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Adaptive synchronization of uncertain
underactuated Euler-Lagrange agents

Tian Tao, Spandan Roy, Bart De Schutter, Fellow, IEEE, and Simone Baldi, Senior member, IEEE

Abstract—This work proposes a framework for adaptive syn-
chronization of uncertain underactuated Euler-Lagrange (EL)
agents. The designed distributed controller can handle both
state-dependent uncertain system dynamics terms and state-
dependent uncertain interconnection terms among neighboring
agents. No structural knowledge of such terms is required other
than the standard properties of EL systems (positive definite
mass matrix, bounded gravity, velocity-dependent friction bound,
etc.). The study of stability relies on a suitable analysis of the
non-actuated and the actuated synchronization errors, resulting
in stable error dynamics perturbed by parametrized state-
dependent uncertainty. This uncertainty is tackled via appro-
priate adaptation laws, giving stability in the uniform ultimate
boundedness sense, in line with the available literature on state-
dependent uncertain system dynamics and/or state-dependent
uncertain interconnections. An example with a network of boom
cranes is used to validate the proposed approach.

Index Terms—Underactuated systems, Euler-Lagrange dynam-
ics, adaptive synchronization, distributed control.

I. INTRODUCTION

Underactuated systems have fewer control inputs than de-
grees of freedom. Lower cost or more tolerance to faults can
make underactuated robots [1], underactuated cranes [2], [3],
underactuated vehicles [4], [5] etc. preferable to their fully-
actuated versions. Although approaches to control underactu-
ated systems span from feedback linearization [6]-[8], pas-
sivity [9]-[11], and optimal control [12], [13], the inevitable
system uncertainties put most of these approaches at stake and
call for appropriate adaptive designs [14]. One such class of
designs relies on extending sliding mode control [15]-[18] in
an adaptive sense, giving adaptive-robust methods originally
developed for fully-actuated systems [19]-[21]. These methods
only require the knowledge of an uncertainty bound around a
nominal mass matrix, while all other system terms (Coriolis,
gravity, friction) can be unknown [22], [23].

A. Challenges and related works

Nowadays, adaptive-robust methods constitute a mature and
general framework for fully-actuated systems. Unfortunately,
such maturity and generality are missing for underactuated
systems, where it is common to consider special classes of
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dynamics [24], specific applications [25], [26] or ad-hoc struc-
tural assumptions on the system terms [7]-[9], [17], [18], [27].
The most adopted of these structural assumptions requires the
mass matrix to depend on the actuated states only [18], or on
the non-actuated states only [9], [27]. This assumption turns
out to be falsified in several scenarios, such as biped robots
[1], boom cranes [3], surface vessels [5], [26], among others.
When considering interconnected dynamics as in multi-
agent systems literature, an additional source of uncertainty
arises from the interconnection terms among the agents, which
may take a state-dependent form analogous to the state-
dependent system terms. Power systems are a representative
example, where power flows across different areas create state-
dependent uncertain interconnections that might result in inter-
area oscillations or other problems [28]-[31]. When designing
distributed approaches to synchronization/consensus, the pres-
ence of these uncertain interconnection terms is traditionally
overlooked. In most approaches, the interconnection is only the
result of the synchronization/consensus protocol, i.e., no intrin-
sic interconnection is considered before such protocol is de-
signed [32]-[34]. Notable exceptions appear in fully-actuated
dynamics controlled in a decentralized fashion, i.e., without
communication among the agents: here, state-dependent and
possibly uncertain interconnection terms have been considered
[35], [36]. For underactuated dynamics, distributed control was
considered in [5] without uncertainty on the system dynamics
and on the interconnection terms, whereas the adaptive method
in [37] and the non-adaptive ones in [9]-[11] are for single
agents, i.e., the issue of uncertain interconnections does not
arise. These works on underactuated systems still rely on the
aforementioned structural assumptions on the system terms.

B. Contributions of this work

The overview above shows that distributed approaches for
underactuated dynamics impose crucial structural assumptions
e.g., on the mass matrix and on the existence of intercon-
nections. The design of a general underactuated adaptive-
robust framework with reduced structural assumptions is still
an open problem in the field. This motivates a research on new
distributed approaches for underactuated systems with limited
knowledge of the system dynamics and of the interconnection
terms. The main contributions of this work are:

o A distributed adaptive protocol for synchronization of
underactuated Euler-Lagrange (EL) systems is designed
in the presence of uncertain system terms.

o No structural assumptions are imposed other than the
standard properties of EL systems (positive definite
mass matrix, bounded gravity, velocity-dependent friction



bound, etc.). We do not impose the mass matrix to depend
on the actuated states only, or on the non-actuated states
only. We just require the mass matrix to satisfy the Strong
Inertial Coupling [8] (see Assumption 2), a well-known
condition for controllability;

« State-dependent uncertain interconnections among the
underactuated agents are considered to exist before the
control design, instead of only being a result of coupling
caused by the control. Recall that, even for fully-actuated
systems, the literature has shown that state-dependent
uncertainties prevent asymptotic tracking [29]-[31], [36],
[38], seeking stability as uniform ultimate boundedness,
which is the approach we also follow.

The proposed approach provides a convenient underactuated
extension of adaptive-robust methods, with the following dis-
tinguishing contributions that make this extension possible:

a) Suitable dynamics are derived for the actuated and the
non-actuated errors so as to fit the adaptive control goal
(cf. the parametrized state-dependent perturbations in
Sect. IV-B). As state-dependent uncertainties appear in
both the actuated and the non-actuated part, a dedicated
uncertainty analysis is carried out in Sect. V-A.

b) A novel stability analysis is presented that, in addition
to handling state-dependent uncertainties, can handle dis-
tributed information and the different state space regions
arising from the control law (cf. the proof of Theorem 1
in the appendix).

¢) The proposed adaptive laws in Sect. V-B depart from
standard adaptive-robust laws, as they are not designed
using a standard leakage, but based on an appropriate
state-dependent leakage (cf. the discussion in Remark 6).

The rest of the paper is organized as follows. Section II gives
the basic notation, followed by the problem formulation in
Section III. Section IV gives key steps about the distributed
control law and the error dynamics, leading to the uncertainty
analysis and stability result in Section V. Using a network
of boom cranes as a numerical case study, simulations and
comparisons with the state-of-the-art are in Section VI.

