϕi, i.e., ϕi(θi)>ϕi(θi)⊥ = ϕi(θi)
⊥>ϕi(θi) = 0

and fi ∈ C2(R≥0,R) is designed such that fi, ḟi, f̈i ∈ L∞,
lim
t→∞

fi(t) 6= 0, and lim
t→∞

ḟi(t) 6= 0. For instance a simple
multi-periodic function may be employed, but not necessarily.

Remark 1 The function αi plays a fundamental role in the
controller to overcome the difficulties imposed by the nonholo-
nomic constraints. For the purpose of argument, let us consider
fi(t) as a multi-periodic function and let us replace θi with
θi(t), that is, the state trajectories. The control mechanism
resides on the fact that if (and only if) ϕ(θi(t)) excites all the
modes in Σvi, one may establish the convergence of evi → 0



and, hence, of αi(t, θi, evi(t)). In other words, consensus is not
reached for the systems Σωi as long as the consensus errors evi
persist away from zero, while the same oscillations induced
into θi(t) ensure the convergence of evi. This stabilization
mechanism is that of the so-called δ-persistently exciting
controllers [8], [23]. •
On the other hand, Σωi consists in a linear time-invariant (sta-
ble) system as (9)–(10), but it is interconnected to Σvi through
the term αi(t, θi, evi). In turn, αi is uniformly bounded in t
and θi and it is linear in (ϑvi − z̄i). This is important for the
purpose of analyzing the systems Σvi and Σωi as a cascade.
From such perspective, Σωi corresponds to a system like (9)–
(10) being perturbed by the “input” αi.

Remark 2 Strictly speaking, the dependence of Σvi on
ϕi(θi), in which θi is a state variable of Σωi establishes a
feedback interconnection, but accounting for the fact ϕ(θi) is
bounded, one may consider the overall system as a cascade of
nonlinear time-varying systems [22]. •
The previous rationale leads to the following fact, which
constitutes our main result.

Proposition 1 Consider a group of N vehicles, each modeled
by the equations (1)–(2) and in closed loop with the controller
(12)–(17). Assume that they are interconnected over a network
with an undirected, static and connected graph. Assume,
further, that the control gains kvi, kωi, dvi, dωi, pvi, and pωi
are all positive and the function ḟi(t) is persistently exciting,
i.e., there exist T and µ > 0 such that∫ t+T

t

ḟi(s)
2ds ≥ µ ∀ t ≥ 0. (18)

Then, the formation-consensus control goal is achieved, that
is, the expressions in (4) and (5) hold. �

IV. PROOF OF PROPOSITION 1

The proof relies on Lyapunov theory and Barbălat’s Lemma
which (we recall for convenience that) states that if a function
t 7→ g(t) is uniformly continuous (e.g., if ġ is bounded) and the
limit of its integral exists and is finite, then g(t)→ 0 asymp-
totically. We also use the fact (which follows from Barbălat’s
Lemma) that if a function g(t) is bounded (g ∈ L∞), square-
integrable (g ∈ L2) and admits a bounded derivative (ġ ∈ L∞)
then g(t)→ 0 as t→∞

First, consider the “energy” function for the forward-
velocity dynamics, Σvi,

Evi :=
1

2

[
v2i + |ϑ̇vi|2 + kvi|ϑvi − z̄i|2

]
which is positive definite and radially unbounded in vi,
ϑ̇vi, and (ϑvi − z̄i). The total derivative of this function
along the trajectories of (15) yields Ėvi = −dvi|ϑ̇vi|2 −
pvi
∑
j∈Ni

aij ϑ̇
>
vi

(
ϑvi − ϑvj

)
.

Then, for the complete swarm of networked vehicles, con-
sider the Lyapunov function candidate

V :=
∑
i≤N

 1

pvi
Evi +

1

4

∑
j∈Ni

aij |ϑvi − ϑvj |2
 . (19)

Note that there exist σ1, σ2 > 0 such that, defining ξv :=
[· · · vi · · · ϑ̇vi · · · (ϑvi − z̄i) · · · (ϑvi − ϑvj) · · · ]>, we have

σ1|ξv|2 ≤ V(ξv) ≤ σ2|ξv|2 (20)

Moreover, using [24, Lemma 6.1] one finds that the total
derivative of V yields

V̇ =
∑
i≤N

 1

pvi
Ėvi +

∑
j∈Ni

aij ϑ̇
>
vi(ϑvi − ϑvj)


hence, V̇ ≤ −

∑
i≤N

λvi|ϑ̇vi|2 ≤ 0 with λvi := dvi/pvi. In view

of (20), integrating on both sides of V̇ ≤ 0 it follows that ξv ∈
L∞, while integrating on both sides of V̇ ≤ −

∑
i≤N

λvi|ϑ̇vi|2

and using the boundedness of ξv just established, it follows
that ϑ̇vi ∈ L2 for all i ≤ N . This and the fact that ϑ̇vi,
ϑ̈vi ∈ L∞ imply that ϑ̇vi → 0.

