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Distance-based Formation-Motion Control for Unicycle Agents

Jin Chen'! and Bayu Jayawardhana' and Hector Garcia de Marina

Abstract—We  present a  distance-based distributed
formation-motion control law for unicycle agents that
are required to move together at a constant reference speed.
The distributed control law consists of the standard distance-
based formation gradient control law, which is projected to
the longitudinal and angular velocity inputs of the unicycle,
and of a linear term that depends on the reference speed. The
main contribution of this paper is to realize the consistency of
unicycle agents’ orientations without orientation measurement,
thereby reducing the possibility of significant orientation
measurement errors in real-world applications. We prove and
show numerically the local exponential convergence of the
unicycle agents to the desired formation, where they eventually
move in unison at a constant reference speed.

I. INTRODUCTION

Due to the multitude of problem setups in distributed
formation control, there has been numerous research works
reported in literature for the past decade. Most of them
considers only the formation keeping problem for point
masses described by single integrator [1], where the graph
rigidity framework [2] [3] [4] has been used to define the for-
mation shape and correspondingly to design the distributed
gradient-based control laws. By assuming that all agents are
equipped with homogeneous sensor systems, the application
of distributed gradient-based control leads to the popular
distance-based formation control [5] [6], the bearing-only
formation control [7], the angle-based formation control [8],
the inner-angle based formation control [9] and the elevation-
angle formation control [10]. For second-order agents, the
design of formation control has been studied in [11] [12]. Re-
cently, the distributed formation control for unicycle agents
is presented in [13] [14] where the authors focus on the
convergence of the agents towards the desired shape without
consensus on the orientation and without enabling a group
motion. The latter is typically one of the need-to-have tasks
required in a group of collaborating agents.

In addition to reaching and maintaining a robust formation
shape, the group may need to perform other tasks, such
as group motion, obstacle avoidance or rendezvous, at the
same time. The design of distributed control laws to solve
these tasks simultaneously has been studied, for example, in
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[15] [16]. For the multiple-task distributed control design,
the incorporation of constraints has been sought in [14]
for nonholonomic and velocity saturation constraints. When
dealing with motion problems for multi-agent systems under
nonholonomic constraints, it becomes necessary to address
the issue of orientation consistency beforehand. In most stud-
ies ensuring orientation consistency [17], the control laws
require orientation measurement from neighboring agents,
which can be difficult to obtain and always accompanied
by significant errors in real-world applications, particularly
when using a local coordinate framework. In the case of
vehicle detection [18], the accuracy of orientation measure-
ment is significantly affected by both the original sensor data,
such as the point cloud data from a LIDAR sensor, and the
spatial geometry of the detected vehicle. For this reason,
finding a way to achieve formation control without relying
on orientation measurement is desirable.

In this paper, we study the problem of distributed
formation-motion control with nonholonomic constraints.
In particular, we propose a distance-based distributed
formation-motion control law for unicycle agents. It extends
the work of [14] where the agents must achieve a consensus
on their orientation so that they can asymptotically move in
unison. In our control approach, we assign one agent as a
leader while the rest become followers that have to reach and
maintain formation. All agents are assumed to agree apriori
on the desired speed but not on the orientation; hence the
desired velocity vector is not available to all agents. This is
a common assumption in many multi-agent scenarios, such
as vehicle platooning [19], where the agents can obtain the
other’s information, such as velocity and angular velocity,
through V2V communication. The followers can measure the
local relative positions with their neighbors. A prototypical
example of this problem is the formation of vehicles (or
the platooning of vehicles in 2D plane) in multiple-lane
highways, where they move in unison with constant speed
and can adapt the formation when a vehicle merges to or
exits the highways.