II. NOTATION AND BASIC GRAPH THEORY

We adopt a standard notation, with R* for the set of positive
real numbers, ® for the Kronecker product, I for the identity
matrix of dimension N, 1y for the N-dimensional vector of
ones, Amin(-) and Apax(-) for the minimum and maximum
singular value of a matrix, and || - || for the Euclidean norm.

We use graphs to represent a network of nodes (or agents).
A directed graph G is described by the pair (V, £), comprising
the node set V £ {v,...,uy} and the edge set £ CV x V.
An edge is a pair of nodes (v;,v;) € £ representing that agent
¢ has access to the information from agent j, i.e., agent j is a
neighbor of agent ¢ (not necessarily vice versa). The neighbor
set of agent 7 is denoted by N;.

Weighted edges in £ are described by the adjacency matrix
A = [a;;] € RVXN 'where a;; > 0if (vj,v;) € Eand a;; =0
otherwise. The Laplacian matrix £ = [I;;] € RV*" associated
with G is defined as [;; = Z;Vzl Qjj and ll] = —Q;j, ) 75 J-

The node set V does not include the leader node vg: for
those agents ¢ that can receive information from vy, we have an
edge with b; > 0; otherwise, b; = 0. The following assumption
is standard in multi-agent systems literature [32], [33]:

Assumption 1. The directed augmented graph comprising G
and edges from the leader node contains a spanning tree with
the root being the leader node.

Remark 1. Assumption 1 implies that there exists a commu-
nication path from the leader to any follower node: it is a
condition to make synchronization over a network feasible, cf.
Remark 4 and Lemma 1 later on.

III. SYNCHRONIZATION PROBLEM

Consider the following network of underactuated Euler-
Lagrange (EL) agents (1 = 1,...,N) :

M;(qi)di + Ci(qis di)di + Gi(qs) + Fi(di)
+ Hi(ei,éi) +d; = [O%;lim) TZ-T}T (D)

where ¢;,q; € R™ are the generalized coordinates and their
derivatives, d; € R™ is an external bounded disturbance
with ||d;|| < d; (d; an unknown constant), 7; € R™ with
n —m < m < n is the control input. The system dynamics
(1) comprises the mass matrix M;(g;) € R™*", the Coriolis
matrix C;(q;, ;) € R™ ™, the gravity term G;(¢q;) € R",
the friction term F;(q¢;) € R™, and the interconnection term
H;(e;,é;) € R™ which depends on the local synchronization
error and its derivative. For convenience of analysis, arrange
the generalized coordinates according to non-actuated and
actuated dynamics as ¢; = [¢L, ¢L]T with q,; € R"™™ and
Gai € R™. Accordingly, the local synchronization error e; can

be decomposed as e; = [el; el]T, resulting in
€ui (t) = Z A5 [quz (t) — Quj (t)] + bz [Cqu (t) - quO] (23)
JEN;
€ai(t) = Z ij [qai(t) = qaj ()] + bi(gai(t) — ga0) (2b)
JEN;
and analogously for ¢; = [¢L. ¢T]T
éui(t) = Z ij [Gui(t) — Gu; ()] + bigui(t)  (3a)
JEN;
€ai(t) = Z ij [dai(t) = Gaj(t)] + biGai(t).  (3b)
JEN;

In principle, one could consider time-varying leader trajecto-
ries (cf. [22], [23], [36], [38] for fully-actuated and [24] for
a class of underactuated EL systems): however, this poses the
challenging problem of how to define a feasible trajectory for
a general underactuated system. Because this problem goes
beyond the scope of this work, we consider a fixed-point leader
position gy = [gly, qX]T € R™ in (2a)-(2b), as common in
the literature (cf. [7], [10], [11], [15]-[17], [27], [37]).

In line with standard EL literature [19], [39], [40], the
following system properties are assumed:

Property 1. There exist constants ¢;, gi, fi, hii, hoi, hsi, hai,
hs; € R such that the following upper bound structures hold
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1Ci(qi, i)l < @llgill, 1Gs(ao)ll < @i, 1Fi(d@)ll < fillds
[ Hi(es, €)|| < hai+hailles ||+ haillésl| + hailles]|* + hsq || €3]]

Property 2. The mass matrix M;(q;) is symmetric, positive
definite and there exist positive constants m and ™ such that

Remark 2. The interconnection term H; represents the uncer-
tain interaction between agents, existent before the design of
the synchronization protocol. Literature on multi-agent systems
typically neglects this term [32]-[34]: its presence requires a
novel synchronization protocol.

The upper bounds of C;, G;, F;, H;,d; in Property 1 will
be taken to be unknown, i.e., not used in the control design.
The upper bound structure of H; is taken to be quadratic
in accordance with the quadratic effect of the term C;¢; in
(1). Note that, although some terms (e.g., d; and G;) can
reasonably be assumed to be bounded a priori by constants,
other terms (e.g., C;, F; and H;) are state-dependent. Indeed,
the constants Ei,ﬁ, hii, hoi, hai, hai, hs; in Property 1 multi-
ply state-dependent terms, so that one cannot assume a priori
boundedness of these uncertain terms.

For brevity, let us omit the dependence of the system
dynamics terms on the state variables, and let us organize the
system dynamics terms as

A Muui M’dUi
MZ N |:Muai Maai] ’ (4a)
E; 2 Cigi + Gi + F, + Hy + d; = [ET, ET]T  (4b)

where M, € ]R(n—m)x(n—m)7 Moi € R(n—m)xm’ M,.; €
R™*m B, € R*™™  E,; € R™. Therefore, the dynamics
(1) for each agent can be represented as

(jui = _eruliMaui(jai — Ry (5a)
Gai = M7 + R (5b)
with
Ry & M By,
Rai & MM (Myai ML By — Eap),

Msi £ Maai - MuaiM_l‘Maui-

uur

As M; in (4a) is positive definite, M; and M, are positive
definite (thus invertible). The following assumption, known as
Strong Inertial Coupling, ensures controllability of underactu-
ated EL dynamics in line with standard literature [6]-[8].

Assumption 2. (Strong Inertial Coupling [6]—[8]) The fol-
lowing rank condition holds:

(6)

Remark 3. The name ’Strong Inertial Coupling’ comes from
the coupling created by M,,; between the actuated and the
non-actuated states. As the non-actuated states cannot be
directly controlled, (6) ensures controllability as it allows
to design a virtual control for the non-actuated states. This
condition appears in most works about underactuated EL
systems (also cf. [40]-[42]) and has been mostly used in the
framework of backstepping.

rank(Maui(g;)) =n—m < m, Vg € R™.

