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Robust Leaderless Consensus of Euler-Lagrange Systems with
Interconnection Delays

Emmanuel Nufio Ioannis Sarras

Abstract—In this work, a distributed control method to
achieve the leaderless consensus of heterogeneous Euler-
Lagrange (EL) systems with bounded time-varying communi-
cation delays while simultaneously rejecting periodic external
disturbances is reported. The robust controller has a simple-to-
implement structure of proportional-integral-derivative scheme
that employs the internal model approach to reject the distur-
bance. We consider that the network of EL-systems is inter-
connected through an undirected weighted graph that is static
and we assume that the information exchange between any
connected nodes is subjected to bounded variable time-delays.
The efficacy of the proposed method is shown in a numerical
simulation using a network of ten robotic manipulators.

Index Terms— Disturbance Rejection, Euler-Lagrange Sys-
tems, Consensus, Time-Delays, Internal Model

I. INTRODUCTION

Consensus for multiple systems means that the state
variables of all agents converge to a common agreement
value [1]. Several solutions to this problem and for linear
agents are well-studied under many different scenarios [2],
[3]. However, these solutions become more complex if one
considers the agents’ nonlinear dynamics [4], [5], communi-
cation delays [6] and input disturbances [7], [8], [9]. There
are two possible consensus problems: the leaderless, where
all agents are required to agree at a common non—specified
value, and the leader—follower, where the agents have to
converge to a common pre-specified point [10].

A variety of physical (mechanical and electrical) systems
can be represented by nonlinear system equations through the
well-known Euler-Lagrange (EL) equations of motion [11].
The first results on consensus (synchronization) for agents
with EL-dynamics have been reported in [12] and in [6] for
nonidentical EL-systems with interconnecting delays. Since
then, a plethora of different controllers have been proposed
to ensure consensus, from simple Proportional plus damping
(P+d) schemes [4], [13] to more elaborate adaptive [14], [6],
[15] and sliding-mode controllers [16].

In this work we focus on ensuring the leaderless consensus
of EL-systems while rejecting non-vanishing time-varying
external disturbances. Closely related to this work are the
solutions provided in [7] and in [8], where a robust controller
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is proposed, via the internal model approach, for the consen-
sus of EL-systems but without accounting for delays in the
interconnections. However, in real-life scenarios, time-delays
naturally appear when communicating the state variables
among agents [17]. Moreover, recently, the sliding-mode
technique has also been employed to deal with parameter
uncertainty and with external perturbations [18], [19], [20].
However, these solutions can be prone to chattering [21],
[22].

The controller that we propose here is smooth and it
is composed of two terms, a Proportional plus damping
(P+d) scheme, which drives the agents towards a consensus
position, and an extra integral term, which is used to reject
the external disturbances. The integral term design hinges
upon the internal model approach [23], [24] and the resulting
scheme has the structure of a simple-to-implement PID
controller. We assume that the EL-systems are interconnected
through an undirected weighted graph that is static and that
the information exchange between any connected nodes is
subjected to bounded variable time-delays. For this scenario
we provide a sufficient condition for the proportional and
the derivative gains of the controller to ensure that the
network finds an agreement position and that the velocities
converge to zero, globally. Up to the authors’ knowledge, this
work provides the first solution to the leaderless consensus
problem for EL-agents when variable time-delays appear in
the interconnections and with disturbance rejection capabil-
ities with a uniformly continuously differentiable controller,
which does not exhibit a chattering phenomenon. Therefore,
this work extends the previous P+d scheme reported in [13]
to the case when external disturbances arise. Simulations,
with ten robot manipulators are shown to provide evidence
of the performance of the controller.