The main features of the paper are as follows. Firstly, the
proposed distributed control law deals with the formation
keeping of nonholonomic systems and with the group motion
simultaneously. Secondly, we provide rigorous theoretical
analysis to the asymptotic behaviour of the closed-loop sys-
tem, starting from two agents and subsequently is extended
to multiple agents. Thirdly, the agents work with local coor-
dinate frames where the leader does not need to communicate
the velocity vector that requires a common orientation among
all agents. This enables practical implementation of the
control laws.
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The outline of this paper is as follows. In Section II,
we introduce the preliminaries and problem formulation. In
Section III, we propose the distance-based formation-motion
control law for unicycle agents and analyse the asymptotic
behaviour of the closed-loop system. A simulation result
is shown in Section IV and we conclude the paper with
conclusions in Section V.

II. PRELIMINARIES & PROBLEM FORMULATION

Notation. We denote by B.(a) the open ball of radius a
centered at the origin in R™e.

A. Graph

A directed graph G is defined by the tuple (V, &), where
V ={1,2,--- ,n} is the vertex set and € C VxV is the edge
set with m = |&| number of edges. If (4, j) € £, the ordered
pair (4, j) refers to the edge whose direction is represented by
an arrow with node ¢ as the tail and node j as the head. We
assume throughout the paper that there is no self-loop in the
considered graph G, i.e., (i,7) ¢ & for all i € V. The set of
neighbors of vertex i is denoted by N; £ {j € V| (i,5) € £}.

Given a finite collection of n points {p;},—, in R? with
n > 2, a configuration is denoted as p = [p] ,... ’pz]T €
R?", where p; € R? represents the position of agent i. A
framework in a 2D-plane R?, which is denoted by G (p), is a
combination of a directed graph G (V, £) and a configuration
p, where vertex ¢ € V in the graph is mapped to the point
p; in the configuration.

B. Transversally Exponentially Stable Manifold

Consider an autonomous system
é=F(e,z), 4=G(e,x), (D

where e is in R™e, x is in R"= and the function F:R™e x
R — R™ and G: R™ x R™ — R" are C'2. We denote by
(E(eq, zo,t), X (eo, zo,t)) the (unique) solution which goes
through (eg, o) in R™ x R™ at ¢t = 0. Without loss of
generality, we assume that it is forward complete.

Definition 1: TULES-NL (Transversal uniform local ex-
ponential stability) For the system (1), there exist strictly
positive real numbers r, k and X such that, for all (eg, xo, t)
in Be(’l“) X R%= x Rzo,

|E (eq, zo,t)| < kleo| exp(—At) )
Definition 2: UES-TL (Uniform exponential stability for
the transversally linear system) The system

&= G(Z) = G(0,%) 3)

is forward complete and there exist strictly positive real num-
bers k and A such that any solution (E(éo, Zo,t), X (Zo,t))
of the transversally linear system

Li aF ~\ ~ ~ _ ~ ~
e = %(O, e, & =G(0,2) 4)

satisfies, for all (&g, Zo,t) in R™ x R™* x R>o,
| (&0, 70,1)| < Fléo| exp(—X) )

Theorem 1 ([20]): The system (1) is TULES-NL if and
only if it is UES-TL.

C. Problem Formulation

As described in the Introduction, each nonholonomic agent
is represented by a unicycle model. In particular, for each
agent A; with 4 = 1,... n, its dynamics is given by

&; = v; cos (6;)
Ai: Q9= v;sin(6;) (6)

gi = Wi,

where v; € R and w; € R are the speed (or longitudinal
velocity) and angular velocity inputs, respectively, p; =
[57] € R? is the i-th agent position in the 2D plane and
0; is its orientation. For our control design and analysis, we
define the unit vector of the unicycle heading h; € R? and its

orthonormal vector k- € R? in the global coordinate frame

by
e R R B

When dealing with multi-agent systems of unicycles, we
will refer the first agent as the leader and the rest as the
followers. We assume that each agent can measure the
relative position of a neighboring agent j € N; with respect
to its own local reference frame. In the problem setup of this
paper, the leader is moving at a constant speed v* > 0 with
a fixed orientation, and it is not affected by the other agents.