Furthermore, the convergence of ϑ̈vi and ϑ(3)vi also follows
from applying successively Barbălat’s Lemma. For this we
differentiate twice on both sides of (15c) to obtain

ϑ
(3)
vi = −dviϑ̈vi − kvi

[
ϑ̇vi − ˙̄zi

]
− pviėvi, (21)

ϑ
(4)
vi = −dviϑ(3)vi − kvi

[
ϑ̈vi − ¨̄zi

]
− pviëvi. (22)

From the latter equations, Eqs. (15), and the boundedness of ξv
it follows that all the terms in (21) and (22) are bounded (this
involves the boundedness of ωi which is established farther
below). Therefore, ϑ̈vi and ϑ

(3)
vi are uniformly continuous.

Moreover,

lim
t→∞

∫ t

0

ϑ̈vi(σ)dσ = lim
t→∞

ϑ̇vi(t)− ϑ̇vi(0) = −ϑ̇vi(0)

so, by Barbălat’s Lemma it follows that ϑ̈vi → 0. A similar
argument applies to establish that ϑ(3)vi → 0. Using once again
(21) we conclude that ˙̄zi and, hence, vi also converges to zero
asymptotically.

Let us consider next the orientation dynamics (16), albeit
without interconnection. That is, for the time being let αi ≡ 0
for all i ≤ N . Akin to case of Σvi, we introduce the
“energy” function Eωi := 1

2

[
ω2
i + ϑ̇2ωi + kωi(ϑωi − θi)2

]
. Its

total derivative along the trajectories of (16) yields

Ėωi =− dωi|ϑ̇ωi|2 − pωi
∑
j∈Ni

aij ϑ̇
>
ωi

(
ϑωi − ϑωj

)
.

Hence, in turn, the total derivative of the Lyapunov-function
candidate

W :=
∑
i≤N

 1

pωi
Eωi +

1

4

∑
j∈Ni

aij(ϑωi − ϑωj)2
 (23)

satisfies Ẇ ≤ −
∑
i≤N

λωiϑ̇
2
ωi
≤ 0, with λωi := dωi/pωi.

Proceeding as with V above, we conclude that ξω :=
[· · ·ωi · · · ϑ̇ωi · · · (ϑωi − θi) · · · (ϑωi − ϑωj) · · · ]> is bounded
and ϑ̇ωi ∈ L2. Therefore, on one hand, the consensus errors
eωi are also bounded and, on the other, ϑ̇ωi → 0. From this



and the successive application of Barbălat’s Lemma it is also
concluded that ϑ̇ωi, ϑ̈ωi, and ϑ(3)ωi → 0. In turn, we see from

ϑ
(3)
ωi = −dωiϑ̈ωi − kωi(ϑ̇ωi − ωi)− pωiėωi (24)

that ωi → 0, as required in (5). Therefore, since

lim
t→∞

∫ t

0

ω̇i(σ)dσ = lim
t→∞

ωi(t)− ωi(0) = −ωi(0),

and ω̇i is uniformly continuous (because ω̈i = −kωi(ωi− ϑ̇ωi
is bounded) it follows from Barbălat’s Lemma that ω̇i also
converges to zero and, therefore, from (16b) (recall that αi ≡
0), we obtain that (θi−ϑωi)→ 0. Next, from (16c), it follows
that eωi → 0. Equivalently, the second limit in (5) holds.

All the previous arguments hold provided that αi ≡ 0.
If this is not the case, we remark that since, fi, ϑvi − z̄i
and ϕ⊥i are bounded along all trajectories, so is αi —see
Eq. (17). This and the fact that Σωi is a marginally stable
linear time-varying system suggest, by Proposition 3 in [25],
that ω̇i, ωi, ϑ̇ωi, ϑ̈ωi ∈ L∞ and so θi − ϑωi and eωi are also
bounded. Furthermore, invoking once more Proposition 3 in
[25] it follows that the previous conclusions hold provided that
αi → 0, which holds if and only if (ϑvi − z̄i)→ 0.

To show that (ϑvi − z̄i)→ 0, we first observe that the fact
that vi → 0 and the boundedness of ξv(t) implies that, also
v̇i → 0 and v̈i → 0. This follows from Barbălat’s Lemma,
noting that

lim
t→∞

∫ t

0

v̇i(σ)dσ = lim
t→∞

vi(t)− vi(0) = −vi(0)

all the terms on the right hand side of

v̈i = −kviϕi(θi)>
[

˙̄zi − ϑ̇vi
]
− kviωiϕi(θi)⊥>(z̄i − ϑvi)

are bounded. Then v̈i ∈ L∞ and v̇i → 0. A similar reasoning
leads to concluding that v̈i → 0. We also recall that ωi → 0,
hence

lim
t→∞

∫ t

0

ω̇(s)ds = −ωi(0) <∞ (25)

and since ω̈i ∈ L∞ we obtain, from Barbălat’s Lemma that
ω̇i → 0. From a similar argument we conclude that ω̈i → 0.
Now, differentiating on both sides of (16b) we obtain

ω̈i =− kωi(ωi − ϑ̇ωi) + kαiḟi(t)ϕi(θi)
⊥> (ϑvi − z̄i)

− kαiωifi(t)ϕi(θi)> (ϑvi − z̄i) + kαifi(t)ϕi(θi)
⊥>ϑ̇vi.