II. BACKGROUND

This paper deals with the leaderless consensus of a net-
work of n degrees-of-freedom EL-systems. The network
has N heterogeneous EL-systems and each ith-system (also
referred to as agent) has the following dynamics

M (q:)d; + Ci(qi, 4i)&i + aiq_Ui(qz‘) =7;+d;, (1)

X2
where q; € R” is the generalized position coordinates, the
matrix M; : R” — R"*™ is the generalized inertia matrix,
U; : R" — R is the potential energy function, 7, € R"
is the control input and d; € R" is an external disturbance
generated by an exosystem (defined later below). The matrix

Ci(qi, &;) = Mi(q;)é; — %%QIMi(qi)qi is defined via



the Christoffel symbols of the first kind. The dynamics of
each agent satisfies the following properties [25], [26].

P1. The inertia matrix is symmetric and positive definite,
for all q; € R™.
P2. The matrix MY(qz) —2C,;(q;,q;) is skew-symmetric.
P3. The Coriolis matrix is bounded, for all q; € R", as
|Ci(ai, 4i)eti| < keilds|? for ke; > 0.
We further assume that the external disturbance satisfies
the following,

Al. The disturbance d;(t) € R™ is generated by an exo-
system of the form

W; = S;wy, d; = C;w;, )

where w; € RPi, S, € RPi*Pi and C; € R"*Pi, The

exosystem is assumed to be neutrally stable, i.e., all

the eigenvalues of S; are different and they lie on the

imaginary axis. N

The interconnection of the EL-agents is modeled through

a graph given by the standard Laplacian matrix L := [{;;] €
RYXN whose elements are defined as

b = Z aij, Ly = —aij, 3)
JEN;

where a;; > 0 if j € N; and a;; = 0, otherwise. The set
N; contains all the agents transmitting information to the -
th agent. Regarding the agents’ interconnection, we assume
further that

A2. The graph is undirected, static and connected. N
A3. The information exchange, from the j-th agent to the
i-th agent, is subjected to a variable time-delay 77, ()
with a known upper bound *T};. Hence 0 < Tj;(t) <
*T)j; < co. Moreover, the time-delays are differentiable
and their derivatives are bounded. N

Remark 1: By construction, L has zero row sum, i.e.,
L1y = 0. Moreover, Assumption A2 ensures that rank(L) =
N —1, that L has a single zero-eigenvalue and that the rest
of the spectrum has positive real parts [2]. Further, it also
holds that L =LT. g

The problem that we aim to solve in this work is

LC (Leaderless Consensus problem): For a network of
N heterogeneous n-DOF EL-systems (1) satisfying
A1-A3, design a distributed controller such that all
positions, globally and asymptotically converges to
a consensus point, i.e.,

lim (.le (t) = O,

t—o00

lim q;(t) = qc;

t—o00

for some q., € R".

ITI. ROBUST LEADERLESS CONSENSUS OF EL-AGENTS

The robust controller that we propose here is composed of
an integral term, which is designed using the internal model
principle, and a P+d scheme. This is precisely the object
study of this section.

A. Internal Model Dynamics

In order to counteract the input disturbance effects, an
internal model-based estimation term is employed in the
controller. This term employs the following realization

X; = Aix; — Biu,, 4

where, matrices A; € Rli*li and B; € RY*™ are such
that A; + A] = 0 and the pair (A;, B;) is observable.
We should underscore that the eigenvalues of matrix A; are
the same as those of S;. In this case, as in [7], there exists
a transformation matrix T; € R4*Pi such that

T;S; = A, T;, B/T,+C;=0. (5)

u; € R” is the input to the internal model dynamics and
it will be defined latter.
Defining the estimation error coordinates

x; = x; — Tywy,
yields the error dynamics
% =Ax; — Biu; — T;S;w;,

=Ai(x; — T;w;) = Bju; (6)

=A;x; — Biu,,
where, to obtain the first equality, we have employed (2) and
(4), respectively. For the second equation, we use (5).