For simplicity of analysis and presentation, we consider an
open-chain directed graph. This graph describes the topology
for the relative measurement graph of the multi-agent system
where A; is at the root. As an illustration, Figure 1 shows
the interactions of three agents, where agent A; is the leader
and the agents Ay and Az are the followers. The arrow
from agent j to agent ¢ means that the agent j measures
the relative position of agent ¢ and it uses this information
for the controlling its speed and angular velocity to achieve
the group objective, which is to maintain desired distance
between neighboring agents and to reach a common speed

and orientation.
< = <

Fig. 1: A multi-agent system with n agents forming an open-chain graph,
where the arrow defines the edge of relative measurement.

Accordingly, we use the vectors z;; € R?, e;; € R and
e;jo € R to represent the relative position vector, the distance
error and the angular error, respectively, on the edge (i, j)
and they are defined by

Zij = Pj — Pi
Cij = Hz'z'j”2 - dzzj ®)
eijo =0; —0;

where d;; € R is the desired distance between agent ¢ and

agent j. Throughout the paper, we assume the following
condition on agent A; as the leader of the unicycles group.
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Assumption 1: The agent A; moves with a constant refer-
* C05(91)

|:sin(t91):| € R? and the followers have only
the information of the speed v*.

ence velocity v

Some examples, where Assumption 1 hold, are the vehicle
platooning in highways and a group of aircraft and ship that
are moving in a formation. We are now ready to formulate
the problem as follows.

Distributed formation control problem of unicycle
agents with linear motion: For the multi-agent unicycle
systems A;, i = 1,...,n as in (6) satisfying Assump-

v;

tion 1, design a distributed control law [[:] for agents
Ay, A3, ..., A, such that [:”9((?)} — 0 as t — oo for all
(i,5) € €.

III. DISTRIBUTED FORMATION-MOTION CONTROL OF
UNICYCLES

To accommodate the design of distributed controller, we
consider the dynamics of a kinematic offset point located,
roughly speaking, in front of the vehicle, which is defined
by
(©))

where h; is the unicycle orientation as given before in (7).
Recall that we consider an open-chain graph of n agents.
Similar as before, for these kinematic offset points, we define
the errors between i-th agent and (i + 1)-th agent by

Dir = pi + i,

2 2
eiitl,r = [[2iit1ll” —di 41 (10)
€iit1,0 = Bir1 — 0;,
where 2; ;41 = Pit1r — Pir. For simplifying the stability
analysis later, we further introduce €; ;41, = ||2iit1,r|| —
di i+1. It can be checked that the error variables e; ;1 , and
€ it+1,r satisfy

(11

€isitlr = Erig1p + 2diir18i i1,
A. Distributed control law
It follows directly from (6) that the dynamics of kinematic
offset points are given by
P1r =0 "y

. (12)
Dir =

*k
—€i—1,irZi—1,ir +U Ry

where the first one refers to the leader and the second one
is for all ¢ = 2, ..., n. Correspondingly, the relative position
between neighboring kinematic offset points satisfies

—eigrz12r + 0" (ha — h1)

—€iit1 0% i1, + €im1,irZic1,ie + U (hig1 — hy)
(13)

Z19p =

Ziitl,r =

forallt€2,...,n—1.

Using the kinematic offset points, we can design the
distributed control law where the inputs can be decomposed
into the longitudinal velocity input (e.g., the velocity in the
agent’s direction) and the tangential velocity input (orthogo-
nal to the longitudinal one). Applying the standard distance-
based formation gradient control [21] to these inputs, the

distributed control law for agents A;, i = 2,...n is given
by

T
v =—€i_1,i,h; Zic1ie 0T
i (14)
wi=—ei—1ir (hi7) Zicvir
where ¢ € {2,---,n}. Note that the inputs to the leader
agent are
vy =v"
15)
w1 = 0.

