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Robust synchronization via maximal monotone couplings

Félix A. Miranda-Villatoro

Univ. Grenoble-Alpes, INRIA, LJK, CNRS, 88000 Grenoble, France

Abstract

We explore the use of set-valued coupling laws for the design of robust synchronized behaviors in networks of dynamical
systems. Under an incremental dissipativity context, it is shown that coupling systems via maximal monotone mappings leads
to synchronization that is robust against both, matched disturbances and changes in the topology of the network. Additionally,
it is shown that perfect synchronization of heterogeneous networks with persistent matched disturbances is attained with finite
coupling strength but infinite incremental gain of the coupling maps. The real-life implementation of the proposed controllers
is studied under the context of practical synchronization via Yosida regularizations. Simulations illustrate the effectiveness of
the proposed methods.

Key words: Maximal monotone maps; incremental passivity; synchronization; nonsmooth dynamical systems; Yosida
regularization.

1 Introduction

The study of interacting dynamical systems reaching a common uniform behavior has received numerous attention
from the control community in recent years. The problem has been broadly addressed under several scenarios and
under different conditions, see e.g., [1], [14], [31], [32], [36], [38], [41] and references therein. Robust synchronization in
the presence of disturbances in the individual agents, as well as, in the network connections occupies a special place of
interest due to its broad application in several fields. Among the studies dealing with robust synchronization one finds
[15], [28], [29], [42]. For instance, in [29] the authors studied practical synchronization of perturbed agents coupled
via linear diffusion. It is shown there that the ultimate bound of the synchronization error is inversely proportional
to the coupling gain, relying on high-gain couplings as a way of enhancing precision. Nonsmooth coupling laws were
analyzed in [13], [15], where sufficient conditions for practical synchronization were provided. Though it is left open
if there is any advantage on using nonsmooth coupling schemes, since Assumption 3 in [15] also holds in the case of
smooth coupling maps. On the other hand, perturbations in the network topology are regarded in [28], [42] under
the context of switching networks. In [42], the assumption of simultaneous triangularization of all the associated
Laplacian matrices plays a fundamental role, whereas [28] shows uniform synchronization in a time varying network
topology without any triangularization assumption by means of a Common Quadratic Lyapunov Function (CQLF).
Both studies handled the case of linear coupling.

The main aim of this paper is to investigate the advantages of set-valued coupling, as well as, issues concerning its
implementation. The second goal is to show the important role of monotonicity as unifying framework for robust
(linear and nonlinear) synchronization strategies such as, linear diffusion, set-valued sliding-mode control, and funnel
control, to mention a few.

To this end, we first analyze the robust synchronization of systems against matched persistent disturbances and later
against changes in the network topology. In both cases, each agent is described by a Lur’e-type system, whereas
the coupling strategy is characterized by a static set-valued map. First, theoretical results are presented regarding
perfect synchronization in presence of matched disturbances. It is confirmed that, even in the nonlinear case, perfect
synchronization requires infinite (incremental) gain of the involved coupling maps but not infinite coupling gain, as
is the case with linear coupling schemes, [29]. The design strategies here allow for a multilayer design. Indeed, the
coupling maps are not constrained to be the same everywhere, only maximal monotonicity is required.
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Even though some nonsmooth (discontinuous) synchronization strategies have been recently proposed in [15], [13],
there are still open issues concerning their implementation. For instance, there are many applications where dis-
continuous controllers are impermissible, due to the fact that they conduct to the presence of chattering [39]. For
such reason, a more realistic approach leading to practical synchronization is presented in Section 5 by means of
regularizing the ideal set-valued coupling controller. More specifically, we explore the use of the so-called Yosida reg-
ularization. Such practical viewpoint allows us to confirm that, in order to improve the precision, there is a threshold
beyond which an increase in the incremental gain of the nonlinear coupling will diminish the synchronization error
whilst maintaining the strength of the coupling finite. This is the intrinsic mechanism behind some weak coupling
strategies such as [23].

This paper is organized as follows. Preliminaries are covered in Section 2, whereas Section 3 presents the problem
to deal with and related results on well-posedness of dynamical systems with set-valued feedback laws. Section
4 deals with the perfect asymptotic synchronization of perturbed systems via the design of set-valued maximal
monotone coupling laws, and the effects of regularization are analyzed in Section 5. Afterwards, Section 6 deals with
perturbations in the networks connections, whereas Section 7 shows another related family of maximal monotone
couplings leading to perturbed Moreau’s sweeping processes. Finally, conclusions take place at the end of the paper.

Notation
Let (-, l} denote the Euclidean inner product in R! and || - || the corresponding Euclidean norm. The set Bl (p) :=
{q € RY||g — p|| < 7} denotes the closed ball with radius r and center p in R’. When the dimension of the space

is clear from the context we will denote the closed ball simply as B,(p). The interior of a set S C R! is denoted
as int S, whereas the relative interior is denoted as rintS. The neighborhood of radius r of a set S is the set
N(S) := {s € R!|dist(s,S) < 7}, where dist(s,S) denotes the conventional distance function from a point s to a
closed convex set S. The matrix [; denotes the identity matrix in R'*!. For a matrix A € R A0 (A) and Apax (4)
denote the minimum and maximum eigenvalue of A, respectively, whereas || A|| = v/ Amax(AT A) denotes the spectral
norm of A. The generalized condition number of a matrix A € R!*" is the number x(A) = ||A| - ||AT||, where AT
denotes the Moore-Penrose generalized inverse of A.

A set-valued map ! M : R! = R! maps points from R’ to subsets of R!. The set dom(M) := {n € R!|M(n) # 0} C R!
denotes the domain of M; the set gph(M) := {(n,9) € R! x R{|J € M(n)} denotes the graph of M; and the set
rgeM := {¥ € R!|In € R! such that ¥ € M(n)} denotes the range of M. The inverse of M is the set-valued map
M~! with gph(M~1) := {(9,71) € R! x RI|Y € M(n)}.

2 Preliminaries
2.1 Elements from graph theory

In this section we recall standard tools from graph theory used for modeling networks of interacting systems. The
interconnection structure of a network of N agents is modeled by a graph G(V, €), where V = {vy,...,vn} is the
set of vertices, v; € V represents the i-th agent, &€ C V x V is the set of edges. If {v;,v;} € &, then the vertices
v; and v; are adjacent. In addition, each edge {v;,v;} € & is incident with the vertices v; and v;. When the set of
vertices and edges is clear from the context we will denote the graph simply as G. Note that, in the set notation used,
{vi,vj} = {v;,v;}, that is, the graph under consideration is undirected. Let v;,v; € V, a path of length m from v; to
v; is a sequence of m+1 vertices {v }7, C V such that vy = v;, vy, = vj, and {vg, V1) € Efor k€ {0,...,m—1}.
The graph G(V, &) is connected if for any pair of distinct vertices (v;,v;) € V x V there exists a path from v; to
v;. In what follows we set N = |V| and E = |€]|, the number of vertices and edges in the network, respectively. A
subgraph G'(V',&’) of G(V, &), denoted as G’ C G, is any graph such that V' C V and & C £. A subgraph of G is
called spanning subgraph if V' = V.

For each edge €, = {v;,v;} € £ a sign to each end of ¢ is assigned. Such sign assignation will provide an orientation
to the graph G(V, ). Along all the manuscript, it is assumed that an orientation has been chosen and it is fixed.