Defining, additionally,
(~1i = B:Xl + dl',

and using (2) and (5), we have that

=B/ %;. @
Consider now the Lyapunov candidate function
- 1 _
Hi(xi) = §\Xi|2v
then H; evaluated along (6) yields
H; = %] (A;%; — Bju;) = —%/ Byu;,
where we have used the fact that A; = —A;r. Hence, this

means that (6) is passive from the input B;u; to the output
x; and this property is employed in the controller design.

B. Robust P+d Scheme

Our proposed robust P+d with gravity cancellation con-
troller is given by

. 0
Ti =B/ xi—p; Z aij (a; — q;(t — Tji(t)))*diql'Jrani,
: qi
JEN;
®)
where p; > 0 and d; > 0 are the proportional and the
damping injection gains, respectively. These controllers are
the robust extension of the scheme reported in [13].



The closed-loop system of (1) with (8) yields
G =—M; " (a) [Ci(qi, €i)d; + didt; — B/x; — d;]

= oM (@) Y aig (a4 — a(t = Ty(1))
JEN;

and hence, using (7) it holds that
B/ %]
~Tu(0). ©

& =— M; (q;) [Ci(as, &:)d; + dict; —
_pzM (qz) Z azg (q qj(
JEN;

Note that, if we take the kinetic energy of each agent to
be

1, )
=&, M (q;)d,

Kz‘((li,%) = B

then, simple calculations show that

Ki = d |qz —pqu Z az] le(t)))
JEN;

+4q; BT

Therefore, we can see that

Hz"'Kz = —d; |qz _pzqz Z az]
JjEN;

—T5i(t)))

provided that the input of the internal model scheme u; is
given by ¢;.
We can now state our main result as follows.
Proposition 1: For any given proportional gains p; and
any time-delay bounds *T};, « = 1,..., N, if the damping
injection gains d; satisfies

T2
5> pzz%(az )

JEN; Qj

(10)

foralli =1,..., N and for some «; > 0 then the controller
(4), with u; = q;, and (8) solves the L.C problem globally.
O

Proof: For all i, we consider a Lyapunov candidate
function V; given by

Vi=— (K + H;)
i

+7 53 il — al

JEN;

By evaluating Vi along the trajectories of closed-loop system
(6) and (9), we obtain

Vi =— *| al’ = > aiya) (ai—a;(t —Ty(t))
JEN;
+ = Z az] qz q] (qz - qj)
jEN

Since the Laplacian matrix is symmetric [4], it holds that

5 Z > aij(@i—4y) " (ai-a;) =

i=1jeN; i=1 jEN;

N
> > aual (di—ay).

N
Hence, by defining V := Y V;, it follows that

i=1
N
=- [*| ail* + ) aiai (aj —a;(t - sz‘(t)))],
i=1 JEN;
N
@i 12 .
; [ |4 +]§[ a4 /Tﬂ(t) q](a)da],

where, for the second equality, we have employed the fact

that .

q;(o)do = q;
t—Tji(t)

—q;(t — Tj(t)).

Now, using Young’s and Cauchy-Schwartz’ inequalities
we obtain that, for any a; > 0,

2
1

t t
. . Qi . .
—al [ alee <lal g | [ aon
t—Tj;(t) 20 t—Tj;(t)

Ty [ . 2
it ] (0)[2do.
20 /HT_. 14 ()] dor

Ji

.
§51|0h‘|2+

Using these inequalities we can bound V as

N
VS_Z[*‘ z|2 Zaw ‘qz :|

io P ]EN

+ Z Z a” 2 |qj(o)|2d0.
i=1jEN;

Let us now consider
=Y a” 2 \qj (0)dodo,  (11)
t+o

JEN;

and note that W; is given by

. Tyi . . t .
Wim 3 el [Tulasf— [ lay(o)aa].
JEN: Q; t—*T..

ji

By defining
N
Z [ qz» qz +W; (q;t)}
i=1
we obtain
Nl d ol *T2
. i itid . 12 Jiye 12
ES—Zl(pi—2>|qZ‘| _Zaij2ai |]’
=1 JEN;

where /;; is defined in (3).
Now, as in [13], for compactness of presentation, we