Due to the block structure in (4a), the uncertainty in the
mass matrix M; is addressed in a different way from the
other dynamic terms. It is assumed that Mg; € R™*"™ can be
decomposed as My; = MSZ- + AM,; where MSZ- is the nominal
part (used for control design) and AMy; is the unknown part
satisfying the following bound conditions:

Assumption 3. Define the matrix T, = MglMsi — I,,,. Then
there exists a known scalar T € R such that
Ty < T < 1. @)

Assumption 3 implies that an upper bound on the uncer-
tainty of Mj; is known. It is often adopted in the literature to

describe uncertainty in mass matrix [19]-[21].
Let B = diag (by,...,by) € RV*N_ From (2), we obtain

€u=—(£+3)®(Qu_Qu0):_(£+B)®5u
ea=—(L+B)® (¢a

~q,)=—(L+B)®4,

where e, = [el},....el T, ea = [el},....ely]", qu =
[qtj;lv sy qIN}T7 qa = [qaj;h ey qu]T7 Q%} = 1N®qa07 Quo =
1n®quo- The errors 6, = (¢a—g,,) € R™Y, 6w = (qu—q,,) €

R™V represent the global synchronization error with the leader
in actuated and non-actuated states, respectively.

Remark 4. In a distributed control setting, the leader’s state
contained in §,, 0y is not directly accessible to all followers.
The existence of a directed spanning tree, as in Assumption I,
allows even those agents without direct access to the leader’s
information to track the leader’s state by synchronizing e, and
ew With the neighbors with which they can communicate.

The directed spanning tree property implies the following.

Lemma 1. [32] Under Assumption 1, the local and global
synchronization errors are related by

[leall

< -
1oull < Amin (L + B) ©a)
leall
< =
||6a|| - )\mln(£+B) (9b)

with Amin (L 4+ B) the minimum singular value of L + B.

Due to the presence of state-dependent uncertainties, it has
been shown in the literature that asymptotic tracking is hard
to achieve even for fully-actuated system. Therefore, stability
is sought as uniform ultimate boundedness, which is in line
with the existing literature [29]-[31], [36].

Definition 1. (Uniform Ultimate Boundedness (UUB) [43]) A
signal is uniformly ultimately bounded if there exists a convex
and compact set C such that for ¥6(0) = &y, there exists a
Sfinite time T(dq) such that § € C for all t > T (o).

Problem Formulation. Let §; = [61, 61]T. Design a dis-
tributed (i.e., using state information from neighboring agents)
adaptive mechanism for the network of underactuated sys-
tems (1) guaranteeing that the global synchronization error

§=1[0F,..., 0L is uniformly ultimately bounded.



IV. PRELIMINARY DESIGN STEPS

We give the distributed control law (Sect. IV-A) and the
dynamics of the synchronization error (Sect. IV-B). These
steps are useful to derive the proposed adaptation in Sect. V.

A. Distributed Control Law

Define a tracking error variable:

7i = Oai€ai + Zai€ai + Ouiui + SuiCui (10)

where O,;, Z,; € R™*™ are user-defined positive definite
matrices, and ©,;, S € R™*("~™) are user-defined full
rank matrices. The distributed controller is designed as

M.
T = ;1(—7“1'—73'), Ti = pisat(S;, @) (1)
2
S;
Sil| >
where sat(S;, ¢) = és I5ill = ¢ is a saturation term
S0 )8 <
with §; = B{Paiwai, B, = [O I"JT, Wai = [eg;- é;]T,

¢ > 0 a user-defined scalar, and P,; > 0 the solution
to the Lyapunov equation AZ;PM- + Py A = —Qa; where

0 I
Ay = - m
l Zai —Oa

is user-designed; p; w1ll be defined later in Sect. V-B to deal
with the uncertainty in the system dynamics.

is Hurwitz by design, and Q,; > 0

B. Synchronization Error Dynamics

Using (3b) and (5b), we obtain the synchronization error
dynamics in the actuated dynamics as

€ai = 0y (Mslei + Rai) — Z Qij (Msngj + Raj) (12)
JEN;
where @; = b; + Y a;;. Substituting (11) into (12) gives
JEN;
€ai :(Ms_ilMsi - Im)( — Ty — 77_1') -
- >y [(Mslesj —In) (=7 — 7))

JEN;

(ri + 7)) + @i Rai

—(rj + fj)} = A5

=—ri— (Im+T)7+ > Gij(Im + T;)7 + 6i; (13)
JEN;

where @;; = %< and ¢;; = —Tiri+aiRai+) e, (@i (I +
T;)r; — ai; Raj|. According to (10), (13) can be rewritten as
éai - — ®a7,'éai - Eaieai - (Im + E)%Z

+ > (I + )75 + 45 (14)

JEN;
with ’Q[Jij = (]5”' — (Guzeuz + Em—em-). USng (14), we have

Wai = Aaia; + B1 [ — (I + T3)Ti + 2ij

+ Y (I +Tj)7j}.

JEN;

15)

Similarly, using (3a) and (5a), the synchronization error in the
non-actuated dynamics turns out to be

Eui = — a4 (M‘;lliMauifjai + Rui)
+ D i (Mo Manjdaj + Ru;j)
JEN;
= - az |:M 1Mauz (M T + Raz) + Ruz:|

+ Z aij |:M1;11]'Ma‘lj (Msgln + Raj) + Ruj:| . (16)
JEN;
Similar to (13), substituting (11) into (16), gives

éui =— M, lMaul [(M;1M52 - Im) ( — Ty — 7_—1') - (7'1' + 7_—1)i|

+ Z al? uug au_] |:(Ms;1MSj - Im) ( - T = ?7>

JEN;
- (Tj + ’T__j)} + Gy (M 1Maqua1 + Rm)

uuz
+ > ai (M,

JjEN;
= Muulea‘“ (I + T>Tl + d);.j

uuj MauJRa] + Ru])

- Z at./ llLlj auJ (Im + Tj)f’/ (17)
JEN;
where
(b;j = MuullMauz (Im + T Z CLUM Mau] (I + T )
JEN;
— i (M Mai Rai + Rui) + Y @i (M Mawj Raj + Ruj).
JEN;

Design a full-rank matrix I'; € R(=m)xm guch that Aq; =
04 >0, Ay; =T;=,; > 0. Add and subtract I';r; to (17),

éui ‘1\4'uu11]\4'3“M I + T 7_1 Z alJ uuj aug (I +T; )Tj
JEN;
+ ¢;j - Fz (617631 + Eaieai + @uiéui + Euieui) + Fzrv
- — Pleuzeuz - Fz*—*uzeui + M lMauz (I + T )Tz

- Z al] uuj au] (I’m + Tj)?j + w:]
JEN;

where 1) i
actuated state €eIror as wy; = [e

(18)

— (Oaifai + Eai€ai) + I'ir;. Arrange the non-

I eT]T. Using (18), we have

Wi =Auiwui + Ba [M i Mawi (I + T;) 7

uu?