! 4.e., a non-necessarily single-valued map.



Thus, the oriented incidence matrix © € RV*F is given as, see e.g., [18],

+1, if v; is the positive end of €e;
[©]ix = ¢ —1, if v; is the negative end of €;
0, otherwise.

If the graph G has N vertices and ¢ connected components, then any associated incidence matrix has rank N — c.
2.2  Mazimal monotone maps
A set-valued map M : R! = R!, is monotone if for any two pairs (1,91), (12,92) € gph(M),
(m —mn2,U1 —02) > 0.
In addition, M is B-strongly monotone if there exists 8 > 0 such that

(m —m2,91 — D) > Blm — ma? -

Furthermore, M is called maximal monotone if it is monotone and its graph is not strictly contained in the graph of
any other monotone map. For instance, the maps ¢(n) = M7, where M is a square matrix with a positive definite
symmetric part; ¢(n) = |n|"sgn(n), where r > 0; ¢(n) = tanh(n); ¢(n) = a_i‘m, for |n| < a, where a > 0; and
w(n) =1 — e~ "; are single-valued, monotone, and continuous, therefore also maximal monotone [5]. Other maximal
monotone maps comprise the subdifferentials, df, of convex, proper, lower semicontinuous functions [35],

af(n) = {9 € X|(9,¢ —n) < f(¢) = f(n), for all ¢ € R}

Special cases include the subdifferentials to the absolute value and indicator functions in Figure 1, leading corre-
spondingly, to the set-valued signum map? Sgn : R — [—1,1], such that Sgn(0) = [~1,1] and Sgn(n) = {n/|n|} for
n # 0, and the normal cone to a closed and convex set S C R! at the point n € S (also known as hard-thresholding
map), given as

Ng(n) :={d e X|(9¥,{—n) <0, forall ( € S}.

¥ € Sgn(n) ¥ € Ni_g4(n)

Fig. 1. Set-valued signum and normal cone maps in R.

For a maximal monotone operator M : dom(M) = R/, the so-called Yosida approzimation of index ¢ > 0, V5, :
R! — R!, is the single-valued, Lipschitz continuous function,

1
U g(ﬁ - Jm(9)) , (1)
where Joum : R — R is the so-called resolvant of €M, that is,

Jem o= (I +eM)™", (2)

2 Note that, although discontinuous functions can be monotone, they are not maximal.



which is single-valued and firmly non-expansive [5]. It follows from (1) that for any € > 0, and any ¥ € R/
V= Tem(?) +eVm(?) - (3)
Moreover, it follows directly from (2) and the definition of Y§; that for any € > 0 and any ¥ € R!,

Yu(?) € M(JTem(V)) - (4)

3 Problem formulation and well-posedness of Lur’e networks with monotone coupling

We consider an ensemble of N dynamical systems, where the k-th agent (denoted as vy € V), is a perturbed
Lur’e-type dynamical system given by

T (t) = Awg(t) — Bip(yk(t))

+ Ba (ug(t) + &(¢,x(t))) ,
yr(t) = Crap(t) ,
wy(t) = Cowg(t) .

Vg -

()

where z,(t) € R™ is the state of the k-th agent; yx(t) € R™ is an (internal) variable used only by the k-th
agent; ug(t), wg(t) € RP are, respectively, the input and output used to exchange information with other agents; and
&kt RxR™ — R™ is an unknown function accounting for unmodeled dynamic effects, as well as, external disturbances
affecting the system. The map ¢ : R™ — R™ is assumed Lipschitz continuous, satisfying extra conditions stated
below. Finally, the matrices A, B;, and C;, i € {1,2}, are constant and of the appropriate dimensions.

In this work the following standing assumptions are considered.

Assumption 1 FEach function & : R x R® — R™ 4s Lipschitz continuous in the second argument and the map
t— & (t,x(t)) is measurable and uniformly bounded in L2[R4;R™], for all k € {1,...,N}.

Assumption 2 The map ¢ : R™ — R™ is such that for any two n,n € R™, the following incremental sector
condition holds: .
(Ap — K1An) " (Ap — K>2An) <0,
FEquivalently,
-
An| |K{ K+ K Ky (K1 +EK3)T| |Ag

where An =n—1, Ap = p(n) — (1), K1, Ko € R™*™ are diagonal matrices such that 0 < Ko — Kj.

<0 (6)

Functions ¢ satisfying the incremental sector condition (6) include “N”-shape functions, incrementally passive maps,
functions with lack of monotonicity, etc. Thus, the family of Lur’e systems into consideration include, FitzHugh-
Nagumo systems, Chua’s circuits, Negative resistance oscillators, etc. and is general enough to show bistable, oscil-
latory or chaotic behavior for instance.

Asisusual in the study of systems with output feedback, as is the case of dissipative systems, we impose a detectability
assumption as in [34].

Assumption 3 The incremental dynamics is asymptotically zero-state detectable. That is, for any two systems v,
vy such that the output mismatch wy(t) — wp(t) — 0, whereas the inputs Uy (t) = u,(t) + &(t), v € {a,b} satisfy
Ua(t) — 0, Up(t) — 0 implies x4(t) — xp(t) — 0.

The overall dynamics of the collection of agents is written in compact form as

i(t) = (In ® A)x(t) — (In @ B1)®(y(t))
+ (In @ Ba)(u(t) +£(t,2(1)))

y(t) = (In ® C1)z(t) ,

w(t) = (In ® Cy)z(t) ,



where z(t) € RN™, y(t) € RNm wQ &t x(t E RNP are the collective variables with components z(t) =
[z:(8)T,...,xn(t) "], (vesp. y(t ,...,yN 1T u) =[ui(®) .. .,un(®) )T, w®t) = [wi(t),...,wn(t)]T,
E(t,x) =1&(tx) ', ... ,fN(t x) ]T ) and the aggregated map ¢ : RV™ — RN™ is such that Y [cp(yl)T, o elyn) T
In what follows, a double subindex as xj, ;, denotes the i-th component of the state of the k-th system, whereas a sin-
gle index as x, denotes the complete state of the k-th system. A similar notation holds for the signals u(t), w(t), y(t)
and £(t). It is worth to remark that in (7), the coupling law u(t) is the one that encodes the interactions between
systems.

Let G(V, &) be a connected graph indicating the neighbors to which eah agent is able of exchanging information and
let © € RVXF be an oriented incidence matrix of G. Then © has rank N — 1 and null (©) = rge (1x). Intuitively,
asymptotic synchronization is achieved when there is a coupling law u(t) such that

dist (z(t);rge Iy ® I,)) = 0 as t = o0,

that is, the mismatch x;(t) — z;(t) — 0 as t — oo, for all ¢, j € {1,..., N}. The following definition formalizes such
intuition.

Definition 4 Let S =rge (1nx ® I,) be the synchronization manifold. The network (7) achieves

i) asymptotic synchronization if
(a) for any 0 < € there exists 0 < § = 6(g) such that dist(zg,S) < & implies dist(z(t),S) < €, for all t > to;
(b) there exists s > 0 such that for any xo € B,(0), dist(z(t),S) — 0 as t — oo.

i1) practical asymptotic synchronization if there exist a vector of parameters p € R™ and a continuous positive
function r : R™ — R such that
(a) for any 0 < e there exists 0 < 6 = (e, p) such that dist(xo, Ny (S)) < § implies that dist(x(t), N, (S)) <

e for allt > ty;

(b) there exists s > 0 such that for any xo € Bs(0), dist(2(t); Ny (S)) = 0 as t — oo;
(c) r(p) = 0 as [|pl| = oc.