B. Stability analysis

Let us analyse the stability of the closed-loop systems
comprising of the multi-agent unicycle systems (6) and the
control law (14)—(15). Firstly, we perform the analysis on
two agent systems. Subsequently, we extend it to the n-agent
systems.

1) Two agent case: Consider two unicycle agents A; and
Az which is controlled by (15) and (14), respectively. Using
z12r = [yi2n], we define 1o, = tan_l(%) as the angle
of z19, with respect to the local reference frame of A;. In
the following, we will show that the closed-loop system can

be described using €19,, €12¢, @12~ as follows
E12r = — (€15, + 3d1283,, + 2dT5E12,)
+ v* [cos (e120 + 01 — @12r) — cos (01 — ©19,)]
é120 = (&35, + 3d12€15, + 2d3,€12, ) sin (e120 + 01 — p12,)
Lsin (e129 + 01 — @12,) —sin (01 — @12;)

. — )
prar (E12r + di2)
(16)
Firstly, by the definition of €12, we have that
E1ar = d [|z12¢ | _ TizrT12r + Y12rY12r 17
dt H212r||

According to (13), the numerator on the RHS of (17) satisfies

T12rT12r + Y120 Y120 =

— €12, (la, + Yiay) + v [T12(cOS by —cosfr)  (18)
+ y12-(sin By — sin 67)].
Substituting this relation along with HZETH = [Gnona"] into

(17), we can obtain

e12r = —€12, (€12, + d12)

+ " [cos p1ar (cos Oy — cos b1) + sin @2, (sin b — sin 01)]

= —e127 (€12, + di12) + v" [cos(02 — p12,-) — cos(01 — p12,)] -
(19)

Finally, by substituting (11) and 6, = 6, + e129, We arrive

at the expression of &5, in (16).

In the following proposition, we will apply Theorem 1
from Section II-B to establish the stability of the manifold
E : {(e,12r)|e = 0,G(0, ¢12,) = 0}. Correspondingly, we
express the closed-loop system into the form of (1) as follows

&= F (e, p12r)

. (20)
P12r = G (6, </7127-) s

where e = [£127].

Let us first show the property of E being the manifold of
equilibrium points in the following proposition.
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Proposition 1: The point (e*,¢,,.) is an equilib-
rium point of (16) if and only if (e*,¢7,.) €
{(67 90127“)|€ =0, G(O7 90127‘) = 0}

PROOF. (Sufficiency part). By definition, @19, = 0 =
e120 = mod 27 or ej99 = 7 — 2 (01 + p12,) + mod 2.
Due to the property of circle group with trigonometric
functions, the following arguments hold for mod 27. On
the one hand, let us consider e199 = 0 so that

élgr = — (é:;Qr + 3d12€%2T + 2d?2(€127-)
€120 = (€55, + 3d12875, + 2d7,€12,) sin (61 — p12,) (21
o12- = 0.
Since €19, > —dio (by definition), we obtain that &;,
0= e =0.

On the other hand, let us consider ej09 = 7w —
2 (01 — ¢12,-) # 0. In this case, the system (16) becomes

E12r = — (€39, + 3d12€%,, + 2dT5€12;)

— 20" cos (01 — p12,)
€120 = — (€15, + 3d12875, + 2d7,€12,) sin (01 — p12,)
$12r = 0.

It follows that é199 = 0 = €12, = 0 or sin (01 — p12,) =
0. When €12, = 0 and épo, 0, we need that
cos (61 — @12,) = 0= 01 — p12, = Z or 2X. Thus, 129 =
27 or 0. When &3, # 0 and sin (1 — ¢12,) = 0, we can
obtain é127- = — (é?Qr + 3d12é§2r + 20%2512/,-) — 20" <0,
ie., é1a, # 0. This concludes the sufficiency part.
(Necessity  part). This part is trivial as

{6:0,¢12r:0}:>é:0. O

s
2

We can now proceed with the stability analysis of the
equilibrium manifold £ in the following two propositions.
The first one gives the local exponential convergence to E
for almost all initial condition ¢15,.. The second one provides
the local asymptotic stability of E when @19, = 6.