— " g Mg Moy (I + T) 7, +w;j} (19)
JEN;
where we have defined A,; = { 91 I("/_lm)} which is
1 —412¢
Hurwitz by design, and By = [0 I(;,_m)]".

Remark 5. The analysis of the error dynamics has led to (15)
and (19), which are stable dynamics (due to the Hurwitz state
matrices A,; and Ay;) perturbed by state-dependent terms.

The state-dependent terms in Property 1 make the perturba-
tions in (15) and (19) also state-dependent, so that they cannot



be bounded a priori by a constant. In the rest of the analysis,

the idea is to find an upper bound for such perturbations and

define an appropriate p; for stabilizing the error dynamics.
V. DESIGN OF THE ADAPTIVE PROTOCOL

In the following, we provide the uncertainty analysis (Sect.
V-A), leading to the adaptive synchronization laws (Sect. V-B).

A. Uncertainty Analysis
Define ¢; = [ef ¢T ¢l ¢T)T, € = [€T, ..., £L]T. Therefore,

leaill < 1G], Newll < &1 Nléaill < N1&] Néwll < [1&]l-
According to (10), we have

[rill < 94l &ll (20)

with ¥; = ||©.;]|+|Zai || +]|Ouil| +]|Zui||- Using Assumption 3
and (14), the following bound for 1;; in (15) can be obtained:

il < NTorill + > @ Ty | + il Rl
JEN;
+ @ij | Rajll + |Ouiuill + [|[Zuieuill
S TG+ T @161+ al| Mg | (|| Eal
JEN;
[ Muai Mt N Ewill) + > @ | M | (1B |
JEN;
[ Mua; M S B 1) 4 1O il |+ [ Euieni]l - (21)

According to the definition of &;, ||¢i|| < ||&]| can be
obtained. Using Property 1, we have

1Ei (i, dis €5, €)|| < (g5 + di + hai) + filldall + &lldil|®
+ haglleill + hailléill + Paillesl|® + hsilléil?
<(gi +di + hag) + (fi + hai + hag) ||
+ (& + hai + hsa) [|€:]) . (22)
From (4b), || Eaill < |E:ll, || Ewill < || E:||- Then, (21) yields
| PasBulllss < I1PuBill [ To:llall + T S aigos g
JEN;
+ || Mg | (1 + | Muai Mo ) 1 Bl +z:c_linMs}lH (1
JEN;
1M M DB+ (100l + 1l I ]
< Ooi+ 0|6l + Oaill&ill* + D (pr5 €511+ e2511€511%) (23)
JEN;
where
0o = || Pai B1l| | i (Qi +d; + f_lu) +Z i (gj +d; + Blj)]
) JEN;
01 = || Pai B |1i (fi + hai + hsi) +TY;+ ([ Ol + ||Euz||):|
02; = || Pai B1|pi (€ + hai + hs)
@15 = [|Pai Bull | f1ij (f; + hoj + haj) + Taij'ﬂj}

@25 = || Pai B1llfiij (€5 + haj + hs;)
pi = al| Mg | (1 4[| Mauai M5 1)
fiij = g | Mg | (1 + | Muag M5 )

JEN;

Similar to (21), the upper bound on 1/’1/'3' from (19) is obtained

16451 < 1351+ N@uiéall + Znieasl] + Tl
< [0+ 7)Mok Maal] + 1] 921661 + el M3 ]

uu

+ a5 | Mg Mo |11V M (1 Bl + 1| Moai Mot | B )
+(HT) Y ad; | Mo Mas 116

JEN;
+ D g | My Mo 11735 (11 B |

JEN;
+ 1 Muag Mo Bus ) + Y @ | M5 1 B |
JEN;

+ ||®aiéai|| + ||Eaieai||~ (24)

Let P,; > 0 be the solution to the Lyapunov equation Afi P+
P,iAyi = —Qus, With @y, a user-designed positive definite
matrix. Then, we finally obtain

|PuBallllv) | < ||Pm;32|{ [(1+ Y IM Mol

o+ 1|9l M [ M 5 (1 Mo M)

uus

F B+ (14 T) 3 syt 1| Myl M 165
JEN;

+ ) i Myl [IIMaujIIIIMs}1II(1 + | Muag Moy 1)
JEN;

+ 1} 1E;1 + (19aill + ||Eaz)||fz||}

< 00, + 05,1l + 05, 16117 +D (05516511 + 5;14651%) (25)
JEN;

where

O = | PuiBal| 14 (g + di + )+ ity (35 + d + ) |
JEN;

b = [ PuiBa| [ (Fi 4 s + Fas) + (
[ (14 ) | Mt M| + 1] 9,
0%; = || Pui Ba | i (€ + hai + hsi)
@y = I PusBall [y (s + By + By
+(1+ T)@z‘jﬁjHM@leaujH}
©h; = || Pui Bal|fis (¢j + haj + hs;)
1y = sl M I NG (1 + Mo M) +1]

1Ouill + 1)

ity = asg M3 Mg MG (1 | Mg Mk + 1]

Let us stress that the structures of the uncertainty bounds

in (23) and (25) are not imposed as per assumption, but a
consequence of Property 1. As Property 1 is generally valid
for EL dynamics, the upper bounds in (23) and (25) hold
generally. These upper bounds put us in the position to design
an appropriate p; in (11), as explained later.