The property is global if it holds for all xo € RN™ and semi-global if there exists a vector of parameters ¢ € R™ and
a continuous positive functions s : R" — Ry such that it holds for all o € By4)(0) and s(q) — oo as ||q|| — oo.

Equivalently, the network (7) achieves global (semi-global, practical) asymptotic synchronization if and only if the
zero solution associated to the dynamics of the spatial increments Az := (0" ®1,,)r € RF" is globally (semi-globally,
practically) asymptotically stable.

Problem formulation Let G(V, &) be a given undirected and connected graph fixing the network structure. Our
target consists in designing a coupling law wu(¢) that only uses the information of neighbors indicated by the graph
G(V, ), such that the network (7) achieves robust synchronization in the presence of matched disturbances and/or
switching topology.

It is well known that under the presence of persistence disturbances, such as £ in (7), only practical synchronization
is possible via linear couplings. Moreover, the coupling gain is the parameter controlling the size of the ultimate
bound, so that dist(x;S) — 0 as v, the coupling gain, increases up to infinity, see e.g. [29]. In order to achieve
robust synchronization with bounded gains, we focus on coupling laws characterized by strongly monotone maps.
Specifically, we consider the coupling law,

u(t) € =(0. WO, & I)w(t) = (0 @ I,)M ((0] ® L)u(t)) . (8)

where v > 0; W € RF«*Fa i5 a diagonal matrix with min([W];;) = 8 > 0; M : dom(M) C RFer = REWw jg
such that M = m; X --- x mp,, and m; : dom(m;) € R? = RP? is maximal monotone, for j € {1,..., Ey}. The
matrices ©, € RV*Fe and ©, € RV*Fv are, non-necessarily equal, oriented incidence matrices, both with rank N —1
associated, respectively, to the spanning subgraphs G,(V,&,) C G and G,(V, &) C G. That is, the coupling law (8)
induces a multi-edge structure between vertices, (sometimes known as multi-layer or multiplex network, see e.g., [8],
[19]), where the sub-network G, is driven by linear diffusion, whereas Gy, is driven by the set-valued coupling law.
Even though we are considering only two layers, the developments that follow easily extend to the case of several



layers. It is noteworthy that M = I, the identity map, is maximal S-strongly monotone with 8 = 1, and in that case
the coupling strategy (8) reduces to the classical linear diffusion coupling. An additional constraint regarding M is
stated below in Section 4. The well-posedness of the interconnected system (7)-(8) is a consequence of the following
theorem.

Theorem 5 Consider the following differential inclusion,

(t) € h(t, x(t)) — F(x(t)) (9)

where h : Ry x RY — RY is a Lipschitz continuous function in its second argument and such that the map t
h(t,z) € L2[R4;RY, F : dom(F) C R = R is a maximal monotone map such that int (dom(F)) # (. Then, for
any initial condition x(tg) = xo € dom(F), there exists a unique absolutely continuous function x(t,xq) satisfying
(9) for almost all times t > to.

For a proof of Theorem 5 the reader is addressed to [9, Proposition 3.13] and [2, Theorem 2.1], see also, [3, Remark
4.1 and Theorem 4.8], and [4, Proposition 2.1] for similar results. The following corollary is an adaptation of Theorem
2 in [10] and state sufficient conditions guaranteeing the existance and uniqueness of solutions for the entire network
of agents with maximal monotone coupling laws.

Corollary 6 Assume that there ezists a matric P = PT = 0 such that PBy = C; and rge (0] ® CoP~1/2) N

rint (dom(M)) # 0. Then, for any initial condition x(to) = xo satisfying (0, ® Cs)xg € dom(M) there exists a
unique absolutely continuous function x(t,xzo) satisfying (7)-(8) for almost all times t > to.

PROOF. Consider the change of coordinates z = (Iy ® P*/?)z, then (7)-(8) becomes:
€ h(t,2) — (0, ® PY2By)M ((@,,T ® CQP—W)Z)
where

At,2) = (In ® PY2APT2): = (Iy ® PY2B1)@ ((Iy @ 1 P/%)z)
+ (In ® P2By)¢ (t, (In ® p*l/?)z) - (@GW@; © P2 B0y pfl/z) ;
satisfies the conditions stated in Theorem 5. Now, it follows from the hypothesis in P and [35, Theorem 12.43]

that F = (0, ® P/2By) o M o (0] ® C2P~1/?) is also maximal monotone, and the conclusion follows as a direct
consequence of Theorem 5.

It is noteworthy that Corollary 6 allows coupling consisting of unbounded set-valued maps, as for instance, the
normal cone in Figure 1, and in such cases, the resulting differential inclusion is not of Filippov type, see e.g.,
[17]. Thus, the maximal monotone framework allows us to consider more general couplings than, for instance, those
studied in conventional sliding mode control.

4 Perfect synchronization via set-valued maximal monotone couplings

In this section it is shown that the coupling strategy (8) achieves asymptotic synchronization with a finite coupling

~ in the presence of matched disturbances. To that end, we consider the following assumption on the set-valued map
M in (8).

Assumption 7 There exists pp > 0 such that the mazimal monotone map M in (8) satisfies

B,y (0) C int M(0) . (10)



Note that (10) implies that M(0) is neither empty nor a singleton. In particular, linear coupling maps are excluded
in the layer G.

The following theorem states that maximal monotone set-valued maps can achieve perfect asymptotic synchronization
with finite coupling gain ~.

Theorem 8 Let Assumptions 1-2 and 7 hold. Let the initial condition x(ty) = xo be such that (0] ® Ca)zy €
dom(M), and let 0 < & be such that ||€x(t,z(t))|| < € for all k € {1,...N} and for almost all t > to. If

i) there exist > 0 and a matriz P = P = 0 satisfying the conditions of Corollary 6, together with

Q1+ pP PB, —C/ (K, + Ky)T

<0, (11)
B P — (K, + K5)Cy —21,,

where Q1 = AT P+ PA—28)\,Cy Cy — C (K| Ko + KJ K1)Cy and )\, is the second smallest eigenvalue of the
Laplacian L, = ©,0] ; and

i1) the gain v > 0 is such that

|| H,
M
where Hy, € RPv*Ee s q full row-rank matriz such that ©. = O, Hy, see Lemma 17.i) in the appendiz.
Then, the perturbed network (7) with coupling law (8) achieves global asymptotic synchronization.
PROOF.
Let us consider the Lyapunov function candidate,
LT T
Vix) z (0.0, ® P)x, (13)

T 2N
where P = PT » 0 satisfies all assumptions of the theorem and ©, € RVN*Fe E_ = N(N_l), is an oriented incidence
matrix associated to the complete graph Ky. Note that V(z) = 0 if and only if x lies inside the synchronization
manifold § = rge (15 ®1,,). Computing the time derivative of V along the trajectories of (7) with coupling (8) yields

d 1 1 1
—V(2) < 52" (0.0, @ ATP+ PA)x — NSET(GCGCT ® PB1)®(y) + NH(QI ® L)uwl|(0] ® L)¢|

dt - 2N
—w (O,W0,] @ I)w—yw' (0,2 I,)9, (14)

where, ¥, € M ((@bT ®Ip)w) and we have used Lemma 17 to obtain the last two terms. Now, recalling that
min; ([W];,;) = B, it follows that,

w' (0,We, @ L)yw > pw' (0,0, ® I,)w
Bt

=2 ® (0,0, @ I,)w

where @ = (0.0 ® I,)w by the use of Lemma 17. Note that @ L rge (1x ® I,,). Indeed, for any r € R?
oAy @L)r=w (0.0 1y I,)r=0.