Proposition 2: The system (16) is transversally uniformly
locally exponentially stable, when ¢1s, # 6.

PROOF.

We use Theorem 1, which is based on [22], [20], to prove
the proposition by showing that the corresponding transversal
linear systems satisfy UES-TL property in (5). In this case,
the transversal linear systems are given by

oF

€= e (Ov 9012r) yPror =G (<,012r) )

where G (¢12r) == G (0, P12,) = 0 (c.f. (16) with e;o = 0)

and %—i (0, p12,) is given by

OF (0, ¢12:) _ [
Oe

(22)

72d?2 7’()* Sin(glftﬁlz.,-)
2d3, sin(01—@12r) 0 ’

We denote by (E (€0, P12r0, ) ,@(@127,0,15)) the pair of
solutions of the transversally system (16) initialized at
(€0, P12r0)-

Since G‘(cﬁlgr) = 0, the solution of ®(P19,0,t) is constant
for all ¢ > 0. Also, we have that the eigenvalues of the matrix
%—f (0, P12, are —d?, (1 + \/1 - w
real part are both negative when @12, # 6;. This implies
that if @100 = w12-0 7# 01, there exist strictly positive real
numbers & and \ satisfies, for all (¢g,t) in R" x R

), whose

| (2o, 120 0)] < hexp (<Xt) ol . (23)
In other words, we have the UES-TL property of the transver-
sally linear systems. By invoking Theorem 1, we conclude
the proof. ]

Proposition 3: The system (16) is locally asymptotically
stable, when @19, = 01 (e, Y19,y = 01 and @12 = 0).

PROOF. When 9, = 61, the closed-loop system becomes

élgr = — (é§2r + 3d12€%2T + 2d§261gr) +0* [COS (6129) — 1]
€100 = (éi)Qr + 3d12§%2r + 2d%2512T) sin (6129) .

(24)
The linearization of the vector field gives us an eigenvalue
at zero for the state e;o9 and one negative eigenvalue for the
state €12,. By invoking Theorem 8.1 in [23], there exists a
continuously differentiable function €13, = g (e12¢) defined
locally around the origin and is referred to as the center
manifold. Moreover it holds that g (0) = 0 and 35192 ~(0) =0.
Thus we can describe €12, by

elor = ¢ (6120) = a2€%29 + a3€:1))29 +o (6%29) (25)

Based on the center manifold theory, the center manifold
satisfies % (g (e120) — élgr) =0, i.e.

a . -
86719 (e120) [é120 (€126, 9 (€1260))] — €12 (€126, 9 (€120)) = 0.
(26)
It can be rewritten as
(2a2€129 + 3azelqy + 0 (e‘i’%)) Gpsin (e129) 7

+Gp —v"[cos(e120) —1] =0

where G = ¢° (e126) + 3d12g” (e120) + 2d759 (e126). By
substituting (25) into G,, we obtain G, = 2di,asel,, +
2d3,a3€35y + 0 (€1,9). Note that

1
cos (e129) = 1 — 56%26 +o0 (641123)
(28)

. 1
sin (6129) = €120 — 6(3%29 +o (6?20) .

Substituting (28) and the expression of G, into (27), we
arrive at

*
v .
2 2 2 3y _
2d75a2€799 + —€iag + 0 (€129) = 0.

> (29)

This implies that ay = —% < 0 and €19, = g(e129) =
12

— %€, + 0(el,4). Correspondingly, the reduced system
12
is given by

v

———elpto (6%29) )

515 (30)

€120 =
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which is asymptotically stable. By Theorem 8.2 in [23], the
full system (24) is also asymptotically stable. (|

Based on Propositions 2 and 3, we can conclude that the
system (16) is locally asymptotically stable at the invariant
manifold {(e, ¢12,)|e = 0, G(0, ¢12,) = 0}.