. 3 A T
introduce Q := [|Q1\2 |QN|2} and
di _ anlin _TRiaw
4 5 Yo
U= : ’
_Tiyany dn _ aninn
2o . PN 2

so that we can write

N
£<-139Q=-) \lal,

=1



where

*T2
Vet (o)
JEN
Setting d; such that (10) holds, ensures that \; are strictly
positive numbers. It implies that
N
€<= Alail’ <o.
i=1
Since & is positive definite then q; € L.
Qi, Xi,|di — qj| € Lo for all i € N and j € V.
Now, the error q; — q,;(t — T);(t)) can be written as

t
q; —q;(t —Tj(t) =a;i —qy +/
t—=Tj;i(t)

and it can be proved that |q; —q; (t—7};(t))| € L provided
that \qi - q]“ € L and that §; € Ls.

Since all signals in the right-hand-side of the closed-loop

system equations in (9) are bounded, then §; € L. Hence,

Barbalat’s lemma allows us to conclude that tlirroro q;(t) =0.

Moreover,

(-1]' (U)do—a (12)

This, in turn, implies that
t
Jim | Gi(0)do = —q;(0).

Furthermore, under Assumption A3, the time-derivative of
the right-hand-side of the closed-loop system equations (9)
is also bounded. Thus, ;téiz € L. In these conditions,

Barbalat’s lemma also ensures that hm 4;(t) =0.
Since velocities asymptotically converge to zero, then from

(12) and (9), the following limits hold
; . a:(t) —a. — 1 Tx.
Jim pi 3 i (ailt) — ;1) = lim Bl %i(t).
JEN;
Moreover, the convergence of velocities and accelerations

to zero along with the fact that accelerations are uniformly
continuous, ensure that lim i('1'11-(15) = 0. Hence, after
t—o0 dt

drfferentratmg the accelerations in (9), we can establish that
lim B] %;(t) = 0. By substituting this limit to the second

CES;.UOH of (9), it holds that

i % (t) = li TA% (1) =
tlirr.lo B, %;(t) tlirgo B, A;x;(t) = 0. (13)
Inductively, it follows that
lim B] A%%;(t) = --- = lim B Alx;(t) =0. (14)
t—o0 t—o0

Hence, by invoking the Cayley-Hamilton theorem, there
exists a set of real numbers {ck}ijzl such that

Al + oAl 4
Using (15), we can establish that

"+Cli71Ai+CliI:0 (15)

1
B/% = —B] (Aﬁ’? +e Al 4
Cl,

where to obtain the second equality we have employed (13)
and (14). Since tlirn B/ %,(t) = 0, it holds that
— 00

Z aij (qi(t) —q;(t)) = 0.

JEN;

lim
t—o00

(16)

-+ CliflAi) x; = 0,

Finally, by concatenating the N positions as q :=
[af,..,qN]", we can arrive at

Jim (L®1,)q(f) =0,

which by the properties of the Laplacian matrix, together
with (16), implies that there exists q. € R", such that

Jim q(t) =1y @ qe.

IV. SIMULATION RESULT
A. Simulation setup

Using a network with ten 2-DOF revolute joint manipu-
lators, this section presents some simulations that illustrate
the solution to the control problem reported in this paper.
For simplicity, the interconnection variable time-delay for
all agents is the same, and it emulates an ordinary UDP/IP
Internet delay with a normal Gaussian distribution with
mean, variance, and seed equal to 0.45, 0.005, and 0.35,
respectively [27]. The Laplacian matrix of the system is given
by