Hence, setting A, as the connectivity of the subgraph G,, it follows from the Courant-Fisher minimax theorem [20,
Theorem 4.2.6] that,
g BAa T

Nz T N (0.0, ®Cy Co) . (15)

w' (0,WO, ® I)w >

AW W =



Making use of (15) together with Lemma 18.i), (see Appendix), back into (14) leads us to,

d 1 1
SV(@) < 5ol (0.0 @ Qi) z— 0T (0.6] @ PBIB(y) — ypmll(©] @ I,)ul

1
+ 116 @ L)w[ll(© @ L), (16)
where Q1 := (AT P + PA — 28),Cy Cy). It follows from simple calculations that

e, ® L)l < N & (17)
10 @ Lwll < [|Hs|[(8 ® I,)w] (18)

Hence, substitution of (17)-(18) into (16) and rearranging terms leads us to

d 1 1
V() < ﬁ:ﬁ (0.0] ®Q1)z — Nﬂ(@c@j ® PBy)®(y)

— (vom = €l H|l) 1€ @ L)w (19)

Now we turn to the incremental sector condition (6). Noticing that each row of © has exactly two non-zero entries
given by +1 and —1, it follows from (6) that

T
1

0 < Alx
- 2N

N

Ip. ® Dy I};c®])ér
Ip, ® Dy 2Ig,m,

n
Alx

. 20
A (20)

where Az = (0] @ I,)z, AT"® = —(0] @ I,,)®(y), D1 = C] (K| K2+ K4 K)C1, and Dy = (K, + K3)C}. Hence,
the addition of (19) and (20) leads us to,

T ~ ~
1 | A7 I I AT
iv(x)gi cL EC®?1 EC®Q2 ct
dt 2N AT(I) IEC ® Q; _2IEcm Azn‘b
— (vom — &l H ) 10 ® I)wl| (21)

where Q; is as in (11) and Qs = PB; — D, . Tt thus follows from (11) and (12) that %V(m) < —uV(z). Finally,
recalling that V' (z) = 0 if and only if x € rge (1y ®1,), global asymptotic synchronization (with a rate of convergence
of at least u) follows.

Note that both, the matrix W and the gain 7 are bounded, as opposed to linear designs, where perfect synchronization
can only be attained with infinite gains [29], [43]. By contrast, set-valued maps can achieve perfect asymptotic
synchronization with finite coupling strength. However, Assumption 7 implies that the coupling map has infinite
incremental gain. In the following subsection we study how the implementable controller has an intrinsic limitation
in precision that comes from the regularization and not from the magnitude of the coupling gains.

Remark 9 It follows from the proof of Theorem 8 that, in order to mitigate the affections caused by matched
disturbances, it is sufficient for the set-valued coupling induced by M to act on a connected network. For instance,
Gy can be a generating tree of the graph G or any simple chain of vertices. This observation allows us to deliver
control strategies requiring less cost of energy and implementation, as opposed to those that act on the entire network
induced by G, see Example 12 below.

The conditions in Theorem 8 can be relaxed to get a semi-global version as stated in the following corollary.

Corollary 10 Let Assumptions 1-3 and 7 hold. Moreover, let the initial condition x(ty) = zo € RN™ be such that
(0] ® Cy)xg € dom(M) and for some ¢ > 0,

zo €int Q. := {x e RY"|V(2) < ¢} . (22)



If

i) there exist matrices R = RT, such that Amax(R) > 0, and P = PT = 0 satisfying the conditions of Corollary 6
together with

)1 — C3 RC: PB; — C] (K1 + K») T
Ql 2 2 1 1 ( 1 2) j O 7 (23)
Bl P — (K, — K5)Cy 2L,
where Ql 1s the same as in Theorem 8; and
it) the gain v > 0 is such that

H — Amax (R)||C H,

N> [ Hs |l §+\/E (R)|Cal|k(Hs) (24)
M 2N \/Amin(P)

Then the perturbed network (7) with monotone coupling (8) achieves semi-global asymptotic synchronization.

PROOF. Taking the same Lyapunov function candidate as in the proof of Theorem 8 we arrive at (21). Hence, it
follows from (23) that

d 1 B
%V(x) < ﬁxT(G)CGCT ® Cy RCo)x — (vpm — & Hp ) 1(©4 ® Ip)w||
Amax (R) || Hp||? _
< el VI 07 6 1y — (vona — €1 1OF @ L] (25)

By assumption xg € int .. Hence, there exists t; > to such that for all t € [tg,t1], () € Q.. Thus, for ¢t € [to, t1]
one has that

10 @ L)w|* =27 (0,0, ® Cy Co) =
< )‘max(CQTO2)-TT (@b@j X P) x
- Amin (HyHy) ) Amin (P)
o >\min(P)

(26)

Notice that Amin(HpH, ) # 0, as Hy, has full row-rank, see Lemma 17.i). Consequently, for ¢ € [to, 1], the derivative
of V satisfies

d

%V(ﬂf) < - (“YPM — &||Hy|| -

VI Hp | Amax (R)[|Ca [ 5(Hb)
2N V Amin(P)

It follows from (24) that for ¢ € [to,t1], V is a non-increasing function and therefore x(t1) € int .. Following

an induction argument, we conclude that for all ¢ > to, z(t) € €., that is, . is a positively invariant set of the

closed-loop (7)-(8). Finally, it follows from (27) that (0, ® I,)w — 0 and the zero-state detectability assumption

guarantees that (0, ® I,)z — 0. That is, dist(z(t); S) — 0 whenever x(t) € By(¢)(0) C Qc, where s(c) =

and semi-global asymptotic synchronization follows.

> I(© ® L)uwl (27)

P
Nkmin(P) ’

Corollary 10 allows for designs when the subgraph G, does not provide sufficient energy dissipation to achieve global
synchronization. In such a case, the set-valued subnetwork induced by Gy, is used to compensate the lack of dissipation
by achieving a trade-off between the size of the region of attraction, estimated by ()., and the size of the gain ~.
Note that the bound on the gain « in (24) depends on the number of agents N and the condition number of the
matrix Hj. The latter can be interpreted as a measure of how far is G, from the complete graph K. Thus, smaller
values of v can be obtained by increasing either the number of vertices or the number of edges in G.

It is also worth to remark that if Apax(R) < 0 in (23) then (25) together with the zero-state detectability assumption
imply that the network (7) with coupling law (8) achieves global asymptotic synchronization.



5 Practical synchronization via regularization of ideal set-valued couplings

For achieving perfect regulation, as stated in Theorem 8 or Corollary 10, it is necessary to know the ezact values
(selection) of the control u in the set M(0) that will counteract the affection caused by the matched disturbances.
Even though such scenario is unreal, the usefulness of Theorem 8 amounts to guide us in the design of regularized
controllers achieving approzimate selections. For differential inclusions with maximal monotone maps, there are two
main approaches for regularization, that is, a) implicit discretization schemes and b) use of Lipschitz continuous
approximate selections. Here we focus on the second approach.