B. Adaptive Synchronization Laws

According to the structure of the upper bounds of 1);; in
(23) and 7,/1§j in (25), p; is designed as

1 A A A
i = = (0oi + Ovil|&ill + Oall&il1> + v 26
=y o+ Bl + GalllP + ) @9
with the adaptive laws (I = 0,1,2)
01 =i (lwaill + llwus | + 1Sil1) 1€
= i ([|waill + lwai ) 1€: 1100 (27a)

3i =eo (1S3l + lll) + B
— [eo+ el l61°) + exll&ill] v @7b)

where 6;(0) > 0,601;(0) > 0,0;(0) > 0,%(0) >0 (27c)
€0, €1, €2, Xii, i, i € RT (274d)
with €5 > €7. (27e)

Remark 6. The proposed adaptive law uses a leakage de-
pendent on the synchronization error. This is useful in the
Lyapunov analysis of the derivative of (éll — éli)Q, as the com-
mon factor (||wai||+[|wy ) ||| can be extracted to construct
negative square terms of GA“,, cf. (39)-(40) in the appendix. The
parameters in (27), namely xi;, ay;, €9, €1, €2, 3;, determine the
rate of variation of the gains. For example, oy;/x1; represents
the ratio between the decreasing effect of leakage and the
increasing effect of the first part of the adaptive law. Compared
to standard leakage in the literature (cf. [31], [36], [44,
Chapter 8]), the proposed leakage leads to a more concise
UUB condition for w,; and wy; in (47), (52) and (54).

Theorem 1. Under Properties 1-2 and Assumptions 1-3, the
closed-loop trajectories of (1) employing the distributed con-
trol law (11) with adaptive law (27) are uniformly ultimately
bounded.

Proof: See the appendix. ]

Remark 7. Although the proposed framework shares some
points with sliding mode control (e.g., the saturation in (11)),
crucial features make it depart from such methods: sliding
mode control of underactuated EL dynamics imposes struc-
tural restrictions on the variables the mass matrix depends on
(cf. [7, Def. 1] used in most of the literature) and structural
restrictions on the uncertainties (cf. [16, Assump. 4-8] impos-
ing invertibility). In the proposed framework, none of these
structural restrictions are imposed.

Remark 8. The uncertainties considered in this work cre-
ate another crucial difference with available sliding mode
methods for underactuated EL dynamics. There, uncertainties
are typically a priori bounded, where the constant bound
can be unknown a priori in the adaptive sliding mode
literature. The adaptive laws involve either monotonically
increasing gains, or increasing-decreasing rules [20], [21].
Our method involves neither a priori bounded uncertainties
(state-dependent perturbations in (23) and (25) cannot be
bounded a priori), nor increasing gains/increasing-decreasing
rules (cf. the discussion about leakage in Remark 6). These
aspects require a dedicated stability analysis (cf. Appendix)

Xs

(a) Schematic boom crane on ship

(b) Network

Figure 1: System used for simulations.

departing significantly from analyses available in the sliding
mode literature.

Remark 9. The appendix provides estimates for the uniform
ultimate bounds, which can be tuned as follows. Larger [(3;
and €1 leads to more negative —1?61, which is the fifth degree
coefficient of the polynomials Z1(||€|)), Z2(lI€l), Z3(||€]]) in
(46), (51), and (53). Making this coefficient more negative
makes the roots my, n2, m3 closer to zero, which in turn
contributes to reducing the ultimate bound on the error. Larger
x1: and smaller ¢, which can be obtained from larger P,;, P.;,
result in 11, Lo, L3 being closer to zero. A larger eo leads to
a smaller v4. This also contributes to reducing the ultimate
bound on the error. Let us mention that a smaller error might
require a larger input: this is a standard trade-off, which might
be seen from the fact that larger x; and B; leads to larger p;.

VI. SIMULATION EXAMPLE

A network of underactuated systems is considered, where
each system has boom crane dynamics as in [3]: the network
can be thought as an abstraction of a cooperative lifting
scenario where the boom cranes are mounted on one or more
ships (cf. Fig. 1). In addition to the sensors, actuators and
micro-controllers for crane control, a distributed implementa-
tion of such a control scenario would require to put in place
a communication network among the cranes, e.g. via wireless
nodes. Let us consider a graph as in Fig. 1b where the directed
spanning tree property in Assumption 1 holds.

For the system in Fig. 1, g; is the payload swing with respect
to Y;, ¥, is the ship roll angle caused by sea waves, y; is the
luffing angle of the boom, and L denotes the length of the
rope. The length, mass, and moment of inertia of the boom
are Pr,m, and J. The distance between the barycenter of the
boom and the origin is denoted by ds. The states of the crane
system are qi; = 0; — Vs, q2; = pt; — VU, and g3; = L (qu; is
the non-actuated state, g2, q3; are the actuated states), leading
to the dynamics as (1) with n = 3, m = 2, and

mpiq?%i —MpiPrgsiSai 0
M; = | —=mpi PrqsiSen,i Ji + mp; P} —mp; PrCo1 4
0 —myp; PrCo1 4 Mpi ]
mpiq3iq3i _mpiPLCISiCZl,iq% mpiq3iq1i
Ci= Us; 0 —mpi PrS21,iq1i

—Mpiq3iq1i Mpi Pr,S21,iG2i 0



Usi = —mpPr(521,i43;i — C21,493:¢14), T = [T1i T2i]
MpiJaqai Sin(qii) q1i
Gi = | (mpiPrL+midsi)gacos(qi) |, i = | qai
—Mpiga €08(q14) q3i
N N
H; = Zsij(% qj) + Z@'j(dz —4;)
=0 =0

with So1; £ sin(gei — qui), Co1; = cos(qei — q1;) and
F; = [Fj Fia Fi3)" where F;1(g1;) £ fir tanh(fiodin) —
tanh(f;3di1)) + fiatanh(fisdin) + fisGin, Fia(des) =
fitanh(fiodiz) — tanh(fizgi2)) + fistanh(fisdie) +
ficGiz, Fis(dsi) =  fatanh(fiadis) — tanh(fizdiz)) +
fiatanh(fisdiz) + fieGis- The friction term F; is taken in
non-linear-in-the-parameters form according to [45], whereas
the interconnection term H; follows a standard spring-damper
model where s;; is the stiffness parameter, and §;; is the
damping factor (this can represent some interconnection
among the cranes via the crane wires due to the load).