From this equation and (15) we obtain that

lim
t→∞

ϕi(θi(t))
>(z̄i(t)− ϑvi(t)) = 0

and
lim
t→∞

ḟi(t)ϕi(θi(t))
⊥>(z̄i(t)− ϑvi(t)) = 0,

which, together, imply that (z̄i − ϑvi) → 0 since ḟi is
persistently exciting by assumption —see Ineq. (18).

Next, from (15c) and the fact that ϑ̈vi → 0, ϑ̇vi → 0, it also
follows that if (ϑvi − z̄i) → 0 then evi → 0 for all i ≤ N .
This implies that ϑvi → ϑvj or, equivalently, that ϑvi → zc ≡
const. for all i ≤ N . Thus, the second limit in (4) also holds.
This completes the proof.

V. SIMULATION RESULTS

In lack of an experimental set-up, we have performed
extensive numerical simulations to test the performance of our
controller. The simulations were performed using Simulink R©

of Matlab R©. In the simulation scenario we have employed
six drive-wheel robots of the type TurtleBot 3 Waffle Pi (see
http://www.robotis.us/turtlebot-3-waffle-pi/) exchanging infor-
mation through a wireless network. The specifications of these
robots is as follows –cf. Eqs. (1)-(2): m = 1.9, I = 0.5,
R = 0.15, and r = 0.033.

ROBOT 1 2 3 4 5 6
δxi 2 1 -1 -2 -1 1
δyi 0 2 2 0 -2 -2

Fig. 3. Communication topology and hexagonal desired formation
pattern (left). The latter is defined as an hexagon, determined by the
distances δxi and δyi as per in the table on the right.

It is supposed that the robots communicate according to the
graph showed in Fig. 3. The graph is intended to illustrate the
communication topology only, but it also serves in illustrating
the formation pattern that the robots are required to converge
to in one of the simulated scenarii, described farther below.
Other formation patterns (straight line, rectangle) can be easily
incorporated by changing δxi and δyi. In all cases, neither the
center of the formation nor the final orientation are predefined.
Recall that the consensus formation problem solved here may
be considered as an “initialization” step of a more complex
advance-in-formation mission, in which the robots are firstly
“summoned up” to a rendezvous point.

In the simulation scenario described below the initial posi-
tions and orientations for the robots are given by

xi(0) :=
[
8 2 2 −2 1 4

]>
, yi(0) :=

[
7 13 9 6 3 4

]>
,

θ(0) =
[
π
2 0 −π8

π
8 −

π
8 −

π
8

]>
.

The initial positions may be well appreciated in Fig. 4, marked
with coloured ‘◦’. For simplicity, since all robots are assumed
to be identical, we have used the same control gains for all
the controllers. Hence, for each robot, we fix the latter as
follows: we choose relatively high “spring stiffness” kv = 100
and kw = 100. Then, the control gains are set to pvi = pv ,
pωi = pω , dvi = dv , and dωi = dω for all i ≤ 6 in a way that
the corresponding second-order systems z̈+dv ż+pvz = 0 and
z̈ + dω ż + pωz = 0. We used pv = 5, pw = 5, dv = 15, and
dw = 15. The functions fi(t) are also defined equally for all
robots and persistently exciting. For their definition, we borrow
inspiration from the literature on adaptive control and systems’
identification. It is well-known that in order to estimate the
lumped constant parameters of a system one needs to use as
many frequencies as there are unknown parameters. There is
no theoretical foundation for the employment of such rule in
the present context, but experience shows that a function f
having as many frequencies as robots in the network may



produce satisfactory results. We used

f(t) = 3 + sin(t) + cos(3t)− sin(4t)− cos(5t) + sin(0.5t).

As it may be appreciated from Fig. 4, the robots converge
to the desired formation pattern with a barycenter at zc =
[4.2, 9.42]>.

Fig. 4. Position trajectories in the Cartesian xy-plane.

The paths that the robots take is as expected. For instance,
Robot 1 and Robot 2 communicate with each other and,
therefore, tend to approach, as the other robots join the group,
Robots 1 and 2 change to a consensual direction. The center of
the formation pattern continuously changes as the robots move.
The final orientations of all robots, reaching a consensual
angle of θc ≈ 1 rad, is also appreciated (represented by pointing
arrows) in Fig. 4.

VI. CONCLUSIONS

We have presented a simple and intuitive control approach
to solve the difficult problem of leaderless consensus control
of autonomous vehicles without velocity measurements. Our
main controller relies on a simple dynamic controller with a
clear physical meaning. Further research is focused on the
incorporation of meaningful conditions stemming from the
setup, such as the presence of time-varying delays, which are
fairly common in wifi networks. In addition, the experimental
testing of our findings, which has not been possible to carry
out for lack of bench-marking equipment, is primordial.
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