Our choice over Lispchitz continuous approximate selections is motivated by the mechanisms envisaged for imple-
menting the coupling signals. Namely, implicit discretization is commonly applied for a “chattering free” digital
implementation of set-valued maximal monotone maps in regulatory control tasks, see e.g., [21], [27], [40]. An alter-
native way to implement set-valued maps consists in using analog circuitry. For instance, let us consider the analog
circuit in Figure 2 where each diode satisfies an ideal complementarity relation as,

0<Ip, LV*=Vp, >0, (28)

where the notation 0 < a L b > 0 stands for the following three conditions: i) @ > 0, ii) b > 0 and iii) ab = 0, Ip,, Vp,
denote the current through and the voltage across the k-th diode, respectively, and V* denotes the activation voltage
of the diode. In real-life circuits, each diode will have parasitic resistance effects even when in conduction mode.

'7 i
(17 R Uj
I
V; w; D1 D2 wy Vj
-
Fig. 2. Analog circuit implementation of an approximate selection to the set-valued coupling law u; = —u; € vySgn(w; — w;).

Such resistances are considered as lumped in the resistor R. It follows from Kirchhoff’s laws that the voltage-current
relation of the coupling circuit satisfies,

—u; = uj = Ip, —y=7~Ip, (29a)
wifwj:19+RIR ( )

9 =Vp, —Vp, (29¢)

0<Ip, LV*—Vp, >0 ( )
0<Ip, LV*~Vp, >0 (29¢)

It follows from (29d)-(29¢) and (29a) that, regardless of the value of V, and V4, (u;,u;) € [—7,7] x [, 7]. Moreover,
we have the following three cases,

i) uj = —. It follows from (29a) that Ip, > 0 and (29¢) implies that V* —Vp, = 0. Hence, (29¢) and (29d) imply
that 9 € (—o0, 0].
ii) u; =~. It follows from (29a) that Ip, > 0 and (29d) implies that V* — Vp, = 0. Hence, (29c) and (29¢) imply
that ¢ € [0, +00).
iil) —y < uj < 7. It follows from (29a) that Ip, > 0 and Ip, > 0. Hence the complementarity conditions (29d)-(29e)
imply that V* — Vp, = V* — Vp, =0 and it follows from (29c) that 9 = 0.

It is not difficult to see that the three cases above characterize the relation ¥ € N_, ,j(u;). Equivalently, u; €
vSgn(v). Hence, it follows from (29b), the fact that I'r = u;, and (2) that

U = Trysgn (wi — w;) (30)
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Finally, the substitution of (30) back into (29b) leads us to,

—ui =y = 5 (Wi = wj = Trysgn (Wi — wj))
R
= 7Vggn (Wi — wj)
where Y5, is the Yosida approximation of M of index € > 0 given by (1). Therefore, the coupling circuit in Figure 2
implements a Lipschitz continuous approximate selection of the set-valued map Sgn. Note that in the limiting case
where R = 0, the relations ¥ = w; —w; and —u; = u; € ySgn(w; —w;) hold, leading to an ideal set-valued coupling.
In what follows we study how synchronization is affected by considering couplings given by Yosida approximations.
Corollary 11 Let all the assumptions of Theorem 8 hold and consider the regularized coupling

u=—(0,W0, @I, )w—(0, ® I,)Vi; (8, ® I,)w) . (31)

Then the asymptotic behavior of the network (7) with coupling (31) is practically synchronized. Moreover, an esti-
mation of the ultimate bound is given by the set

Q. = {x e RV (z) < Eﬂfbl} , (32)

where 1, €, and Hy are the same as in Theorem, 8.

PROOF. Taking the Lyapunov function candidate (13), simple computations, similar to those made in the proof
of Theorem 8, lead us to

d
ZV(@) < —%f (00 @ Pz —yw' (0, ® I,)Vix ((OF @ I)w)

+EH]l(0y ® )] (33)
where p and Hy, are the same as in the proof of Theorem 8. Now, the substitution of (3) into (33) yields,

Ly @) < —uv(@) + G HIIO] © Lywl =T (0] ® L)w) ' Vi (6] @ I)w)

dt
— 7|V (85 ® L)w) [* - (34)
It follows from (4) and Lemma 18.i) that

d —_
5V (@) < —pV(@) = ypml| Tem (0 ® L)w) || = 7| Vra((©5 @ L)w)l* + &l Hp (0 @ I)w] (35)

Using, once again, (3) together with the triangle inequality in the second term of (35), leads us to

%V(a?) < —uV(@) = (vom = EILI) 1Oy @ L)wll —ev (151 (85 @ L)w) || = pm) [Vra (O ® L)w)]|  (36)

It follows from Lemma 18.ii) and (12) that the right-hand side of (36) is strictly negative whenever ||(©, ® I,)w|| ¢
B, (0). Now assume that (0, ® I,)w € £B,,,(0) but ¢ Q.. In such case it follows again from Lemma 18.ii) that

1] & Lul

1% (67 @ Lyw) | = F2=

11



and (36) becomes,

d

@) < -V () — (vont — ENEID O] @ L)wll — e (

(0 @ I)w| (O ® L)w]|
dt P M

S 3

< —p (V(x) = 65'?) S [CHEP AT o

It follows from (36) and (37) that, whenever = ¢ Q., V(z) is strictly decreasing. Therefore, dist(z;€.) — 0 as
t — oo. Finally, noting that Q. C N (1)(S), where N, (1)(S) is a neighborhood of the synchronization manifold S,

LI g, that r(1) — 0 as £ — oo, then global practical synchronization follows.

with 7(2) = \/ 5 (7 e

From the proof of Corollary 11 it becomes clear that in order to have high precision in the presence of matched
disturbances, it is better to look for a Yosida approximation with small index ¢, (equivalently, a Yosida approximation
with high incremental gain 1/¢), rather than increasing the gain ~.

Example 12 As an illustration, let us consider an heterogeneous group of N = 32 FitzHugh-Nagumo oscillators
with agent dynamics (5) and parameters given by,

0 -2
0.1
5

A= By =B, = ,01=[10] , (38)

1
o

where § = 0.05, the matriz Cy is defined below, and each agent vy is closed with a distinct nonlinear feedback ¢y, :
R — R, ox(n) = n® —aun, where each constant ay, is selected in a random way from the interval [2.5,10]. In addition,
each agent is affected by external disturbances of the form &, = 2cos(Byt) sin(zy 1) + 2sin(kxg 1) cos(vVkrg 2), where
each constant By, is selected randomly from the interval [15,20]. Note that extra disturbances will appear due to the
heterogeneity between agents. Indeed, it follows from simple computations that for any {i,j} € &.

vi(yi) — piy;) N wi(yi) — 0;(y;) N iys) — ;W) + eily;) — i (;)
2 2 2
(aj B az;(yz + y]) ’ (39)

wi(yi) — wi(y;) =

=0, (i) = j(y5) +
where @, ; = %, Moreover, for any {i,j} € &., the map ¥, ; satisfies (6) on any compact set for appropriate
values of K1 and Ka. Namely, setting AD; ; =3, ;(vi) =P, ;(y;) and A; jy = y; —y;, then for any two y;,y; € Bs(0),
s > 0, direct calculations lead us to

> = a; + o; + o
(AP, ; — K14, jy)(AD; ; — KoA; jy) = <y? -y - <2j + K1) Ai,jy) <yf’ -y ( 5 L+ Kz) Ai,ﬂ)
- K1> (p(yz-,yj) -

Oéi-|-04j Oéi+Olj

= <p(yi,yj) - - K2> (Aijy)®  (40)

where p(yi,y;) = y? + yiyj + y?-. Since 0 < p(ys,y;) < 35 for all y;,y; € Bs(0), it follows that @, ; satisfies (6) in
Bs(0) whenever,

K; < min _aitoy (41)
{ij}€ge 2
max 4357 — % g (42)
{i.,j}€€. 2

Taking the same Lyapunov function candidate and following the same steps as in the proof of Theorem 8, mutatis

12



mutandis, it follows that if P satisfies (11) we arrive at,

Dv@) < V(@) " (O] © L)Y (0] @ Lyw) + |1 (5 + W) l©eLul (1)

where £(y) = maxy; jvee, |(o — i) (ys +y;)/2|. Therefore, if v satisfies

32 1) (ia v W) , (44)

then semi-global practical synchronization follows.