C. The n-agent case

In this subsection, we will extend the above result to the
n-agent case which forms an open-chain graph, as shown
before in Figure 1. Towards this end, we introduce the
following symbol,

G‘iﬁ“ = (é'?,i+1,r + 3di,i+1é?7i+177» + 2d?,i+1éi,i+1,r) ,
(31)
where i € {1,---,n—1}. Let ¢; 41, = tan™! (%)
forall s € {1,--- ,n — 1}. We define

cos (e129 + 01 — p12,) — cos (01 — p12,),1 =1
C; == ( cos (2221 ek, k+1,0 + 01 — <Pz',i+1,r)
. .
— cos (22:1 ek k+1,0 + 01 — <,0m'+1,r> 1> 1

7
Si,j = sin ( E ek kt+1,0 + 601 — Spj,j+1,r>

k=1
(32)

where i € {1,---,n—1}and j € {1,--- ,n — 1}.

Based on the dynamics of offset points in (12) and
the expression in (31) and (32), we can easily obtain the
following closed-loop dynamics

éi,i+1,r = *G?m + GE“_SH cos (@i it1,r — Pi—1,4) +V°C;
éiivio =G, —GIYS, 1
Pijitl,r =

G sin(pi—1,i0 —

Giit1r) +0*(Sii — Sic1)

(€i41,0 + diit1)

(33)
where ¢ € {2,--- ,n — 1}.

Proposition 4: The system (33) is transversally uniformly
locally exponentially stable, when ; ;11, # 6; for all i =
1,...n—1.

PROOF. The proof is similar to that for the two agents

case. In order to apply Theorem 1 for the n-agent systems,
€127
Piar

€120
: , O = : so that the
énf.l,n,'r' On—1,n,r

€n—1,n,0

closed-loop systems can be written as

we define e, =

en = Iy (evu Qpr)

. (34)
Pr = Gn (e’ru %07‘) 5

where F;, and GG,, are obtained by concatenating all vector
fields in (33). The corresponding transversal system is given
by

where G, (¢,) == Gy (0,$,) = 0. Here 9 (0, p,) takes
the form

OF, o "
=m0, 4,) = : %
ac, (0:9) : o
* Bn—l
R *Qd?,ﬁ-l —vTsin(0i—piit1) ]
where B; = |:2d?7i+lsin(91—§0i,i+l) 0 i|’ N

{1,--- ,n—1}. As in the proof of Proposition 2, we de-
note the solutions of (35) by (En (En0s Gr0, 1), 1 (Gros t)),

which are initialized at (é,0,,0). Since Gy (@) = 0, it
follows that ®,, (p,0,t) is constant for all ¢ > 0.

The matrix B; is Hurwitz when ;11 # 6;. Conse-
quently, we can conclude that if @; ;110 = @iit1,0 # 61
for all 4, there exist strictly positive real numbers k£ and A
satisfies, for all (€,0,t) in R™n X Rxg

E (n, @ro, )| < kexp (<2t) e, GT)

i.e., the transversal linear system is UES-TL. Following
Theorem 1, it implies that the system (33) is transversally
uniformly locally exponentially stable when ¢; ;11 # 6.
This proves the claim. |

Proposition 4 shows that the distributed control laws as
given in (15) for the leader and in (14) for the followers
solve the problem of distributed formation control of unicycle
agents with linear motion locally. While the distributed
controller in (14)- (15) do not contain controller gains, we
can add controller gains to (14)- (15) and following the
same arguments, the equilibrium manifold E remains locally
exponentially stable for any positive gains.

Since the distributed controller in (14)- (15) is obtained
by the standard gradient-based control law, they can be
applied using local reference frame and using on-board
sensor systems to obtain the relative measurement to its
neighbor.