It is possible to verity, cf. [3], that Properties 1-2 hold for the
system dynamics terms reported above. In addition, the Strong
Inertial Coupling condition as in Assumption 2 is verified as
the term M,,; = [0 —mp; PrCa1 ;] does not lose rank in the
operating range of interest (note that cos(u; — 0;) = 0 never
occurs for luffing angles and swing angles of interest). The
goal is to bring the payload to a desired position defined by
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(c) Control inputs 71, and 72;

N

A. System parameters (uncertain) and design parameters

go1 =0, qo2 = arccos(ar/PL), qoz =

The following system parameters are only used for simu-
lation purpose, but they are unknown for control design. The
vector of (unknown) parameters in friction term is compactly
represented as ©; = [fi1 fiz fiz fia fis fie]T, where

=[0.50.80.91.20.5 0.4
@2 =1[0.50.70.9 1.0 0.5 0.4]7
03 =1[0.30.70.7 1.0 0.7 0.3]"
©,=1[0.50.90.71.20.4 057
O3 =1[0.50.8 0.6 1.3 0.5 0.6]"
O =1[0.6 1.0 0.9 1.5 0.2 0.5]7
©7;=[041.0081.20.40.8".
According to interconnection network in Fig. 1b, the spring-
damper parameters are chosen as sig = Sg1 = 0.37, sS4 =
Se4 = 0.29 and 516 = 561 = 25, 546 = 664 = 9. The
disturbance is d;(t) = 0.1sin(0.001i¢)[1 1 1]7T.

To test the effect of heterogeneity in the agents, the physical
parameters are chosen to be different for different agents:

[m1 mo M3 My M5 Mg m7] = [20 18 15 22 17 19 16]

[Mp1 Mp2 Mp3 Mpa Mps Mps Mp7] = [0.5 0.6 0.8 0.6
T o0k ‘
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(d) Adaptive gains O, 1= 0,1,2

Figure 2: Performance with proposed adaptive method.
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Figure 3: Evolution of adaptive gains for different ratios of «y;/xy;.

Table I: Tracking error Lo norm and input Ly norm
for different sinusoidal disturbances

Disturbance Norm of error ~ Norm of input
d;(t) = 0.1sin (0.0014t) 82.73 2.56 x10%
d;(t) = 0.1sin (it) 82.60 2.56 x10%
d;(t) = 0.1sin (1004t) 82.72 2.56 x10%
0.4 0.3 0.5]

[Jy Jo Js Ju Js Jg Jr] = [6.5 7.8 5.3 6.2 7.2 6.8 6.6]
[dy1 dsy das dey dss dsg ds7] = [0.4 0.6 0.3 0.1 0.5 0.2 0.4].

The parameters ay, = 0.4m, by, = 0.2m, P, = 0.8m give
the desired position gg1 = 0, go2 = 1.05, go3 = 0.5.

The nominal parameters (used for control design of M)
are selected as [fhp1 Mpa Mp3 Mps Mps Mpe Mp7| =
[0.45 0.55 0.75 0.55 0.35 0.25 0.45], [Jy Jo J3 Jy J5 Jg J7] =
[6 75676 8. It can be verified these nominal parameters
make Assumption 3 hold with 7' = 0.5.

The control design parameters are ©,;, = 3351y, =,;, =
0.003I, Oy = 0.03[1 17, Zy = 0.01[1 17, T;
0.01[1 1]7, Qui = 0.015I5, Qu; = 56015, ay; = 3.15, yi; =
0.01, €0 = 0.001, ¢; = 0.003, €5 = 0.015, 5; = 3150.

B. Simulation Results and Sensitivity Analysis

To validate the robustness of the proposed method in a
statistical way, Fig. 2 provides the evolution of the closed-loop
signals, averaged over 20 runs with random initial states q;; ~
N(0.1,0.1752), g2~ N(0.2,0.22),¢3; ~ N(0.1,0.012).
The states (with the angles reported in degrees for better
understanding) and the corresponding synchronization errors
are shown in Fig. 2a and Fig. 2b, from which it can be seen
that the errors converge to a neighborhood of zero for all runs.
The control inputs are in Fig. 2c, with the adaptive gains
éli, [ = 0,1,2 in Fig. 2d. The control inputs converge to
different values for different systems, due to the heterogeneity
of the systems in terms of mass, inertia, friction, etc.

To validate the effect of choosing different parameters as
in Remark 6, let us choose different ratios for «;/x;; in the
adaptive law. Fig. 3 shows that the gains 6;; tend to grow larger
as the ratio ay; /x; decreases (i.e. as the leakage decreases).

We then perform a sensitivity analysis with different dis-
turbances d;, namely, sinusoidal disturbances with different
frequencies and Gaussian disturbances with different variances
(with 100 realizations of the disturbances). For sinusoidal
disturbances, Table I shows minor differences in terms of error
and state norm. For Gaussian disturbances, Table II shows a
slight increase in the error norm as the variance increases. This
validates the robustness of the proposed approach.

C. Comparisons with State-of-the-Art Methods

To validate the discussions in Remarks 7 and 8, we provide
comparisons with state-of-the-art sliding mode control and
adaptive sliding mode control. The former is obtained by
fixing the gains 6,; to be constant, whereas the latter is
obtained by removing the leakage from the adaptive law,
so as to have monotonically increasing gains. Similar to the
simulation results of proposed method, Fig. 4 and Fig. 5
provide the evolution of the closed-loop signals, averaged over
20 runs with random initial states q;; ~ N(0.1,0.1752), go; ~
N(0.2,0.22),¢3; ~ N(0.1,0.01%). Fig. 4c shows that slid-
ing mode control requires unrealistically large control effort
(10195), while still getting large synchronization errors in Fig.
4b (except for the visible shading error in this plot, there are
some agents whose error is too large to be seen due to out of
scale in the plot). That is, sliding mode control fails to achieve
stability with reasonable control input.

Meanwhile, differently from the proposed method that is
stable for every run, the state-of-the-art adaptive sliding mode
control results in many unstable runs, so that we report only
the stable runs. Thus, the errors reported in Fig. 5b are selected
from the stable runs, showing that the performance of these
selected runs is still not better than the proposed method. Most
importantly, state-of-the-art adaptive sliding mode control re-
quires large inputs, cf. Fig. 5c and the increasing adaptive
gains 6,; in Fig. 5d. Thus, we conclude that the proposed
method overcomes state-of-the-art sliding mode and adaptive
sliding mode methods in dealing with the problem at hand.

VII. CONCLUSIONS

This work has proposed for the first time an adaptive
distributed protocol for synchronization of uncertain underac-
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Figure 4: Performance with state-of-the-art sliding mode method.

Table II: Tracking error Lo norm and input Lo norm
for different Gaussian disturbances

Disturbance Norm of error ~ Norm of input
d;(t) ~ N(0,0.03) 82.73 2.56 x10%
d;(t) ~ N(0,0.9) 82.82 2.56 x10%
d;(t) ~ N(0,10) 83.22 2.56 x10%

tuated EL systems. The protocol can tackle not only unknown
system terms, but also uncertain state-dependent interconnec-
tions among agents. Handling all these aspects required a new
stability analysis and a new design approach departing from
state-of-the-art results not considering unknown parameters,
unstructured uncertainty in the mass matrix, in the system
terms and in the interconnections. In future work, it is of
interest to further improve the method by considering non-
holonomic constraints or by tackling more uncertainties in the
mass matrix and in the network topology.