The same conclusion (with different ultimate bound and region of attraction) is obtained if we consider instead the
assumptions of Corollary 10. In that case, v must satisfy,

(45)

€ | VOuma(R)|Calln(Hy) é@NE)

> ||H —
= ” b” <pM 2[)MN )\min(P) N

where ¢ > 0 is such that (22) holds.

R EEEE TR

Fig. 3. Network structure induced by the coupling law (31). The black lines portray the network induced by ©,, where linear
diffusion acts, whereas the red lines portray the network induced by ©;, where the nonlinear regularized coupling acts.

We now proceed to describe the structure of the network G(V,&) together with the layers G, and Gy of (31). The
information available to each agent is described by a so-called small-world network of type Newman-Watts-Strogatz,
where each vertex is connected to its k = 8 nearest neighboors and with probability of extra connections of p = 0.45,
see [30] for details. The coupling configuration (31) is outlined in Figure 3, where G, is the same as G and the
subnetwork Gy constitutes the ring of vertices from agent vy up to agent vy. Thus, the nonlinear coupling acts only
on a subnetwork of G.

Concerning the other parameters of the coupling law (31), we set W = Iy, the identity matriz, so that 8 =1, and
M = Sgn X --- x Sgn the componentwise signum set-valued map, so that ppg < 1. An explicit expression for the
Yosida approzimation of M of index € is

Yialn) = Proj (% [<1,1]7) |
where Proj(+; S) : RE» — S, denotes the classical projection map onto the closed, convex set S. Also, it follows from
the network configuration that, A\, = 4.36, ||Hy|| = 28.85, and x(Hp) = 28.85.

We now look for the output matriz Co such that (11) holds. For the case Cy = C1, with the set of parameters
indicated above, the LMI (11) is unfeasible, whereas the relazed LMI (23) has a solution with a minimal value of
R = 736.14 and Mpnin(P) = 0.1, leading to a large value of the gain v according to (45). Thus, in order to reduce

13



the aforementioned conservativeness, we consider Cy in (11) as another variable. After standard operations (a loop
transformation changing the incremental sector of ¢ to the incremental sector [0, Ko — K1], together with a congruence
transformation in (11)), we arrive at the following LMI

Q1.1 B, — P 'C[KT <0
B/ —KC, P! —21I,, -

where Q11 = P71 (A+B1K1C1) " +(A+B1K1C) P~ — B\, BBy +pP~t and K = K, — K;. By setting Co = By P
we recover the output matriz. In this case, with the parameters aforementioned, we obtain that Co = [8.53, —0.21]

with pn = 0.1. Therefore, setting v > 28.85(€ + 0.98¢(y)) guarantees the semiglobal practical synchronization of the
perturbed network.

3
€
= 0
<~
8
-3
0 5
10
=
0 —
<~
8
—10
0

t[s] 5

Fig. 4. Time evolution of states zx,;(t), ¢ € {1,2}, of N = 32 distinct FitzHugh-Nagumo systems with monotone coupling (31)
and W = Ig,, v =50, M = Sgn and ¢ = 10~!. The black line represents the average behavior Z(t).

Figure 4 shows the time trajectories of the state variables with the regularized controller (31) with e = 1071, The time
evolution of the coupling signals is shown in the uppert part of Figure 5 for two different regularizations (¢ = 107}
and € = 1072). It is noteworthy that the reqularized part of the coupling signals compensate for the disturbance term
& as verifed in the lower part of Figure 5. Finally, the sum of squares error signal,

N
esos(t) = ) llan(t) —=z(0)], (46)
k=1

where, T(t) denotes the averaged behavior, that is, T(t) = + Z]kvzl xi(t), is displayed in Figure 6 for four different
regularizations, verifying the claimed practical synchronization of the network.

e=10"1

Fig. 5. Upper part: Time trajectories of coupling signals (31). Lower part: Time evolution of the difference 9. (t) + £(t), where
V=(t) = — (0 ® I;) Vi (O ® Ip)w(t)), showing the compensation achieved by the regularized coupling acting on Gy,

All simulations were performed with Python 8.0 using the Scipy function solve_ivp with the solver BDF and rtol =
107°. The code is available via the link [26].
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Fig. 6. Sum of squares error (46) of the network of N = 32 FitzHugh-Nagumo systems of Example 12 at four different
regularizations: a) € = 10° — dashed gray line; b) ¢ = 10~ — dashed black line; ¢) ¢ = 1072 — continuous black line; and d)
e =107 — continuous gray line. In all cases W = Ig, and v = 50.

6 Synchronization under changes in network’s topology

From the proof of Theorem 8 it is clear that the Lyapunov function V(z) = 2'(0.0] ® P)x acts indeed as a
Common Quadratic Lyapunov Function (CQLF), [25], for the family of networks with N vertices and connected
graphs. Thereby, the previous developments easily extend to the case of networks in which the graph topology
changes with time.

Let Gy C N be the set of indices enumerating all possible graphs with IV vertices and let @ : Ry — G, b: Ry — Gy,
be right-continuous piecewise constant signals indexing the spanning subgraphs of G(V, £) at time t. That is, there
is a sequence {t}}ren such that for all ¢ € [t,t;, ), Gaq) and gl;(t) are constant. Let us consider the matrix

@5(t) = [@E(t), 0] € RN*Ee and consider the following coupling law

u(t) € —(@a(t)Wa(t)@aT(t) ® Ip)w(t) — (O, ® I,)M ((é;(t) ® Ip)w(t)) ; (47)

where W) € RPaw xFaw is such that Bmin = ming ; ((Wa)li,i) > 0 and M : REe = RFe is maximal monotone.

Corollary 13 Let Assumptions 1-2 and 7 hold and let G5y and Ql;(t) be connected graphs for almost all times t > tg.
11,

i) there exist u > 0 and a constant matriz P = PT = 0, satzsfymg the conditions of Corollary 6 uniformly in t,

together with (11) with A, substituted by BuminAa, Where \q is the minimum connectivity of the finite family of
all possible connected subgraphs {Ga, }jeay; and
it) the gain v > 0 is such that
7> (48)
M
where H = max, ||Hb(t)H and Hb(t) is such that ©, = @b(t by Jor almost all t = to.

Then the nonlinear network (7) with coupling (47) achieves global asymptotically synchronization.