IV. SIMULATION RESULTS

Let us validate numerically the distributed control law
(14)- (15) to solve the problem of formation control of uni-
cycle agents with linear motion. We consider the formation
of six unicycles with open-chain graph as shown in Figure
1. The initial positions of the six agents are set randomly as

=[] .m0= 53] 0= 53]

ni0) = | 2] w0 = [53] mo = | 55]

the reference speed is set as v* = 3 and the heading angle of
the leader is set as #; = 0. We assume a desired equidistance
between the neighboring agents with d; ;11 = 4 for all i =
1,...,5.

The trajectories of unicycle agents with the proposed
distributed control are shown in Figure 2 where the agents

(38)

- or, . . - 5 - are moving in the 2D-plane (z,y). In this figure, all agents
€n = den, (0,8r),r =G (r), (35 are able to maintain an equidistance of 4 with their neighbors
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while moving at the same direction in unison. The error
trajectories of the norm of errors are presented in Figure
3. It can be seen that all agents converge to the desired
equidistance with their neighbor and their heading angles
converge to the heading angle of the leader. We remark
that while the norm of the whole distance error |le.|| and
the norm of the whole heading angle error ||eg| converge
exponentially to zero, it is not monotonically decreasing.
This phenomenon can be attributed to the nonholonomic
constraint of the agents, where the agents cannot arbitrarily
move in any direction in the 2D plane.

30 1 4

20 -

y(m)

20
(; 1‘0 2‘0 3‘0 4‘0 5‘0 6‘0 7‘0
z(m)
Fig. 2: The plot of trajectories of six unicycle agents with the distributed
control (15) for agent A; and (14) for the rest of the agents. In this
simulation, d; ;41 = 4, v* = 3 and 6; = 0.
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—a—lle/l
35 —A—Ile,l
125
3 8
& 12 4
25 3
e <
s >
B 2 15 5
o 8
5 I
g 15[ 5
1r z
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0 : : —a=— 0
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Fig. 3: The plot of the error norm signals: (a) the blue line with rectangles
represents the trajectory of the norm of distance error; (b) the red line with
triangles represents the trajectory of the norm of heading angle error;
V. CONCLUSIONS
In this paper, we have proposed a distance-based dis-
tributed formation-motion control law for unicycle agents.
Using recent results in transversal uniform exponential sta-
bility, we establish the local exponential convergence of the
unicycle agents to the desired formation where all agents
move together at a constant reference speed.

[1]

[2]

[3]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

[23]

1041

REFERENCES

L. Krick, M. E. Broucke, and B. A. Francis, “Stabilisation of infinitesi-
mally rigid formations of multi-robot networks,” International Journal
of control, vol. 82, no. 3, pp. 423—439, 2009.

B. D. Anderson, C. Yu, B. Fidan, and J. M. Hendrickx, “Rigid
graph control architectures for autonomous formations,” IEEE Control
Systems Magazine, vol. 28, no. 6, pp. 48-63, 2008.

D. V. Dimarogonas and K. H. Johansson, “Stability analysis for multi-
agent systems using the incidence matrix: Quantized communication
and formation control,” Automatica, vol. 46, no. 4, pp. 695-700, 2010.
H. G. de Marina, “Distributed formation maneuver control by ma-
nipulating the complex Laplacian,” Automatica, vol. 132, p. 109813,
2021.

B. D. Anderson, Z. Lin, M. Deghat et al., “Combining distance-based
formation shape control with formation translation,” Developments in
Control Theory Towards Glocal Control, vol. 1, pp. 121-130, 2012.
M. Deghat, B. D. Anderson, and Z. Lin, “Combined flocking and
distance-based shape control of multi-agent formations,” IEEE Trans-
actions on Automatic Control, vol. 61, no. 7, pp. 1824-1837, 2015.
S. Zhao and D. Zelazo, “Bearing rigidity and almost global bearing-
only formation stabilization,” IEEE Transactions on Automatic Con-
trol, vol. 61, no. 5, pp. 1255-1268, 2015.