1.4 0 -03 O 0 0 0o —-04 0 -0.7
0O 09 0 -08 0 0 0 0 0 -0.1
-03 0 03 O 0 0 0 0 0 0
0 —-08 0 1 0 0 0 0 —-02 0
L = 0 0 0 0O 05 0 -05 0 0 0
- 0 0 0 0 0 06 0 —-06 O 0
0 0 0 0 —-05 0 1.4 0 0 -0.9
-0.4 O 0 0 0 —-06 O 1 0 0
0 0 0 —-02 0 0 0 0o 02 O
—-0.7-0.1 0 0 0 0 —-09 0 0 1.7

Each manipulator dynamics follows the EL equations (1),
whose inertia and Coriolis matrices are given by

ooy |+ 2Bicia 6 + Bicie
Mila) = [ 0; + Bici d; ’
and
. _S/L '/i _Sl .i + .i
a1

respectively. In these expressions, c;i, ;i are a short notation
of cos(q;x) and sin(g;x); ¢ix is the angular position of link &
of manipulator i, with k € 1,2; oy = [Z,mya+12 (mi1+mi2),
Bi = l;1l;0my0, and §; = Z?Qmig, where [;;, and m;; are the
length and mass of each link, respectively. The exosystem’s
matrices that model the disturbance d;(t) in (2) are

0 1 10
Sl S

The network is composed of three different groups of ma-
nipulators, where members of each group has the same
parameters. The physical parameters are m; = 4 kg, mo = 2
kg, and I; = 0.2 = [, = 0.4 m, for Agents 1, 2, and 3;
m1 = 3 kg, mo = 2.5 kg, and I; = 0.6 m, I = 0.5 m, for
Agents 4, 5, and 6; m; = 3.5 kg, mo = 2.5kg, and [; = 0.3
m, lo = 0.35 m, for Agents 7, 8§, 9, and 10

The proportional gains p; for the controllers (8) are all set
to 10 Nm. By letting o;; = 1 and by using *7T}; = 0.7 s and
p; = 10 Nm, condition (10) is given by d; > 8.5[;;, where
l;; corresponds to the ith-diagonal element of the Laplacian



matrix. Setting the damping gains as d; = 12, dy = 9,
and dg = 7, 7, dg = 2.6, d4 = 9.5, d5 = 4.3, dﬁ = 5,2,
dr =dg =7, dg =9, and d;0 = 14, ensure that condition
(10) hold for all 3.

The internal model-based estimation term in (4) is given

by
. [o 11 1 o],
XZ_ _1 OX’L 0 1q1?

for agents 1,2,3,4 and 5; and

. 0 -1 1 0.
Xi = [1 O]Xi_ [0 _1]%,
for agents 6,7,8,9 and 10.

The initial positions for each agent are set as q;(0) =
[1178]T’ q2(0) = [1077]—'—5 q3(0) = [976]T’ q4(0) = [8,5] ",
CI5(O) = [754]T7 QG(O) = [673]T’ q7(0) = [552]T7 QS(O) =
[4,1]7, qo(0) = [3,0]T, and q10(0) = [2,—1]". The initial
velocities are the same as the initial positions.

B. Simulation results

Fig. 1 presents the simulation results for the positions
q;. Note that the EL-systems asymptotically converge to
the consensus point q. = [6.144,1.072] . Fig. 2 depicts
the velocity behavior, from which one can observe that the
generalized velocities asymptotically converge to zero.

As a comparison, we now apply the control method
presented in [13] with the same conditions. Fig. 3 presents
the simulation results for the positions q;. Clearly, we can
observe that without the disturbance rejection term, consen-
sus cannot be achieved.

V. CONCLUSIONS

Using the internal model approach [23], [24], we have
modified the P+d controllers [13] to globally solve the lead-
erless consensus problem in a network of heterogeneous EL-
systems perturbed by external disturbances and with variable
time-delays. Simulation results validate the robustness of the
proposed P+d controllers. The proposed controller requires
velocities to be measurable and this may not be practical in
some applications. As a future research avenue, following
the results in [28] and in [29], we intend to relax such
requirement.
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