PROOF. The proof is omitted since it is very similar to that of Theorem 8. Indeed, as the set Gy contains a finite
number of elements and the subgraphs G ;) and gg(t) are connected for almost all ¢, it follows that A, > 0 for almost

all t > to. Now, using the CQLF candidate (13), together with Lemma 17, and following the same steps as in the
proof of Theorem 8, we arrive at the analogue of (15), that is,

> BY“TA T(0.6] ©CIC) . (49)

wT (@&(t)Wa(t)@;—(t) ® Ip) w >

Finally, mimicking the rest of the proof of Theorem 8 leads us to the claimed synchronization.

Similar results, dealing with local synchronization for the case of slowly varying connections, have been reported
in [44] under the framework of the Master Stability Function (MSF), see e.g., [33]. It is worth to remark that the
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MSF formalism requires an explicit knowledge of the synchronized trajectory, which is inaccessible when consid-
ering unknown disturbances £(t, z) as is the case treated in this work. By contrast, Corollary 13 provides a global
approach for connected networks with time-varying coupling and extends the results presented in [6] to the case of
heterogeneous networks with non-smooth coupling.

7 Beyond Filippov systems

In this section we consider set-valued maps not satisfying Assumption 7. For instance, let us consider the following
modification of the coupling law (8),

u(t) € —(0,W0,] ® I,)w — (0, ® I,)Ng) (8] @ I)w) , (50)

where Ng(4) is the normal cone to the closed, convex, and time-dependent set S(t) C REvP_ Hence, at each time ¢,
Ns() is maximal monotone.

Assumption 14 There exists an absolutely continuous function v : [0,+00) — R such that for any n € REP and

any t1,te € [0, +00)
|dist(n, S(t1)) — dist(n, S(t2)) < [v(t1) — v(t2)], (51)

Under Assumption 14 Theorem 5 can be modified to consider time-dependent maximal monotone operators, see [11,
Theorem 23]. Thus, the existence and uniqueness of absolutely continuous solutions of the closed-loop (7), (50) is still
guaranteed, whenever the initial condition satisfies (0] ® Ca)x(to) € S(to). Such dynamical system is also known
as a perturbed Moreau’s sweeping process in the literature of contact dynamics [16], [37]. Our interest in Moreau’s
sweeping processes comes from the fact that well-posedness of the closed-loop, (7) with coupling (50), automatically
implies that (0, ® I,,)w(t) belongs to the set S(¢) for almost all times ¢ > 0. Thereby, controlling the time evolution
of S(t), leads to the control of the spatial mismatch (0, ® I,)w(t). For instance, if S(t) = [—s(t), s(t)]®*? is such
that 0 < s(t) — 0 as t T +oo and G is connected, then w(t) — Null(©,] ® I,,) = span{ly ® I,}, and asymptotic
synchronization follows by Assumption 3. It is worth to remark that, with the coupling law (50), the closed-loop
system lies outside Filippov’s framework, as Ng) is not a bounded set-valued map, (see Figure 1), a necessary
condition for building Filippov’s solutions, see e.g., [17].

As in the case of the sign set-valued coupling, it is also possible to design electrical networks implementing a
regularized version of the normal cone map in (50). Indeed, an analysis similar to the one done in Section 5, shows
that the circuit on Figure 7 implements,

—U; = Uj = yli/[t_l(wz — U)j) s

where M; ' = Ni_st),s(1)), 8(t) = s*(t) + V*, V* is the activation voltage of the diodes, and ¢ = R.

L S0
E D €
(. S
7 : l)1 S*(t) i J
L1

Fig. 7. Electrical network implementing a regularization of the set-valued map —u; = u; € N_y, s (wi — w;), where
s(t) =s(t)*+V*.

Corollary 15 Let S(t) = [—s(t), s(t)]*P be the hypercube in REP with side length 2s(t) and centered at the origin,
where s : Ry — Ry is a strictly decreasing function such that 0 < s(t) for all t € [0,400) and Assumption 14 holds.
In addition let the initial condition x(tg) = xo be such that (7 @ Cy)zo € S(tg). If condition i) of Corollary 10
holds, then the ensemble of systems (5) with regularized coupling law,

u(t) = =(0aWO, & L)w — (8 @ I)Vy, 1 (85 & L)w) (52)
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where M;l = Ng(), achieves global practical synchronization whenever € > 0 satisfies

1_ )\max(‘R)HI—-’bH2 _ gHHbH >
€ 2N 1)

0 (53)
where the matrices R and Hy are as specified in Corollary 10 and § > 0 is such that

10y @ L)w(t)|| > 6.

PROOF. Consider once again the Lyapunov function (13). Simple computations leads us to the following inequality,

of (25),

d )\max R H 2 €
9V (@) < 2o Uy 07 & 1)ul? — wT (04, © 1), (O © L))
FELEIO] © Ly (54)

The use of (3) and Lemma 19 in the Appendix leads us to

d L DRI o s), o (O] @ )
el < | = - ZmaxA7N7700 2\ = (A6 =P/
O s =) [ CHER AT L S CRE AVl E

+E (0] @ Ip)wll (55)

s(t)
where M = Sgn x --- x Sgn. It follows from (4) that ||V ((@bT@%I’W) || < V/Epp. Hence, for any ¢ > 0 such that

(0] @ I,)w|| > 4, it follows from (55) that

d
%V

€ 2N de

2 s ra
(x) < (1 B )\max(R)”Hb” . (t)\/ETJ? N £||?b||) ”(@;I' ®Ip)wH2 ) (56)

Since s(t) 1 0 as t T o0, it follows from (53) that there exists a finite time 7* > 0 from which the right-hand side of
(56) becomes negative thereafter. Finally, the conclusion follows from Assumption 3 on the incremental asymptotic
zero-state detectability of the network. This concludes the proof.

Generalized Moreau’s sweeping processes have a non-empty intersection with the so-called funnel control studied in
7], [22], [24]. In that context, the set S(t) specifies the funnel where the error (6, ® Cs)z(t) will lie. Such control
method is also related to the dead-zone control studied in [12]. Indeed funnel control can be interpreted as a version
of the control proposed in [12] with open-loop adaptation.

Example 16 Consider an ensemble of N = 16 Chua’s circuits, where the k-th agent has parameters

—ap o 0 1
A=|1 -11|,Bi=B |0 ,01:02{100]
0 —-B0 0

where k € {1,...,N}, ag, € [8.0,9.5], 8 = 15.0, and ¢ : R — R is such that n — ay(ckn + tanh(dgn)), where
¢k € [1.5,2.5], di, € [0.5,0.9]. All parameters are assumed constant, but oy, cx and dj are selected in a random
fashion within the indicated intervals. In addition, there is an external disturbance, &, affecting each agent via
&, = sin(0y,17t) sin(dy ot) cos(dg 3t) + cos(dk, at) sin(dg 57t), where 6i; € [1,20], ¢ € {1,...,5}, k € {1,...,N}. As
before, each Oy ; is fized and selected randomly.