L. Chen, M. Cao, and C. Li, “Angle rigidity and its usage to stabi-
lize multiagent formations in 2-d,” IEEE Transactions on Automatic
Control, vol. 66, no. 8, pp. 3667-3681, 2020.

N. P. Chan, B. Jayawardhana, and H. G. de Marina, “Angle-constrained
formation control for circular mobile robots,” IEEE Control Systems
Letters, vol. 5, no. 1, pp. 109-114, 2020.

L. Chen and Z. Sun, “Gradient-based bearing-only formation control:
An elevation angle approach,” Automatica, vol. 141, p. 110310, 2022.
L. Chen, M. Shi, H. G. de Marina, and M. Cao, “Stabilizing and
maneuvering angle rigid multi-agent formations with double-integrator
agent dynamics,” IEEE Transactions on Control of Network Systems,
2022.

L. Cheng, Z.-G. Hou, M. Tan, and X. Wang, “Necessary and sufficient
conditions for consensus of double-integrator multi-agent systems
with measurement noises,” IEEE Transactions on Automatic Control,
vol. 56, no. 8, pp. 1958-1963, 2011.

Z. Sun, H. G. de Marina, G. S. Seyboth, B. D. Anderson, and C. Yu,
“Circular formation control of multiple unicycle-type agents with
nonidentical constant speeds,” IEEE Transactions on Control Systems
Technology, vol. 27, no. 1, pp. 192-205, 2018.

S. Zhao, D. V. Dimarogonas, Z. Sun, and D. Bauso, “A general
approach to coordination control of mobile agents with motion con-
straints,” IEEE Transactions on Automatic Control, vol. 63, no. 5, pp.
1509-1516, 2017.

N. P. Chan, B. Jayawardhana, and J. M. Scherpen, “Distributed
formation with diffusive obstacle avoidance control in coordinated
mobile robots,” in 2018 IEEE Conference on Decision and Control
(CDC). IEEE, 2018, pp. 4571-4576.

H. G. De Marina, B. Jayawardhana, and M. Cao, “Distributed ro-
tational and translational maneuvering of rigid formations and their
applications,” IEEE Transactions on Robotics, vol. 32, no. 3, pp. 684—
697, 2016.

T. Liu and Z.-P. Jiang, “Distributed formation control of nonholonomic
mobile robots without global position measurements,” Automatica,
vol. 49, no. 2, pp. 592-600, 2013.

C. Zhao, C. Fu, J. M. Dolan, and J. Wang, “L-shape fitting-based ve-
hicle pose estimation and tracking using 3d-lidar,” IEEE Transactions
on Intelligent Vehicles, vol. 6, no. 4, pp. 787-798, 2021.

S. Santini, A. Salvi, A. S. Valente, A. Pescape, M. Segata, and R. L.
Cigno, “Platooning maneuvers in vehicular networks: A distributed
and consensus-based approach,” IEEE Transactions on Intelligent
Vehicles, vol. 4, no. 1, pp. 59-72, 2018.

V. Andrieu, B. Jayawardhana, and L. Praly, “Transverse exponential
stability and applications,” IEEE Transactions on Automatic Control,
vol. 61, no. 11, pp. 3396-3411, 2016.

H. J. G. de Marina Peinado, “Distributed formation control for au-
tonomous robots,” Ph.D. dissertation, University of Groningen Gronin-
gen, 2016.

V. Andrieu, B. Jayawardhana, and L. Praly, “Characterizations of
global transversal exponential stability,” IEEE Transactions on Au-
tomatic Control, vol. 66, no. 8, pp. 3682-3694, 2020.

H. K. Khalil, Nonlinear systems. New Jersey: Prentice Hall, 2002.

Authorized licensed use limited to: University of Groningen. Downloaded on March 15,2024 at 07:58:51 UTC from IEEE Xplore. Restrictions apply.