APPENDIX

Proof: Construct a Lyapunov function:

V(t) :1 Z {wg; (t)PaZoJm (t) + w:ﬂ (t)mem (t)}

i=1

N 2 9
% z:: { Z - olz) ’Ylef)t)

1
OX

where 0;; = max{0,;,0,,}, | =0,1,2.
The proof is organized in three steps as follows:

a) the bound of uncertainty for the overall network is
calculated;

b) based on such overall uncertainty bound, we calculate the
time derivative of the Lyapunov function;

c) based on different regions of saturation function
sat(S;, p), we study the behavior of the Lyapunov func-
tion for three possible scenarios.

Combining all the results, we finally obtain a uniform ultimate
bound on the actuated error w,; and on the non-actuated error
Wyg-

a) The overall uncertainty term

According to (15), we obtain

wgipaiwai = w;,;Pai{AaiWai + B [ - (Im + Tl)ﬂ
+ Z dij(lm + T’j)%j + wz]]}
JEN;
1
< *ng;Qaiwai + llwai | Pas Bl
— WaiPai Bi (L + Ty) py sat(Si, o)

+ Z aing;PaiBl(Im + Tj)p; sat (S, ¢).
je./\fi

(29)
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Figure 5: Performance with state-of-the-art adaptive sliding mode method.

Analogously, according to (19), we obtain

WLEPuiwui = wg—;Pui{Auiwui + By [Mu_uliMaui (Im

+Ti)7__i — Z dijMJuleauj(Im + Tj)7_'j + w:j]}

JEN;

1
< — 5 wui Quiwui + [lwns || Pui Bl

— 2ui

+ Z dijWLEPuiB2M1;11jMauj (Im + Tj)pj sat(Sj, QO)

JEN;

+ WL Py Bo ML My (I, + Ty) ps sat(Ss, ©).

uur

Adding (29) and (30), combined with (23)-(25), we obtain

T . T .
waiPaiWai + WuiPuiwui

2
< = i w12+ 2] + D Bl (e + i)
=0

l

+ > [euillesl + @2l (lwasll + ol

JEN;
— Wl PaiBy (I + Ti)pi sat(S;, o)

+ wg;‘PuiBQM;uliMaui (Im + Ti)pi sat(Si, Lp)

+ Z dijw;{ipuiBQMl;}jMauj(Im + Tj)pj Sat(Sj, QD)

JEN;

+ Z ding;PaiBl (Im + Tj)pj sat(Sj, QD) 3D
JEN;

where )\mi = min{)\min(Qai)/Qa)\min(Qui)/2}s Salj =

max {@1;, @}, }, P25 = max {pa;, ¢h;}, j € Ni.

Next, we will analyze the last three terms in (31) by
using the inequality || sat(S;, ¢)|| < 1. From the input-output
property of the adaptive law in (27), it can be verified that

O < éli + 9li(||wai|| + [|lwui|] + HSiH)HfiHl (32a)

v <A+ Y (1Sl + N1&ll) (32b)

with éliv éliv ’3’1'7 Vi € R+7 I= 0,1,2.
Using (32), together with [|wa, || < [|&|| and [jwwil| < [|&]]
the following can be obtained:

wl?ipu”iBQM_l‘Maui(Im + Ti)pz‘ sat(Si, (p)

uuzr

2
<P | 3 ull&ll' + ] |

=0

2
STM{ > Oull& )T + 01 (2 + 1B Pasl]) 1617
=0

+%ill&ll + i (L + || BY Pail) ||§z||2} (33)



(1-7)
In an analogous way, the following can be obtained

= 14T) || Pai Ba || || M2 Mo |
where T7; = ( ) .

D il PuBa My Mo (I + T) p; sat (S5, )

JEN;
2
<Y B[ DIl + s Il
JEN; 1=0
2
<y sz{ byl + 75 (1 + 1B Pusl) 1l
JEN; 1=

+ A&l + 615 (2 + IIBlTPaj|)|£zv||||£j||”“} (34)

iy (147) | Pui Ba || My Mo |
(1-7)

where 1:“2 ;= . In addition,

> @ijwe; PaiBi (I + Tj)p; sat(S;, )

JEN;
B 2
<3 B[ Dl + ]I
JjEN; 1=0
2
<> TSJ{Z G IENIEN + 55 (1 + BT Paall) 1612
JjEN; 0
+ 451l + 65 (2 + 11BT Pog ) €1 1165112 (35)
where 1:“3]- = M. Using (33)-(35), the following

(17T
aggregate term W;; can be defined from (31)

N
SN =Y [puillesl+en 1612 (lwasl+lwuil)

i=1jeN; JEN;
+w1,11;PUZBQMuu17,Mauz(I +T)pz Sat(Si,Lp)

+ > iwiy Pai BaMy ki Mo (I + Tj) pj sat(S;, )
JEN;

+ Z ding;PaiBl(Im +Tj)pj sat(S;, @)
JEN;

N

<3N (T + Tsg) (2+ | BT Pagll) & 11E51°

i=1 jeN;

N
+ ) T1ifai (2 + | BY Pusll) [16:11°

i=1

N
+ 30> 0Ty + T) (24 BT Pog ) €116
i=1jEN;
N = ~ = o
+ 3 Tl (2+ || B Pal)I&11* + Triblaa&1®
1= 1

+ Z Z [2</92]

i=1jeN;

N
+ Z ZA/ {2(,51]' + (sz + T3j) {éOj (2 + ”B{Paj”)
1=1 jeN;

(T + T ) O | I 1 1

+ ;) }|§i|||ej - {T (601 (2 +11BF Puil) + 61,

+ 9 (1+ ||B?Pai||} +7 (f2j + ij) (1+ ||B1TPai||)} 1€:]2

+ [ﬁi(ém +45) + (Tog + Tay) (35 + 9003')] l1&ll- (36)

b) Time derivative of the Lyapunov function based on
uncertainty bound

Up to now, we have calculated the time derivative of the
first line in (28). We will proceed with the time derivative of
the other terms. Using the adaptive laws (27a)-(27c), we have

2

1 -
(elz - elz elz Z - 9[7, - 9lz
=0 Xti

Mw

|:Xli(||wai||

1
Xli

Il
=]