As in Example 12, the differences between agents will produce extra disturbances to be considered. Indeed, one has

that _
i(yi) — wi(yi) = P j (i) — P (v5) +&ij (57)
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where P, ; = % satisfies (6) for all i,j € {1,...,N}, with K1 = mini)j{%}, K, = maxi’j{%}, & =
;G + Oz]‘Cj} di,j = Otidl' —+ Oéjdj and

(aici — ajei)(yi +y5) + ¢ij(Yi) — ¢i(y;)

€’i;j = 2 )

where ¢;,;(n) = o tanh(d;n) —cy; tanh(d;n). Regarding the network structure, this time we set ©, = 0 and © = Oy,
that is the network contains only one layer and it changes as time progress. At time t = 0, we start with an initial
small-world graph configuration of the same type as before with connectivity of 4 neighbors and probability of extra
connections equal 0.25, see, e.g., [30]. After every two seconds, the graph topology changes as follows, Poy € [0, 8]
edges are removed in a random way, and TGy € [0, 8] edges are added also in a random manner such that the resulting
graphs are always connected.

Tk,1

Fig. 8. Time trajectories of N = 16 heterogeneous Chua’s circuits with coupling law (52) with M;' = N,

2 2
S(t) = [—5087?370,5067;70]Eg(t)7 and € = 0.01. The black line represents the average behavior Z(t) to which all trajectories
converge.

Thereby, following similar steps to those shown in Example 12 we can conclude on the semi-global practical syn-
chronization of the network. Indeed, with the above data each agent satisfies the LMI (23) (uniformly in ay ), with
Ao =0, P = Diag[1.0,8.75,0.58] and R = 91.89.

—t2 —t2
We use the coupling law (52) with the set S(t) = [~50e0 , 50e 50 |5 | where Ey,y is the number of edges in Gy,
An explicit formula for the reqularized controller is

y&fl(ﬂ) _ 9 — Projs(ﬁ;S(t)) ’ (58)

Thus, as time increases, the set S(t) shrinks towards the origin and (0, ® I,)w(t) approaches a neighborhood of the
origin. It is also clear from (58) that the coupling action is zero whenever (0] ® I,)w(t) € int S(t). This behavior
is verified in Figures 16-16. Note that the control action remains bounded during the whole time of execution. As

before, all simulations were performed with Python 3.0 using the Scipy function solve_ivp with the solver BDF and
rtol =107, The code is available via the link [26].
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2 2
Fig. 9. Time evolution of the coupling law (52) with M; ' = Nswy, S(t) = [75Oeﬁ,50657i)]Eb<‘>, and € = 0.01. From t =0
up to t ~ 8 s, the coupling action is identically zero, indicating that (©,) ® Ip)w € int S(t) during such time interval. Also
note that all coupling signals remain bounded.
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Fig. 10. Time trajectories for the sum of squares error signal esos(t) = S n_, |2k (t) — Z(t)|| for the family of N = 16 Chua’s
circuits with time-varying network connections and coupling law (52) with 1\/1,5_1 = Ni—s(#),s(t)]- The plot shows three different
regularizations, a) € = 107! — dashed gray line; b) e = 102 — dashed black line; and c)e= 103 — continuous black line.

It is noteworthy that, due to the variability in the parameters, each perturbed agent in Example 16 has a different
behavior. Indeed, most agents are not even in a chaotic regime due to the effects of each £;. Thus, the average
T(t) = Zi\;l 2 (t) is not an individual solution for each agent. Nonetheless, the coupled system reaches practical
synchronization towards a chaotic regime.

8 Conclusions and further research

The problem of robust synchronization against matched perturbations in the agents and uncertainty in network
connections was dealt in this paper. It is shown that set-valued maximal monotone maps achieve perfect regulation
in the presence of the aforementioned disturbances, but the selection of the coupling strategy depends on the
disturbance itself and therefore perfect regulation is impossible to achieve in practice. Based on such knowledge, the
regularization of the coupling law is explored via Yosida approximations. It is shown that practical synchronization is
attained and precision improves as the index of the Yosida approximant approaches zero. Further research considers
the digital implementation of the set-valued coupling via the time-discretization of the closed-loop system. In such
regard, implicit discretization schemes have proved a superior performance and show a considerable reduction of the
chattering effect, even when tested in physical systems, see e.g., [21], [40].
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A Appendix

Lemma 17 Let © € RNXE be an oriented incidence matriz associated to a graph G(V,&) and let ©, € RN*Fe
N(N-1)
2

where B, = , be an incidence matriz associated to the complete graph Ky .

i) If © has rank N — 1, then there exists a full row-rank matriz H € REXEe sych that ©, = OH.
ii) 9.0/ 0 = NO.

PROOF. i) Without loss of generality consider the case where the first E columns of ©, coincide with those of
©. Since © has rank N — 1, then for any edge {v;,v;} € & there is a path in G joining v; and v;. Therefore, the
remaining columns of ©, are a linear combination of columns of ©. That is ©, = O[I, T] for some T € RF*(Fe=F),
Setting H = [Ig,T], clearly H has full row-rank and the claim follows.

ii) Let L. be the Laplacian matrix of the complete graph Ky, i.e., L. = 0.0 and let rj,s; € {1,..., N} be such
that [6],, ; = 1 and [O],, ; = —1. Then, the j-th column of L.O satisfies

[LeOl.j = [Lelor; = [Lelos; = NIOL 5,
and the conclusion follows.
Lemma 18 Let M be a maximal monotone map satisfying Assumption 7. Then,

i) For any (n,9) € gph(M), 0" > pwlln]-
it) For any e >0, [|[Vrir(D| < pm, if and only if, ¥ € int (eB,,,(0)).

PROOF. i) Let (,9) € gph(M). It follows from the assumption on M(0) that (0,4) € gph(M), for all J € B (0).
Hence, monotonicity of M implies that,

(n,9 = 9) = 0 for all § € By, (0).

Therefore, (n,d) > SUPjep, (o) (n,9) = pm||n|, and the implication follows.
M

ii) Let ¥ € int (eBpy, (0)). It follows from (2) that Jom(¥) = 0. Hence, (3) implies that

19 = Taa (@)l _ 9] _
3 3

V() = oM

For the converse, let ¥ ¢ int (eB,,,(0)). In particular, ¥ # 0, apM”T?” € eB,y (0) C eM(0), and Jem <5pM”%”> =0.
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Thus, the nonexpansiveness property of the resolvant implies that

| Tena(D)]] = \

0,
jeM(ﬂ) — Jem (EPMM) H
0
< Hﬁ epMMH — 190l epua (A1)
Therefore,

IRl = 19— Tean(D) > = (9] | Tonn(8)1)

M| =0,

> — ([l = 191l + epmt) = pma

where we have made use of (A.1) in the last inequality, and the conclusion follows.

Lemma 19 Let S(t) = [—s(t),s(t)]! C R! be such that s(t) > 0 for all t > to. That is, S(t) is the hypercube in R!,
with side length 2s(t) and centered at the origin. Let M;l := Ng). Then for any ¥ € Rl e >0 and t > t,

Vag 1 (9) = Teiory (i) , (A.2)
JEM;l(ﬁ)=s(t)y;% (i) ; (A.3)

where M : R! = R! is the componentwise signum set-valued map, that is M(n) = Sgn(n;) x --- x Sgn(n;).

PROOF. The proof follows as a consequence of [35, Lemma 12.14]. Indeed, noting that M; = s(¢)M, it follows
from (1) that

n= yli/[tfl(ﬁ) e —en= ngt—l(ﬁ)
eneM; Y —en)

<9 —en € s(t)M(n)

& é en+ —S(t)M(n)
g €
9
=Ty (6> (A.4)

and the identity (A.2) follows. Finally, the identity (A.3) follows as a consequence of (A.2) and (3).
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