+ llwail + 1S €N = i (lloas | + Iwuill)ll&llézi}

=>4

=0

2
= > Oui(llwaill + lwai + ISl il

=0

2

= > b (lwaill + lwwill) 161
=0
2

+ Zdnéliéli(ﬂwaiﬂ + lwaill) 1€

=0

[

ti (llwas | + lewns | + 118 1) 1€ 1

(37

where &;; = «y;/x;- In addition,

o —”{ — Jeo +erlli&ll” = 1gil®) + esll&sl ]
+eo(ISill + l1&1) w}
_ [1 Falal - lal®) + ezngi}
+%‘(||Sz‘|| + &) + viBi (38)
where €, = Pt €x = - ,,8z = 61 . Using (31), (36) and (37)-

(38), the tlme " derivative of % sat1sﬁes

N 2
V S _Z)\mi {|Iwai||2+‘|wui”2:| +Z§lz||£z”l(“wazu +||wui||)

i=1 =0

N
_ w;’;PaiBl (Im + Tl)pz sat(Si, QD) + Z Z \Ifij

i=1jeN;
N 2
)0 i (llwasll + el + 11531 1161
i=1 [=0
N 2
=3 Oi(llwasll + llwni + 1S 1) 1€
i= 1l 0

—ZZ%@“ lwai |+ ez 1) 1€ +Z% 1Sl +[1€:11)

=1 =0
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2

Z Z lzelzelz |Wdz | + ||wqu)||£z||l + ’Yzﬂz

=0

73[ Falel - el >+€2||a-||]

MzuMZ"

(42)

s [Zeunaul W} 151l
=1 =

¢) Behavior of the Lyapunov function on saturation regions
Based on the saturation sat(.S;, ¢), we study the behavior
of the Lyapunov function along three scenarios similar to [33]:

< =37 A [ Il + ] =222l = il » Seenario 1: ||5if| 2.6 =1,....N. .
paw In this scenario, we have sat(S;, ) = A I: According
to (26), we obtain the following as S! = wl P,;By:

—w, PMBl(I + T;)pi sat(S;, ) —l—Z Z U, N o S

i=1jeN; T AP ) _
N o2 A o =8; (In+T;)pisat(S;, @) < Z;(l T) IS; ”

+ ZZ [in — 07, + Oélieliali] (lwai |l + llevwi ) 111"
i=1 1=0 !
=i o <- 2; [Zjemm saflsid @

- S 51 l [ fz ! + z} S '

g 1 =0 Oull Salli” + ; ; ullGill”+ i 1] Using (43), the time derivative (42) is simplified to
Z[ B — (1 +&l&l) ] +Z%H&II- (39) V< Z/\m[|wm||2+ lewus | } =S el —l1&)°)
i=1 =1 =1 i=1

The following inequality holds: N 2 Ay » 3 302
a2 li . . 1t
o |-G g+ ) (sl D
Z [911' — b + @lieliali] N -
1=0 52 1
; 3 [ D+ e el v X T w
< _%0 Oélz(e 3 )Q_i i=1 i=1jeN;
L3l it e T a7 (44)
B [% (é 4 3 g .)2 B 391%‘] The definition of Lyapunov function (28) satisfies
3V 2y, T 4a? N
- —0 3 li 4oy, 404[1 = )
= Yi
In additon, e L(men) o E] @
i=1 Li=0
N
Z 722(1 + €2H§’L”) + 7162 + ’YZHg’L” where )\Mz = Inax {)\max(Pai)/Zv )\max(Pui)/2}- Define
o (= % Substituting (45) into (44) yields
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According to the adaptive law (27b), there exist 7. € R* such
that ~; > Substituting (40)-(41) into (39 1elds 1 1
%> 8 D o 9y 22+ 25+ e
=1 4 462
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Using Descartes’ rules of sign change and Bolzano’s
Theorem [46], the polynomial Z; has exactly one positive
real root 171 € RT. The coefficient of the highest degree
of Z; is negative as —1?@1. Therefore, Z1(||€]]) < 0
when ||€]| > n1, where € = [¢1,...,¢n]T. Define ¢; =

1/3
s, 3, _(_s¢ L= X
2x0i00i 7 2 2x1i00:7 3 2X2i02; ’ En
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According to (46), V < —(V when

a2 =2( ) + T, [901'(2+||31TPM||)+9012'

+2(

min{ [|wall, l|waill; |l } > max{ny, c1, t2, 13,14}

= min{]|wai |, [Jwnil|} = max{ni, 1, 09,3, 04} (47)

o Scenario 2: [[Si[| <, i=1,...,N.
In this scenario sat(S;, p) = i. Using (26), we have

,ZST
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According to (32), together with ||.S;|| < ¢, we obtain
N

) [Zehl@nl + s

=
—_

'MZ

< 901 <)0001 + 90’71) + 'Yz(]- + ”BTPM”)

=1

N
+ (200 + )6+ [0 + bl

=1

N
+ 2001611 + b2 161"+ 20014117 (50)
i=1
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Analogously to Scenario 1, V < —(V when

min{|wai |, [lwnl], [§ll} > max{na, i1, 02, 03, 4}
= min{||wai [, [lww [} = max{ng, 1, 12, 13,14} (52)
where 75 is the positive real root of Z; such that

Z([I€]l) < 0 when [[£]| = n2.
Scenario 3: Without loss of generality, consider ||S;|| >

pfori=1,...,k and ||Si||<<pf0ri=k+1,...,N
where 1 < & < N — 1. For i = 1,...,k, we have
bat(S,,gp) s H,Forz—k—i—l , N, sat(S;, ) =

S5 Similarly to Scenario 1 and Scenario 2, we get
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Analogously to Scenario 1, V' < —(V when

min{|wal], lwuill 1€l = max{ns, i1, 02, 03, 04}

= min{HwaiHv me”} > maX{??S» L1, 02,13, L4} (54)



where 73 is the positive real root of Zs such that
Z3([I€]) < 0 when [[£]| = ns.

Finally, combining (47) in Scenario 1 with (52) in Scenario 2
and (54) in Scenario 3, we obtain wy;, wa; € Lo When [|£]| >
max{n1, N2, N3, L1, L2, (3, L4}, Which leads to ey, e, € Loo.
Both the local actuated synchronization error and local non-
actuated synchronization error are thus proved to reach UUB.
According to (9) in Lemma 1, the global synchronization

errors d,, d, are also uniformly ultimately bounded. ]
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