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Abstract— Passivity of a large-scale interconnected sys-
tem is often broken down to the passivity of the individual
subsystems that compose it. Nevertheless, there are cases
in which the individual elements are not all passive, yet the
overall large-scale system is. In such scenarios, we need
to directly solve very large problems to conclude on the
passivity. This letter proposes a methodology to analyze
passivity based on the topology of the multi-agent system.
In many cases, large multi-agent systems are formed by
interconnected clusters, which are groups of agents densely
interconnected. The clusters are sparsely interconnected
with each other and this leads to a time scale-separation with
a fast dynamics inside the clusters and a slow one between
them. The purpose of this letter is twofold. First, we exploit
the time-scale separation property inherent to such a system
to provide a computationally efficient alternative to analyze
its passivity. Second, we provide insight into how robust
its passivity is with respect to the inter- and intra-cluster
agent interactions. To achieve this, we consider the singular
perturbation framework with respect to the ratio of the
strength of the controls between and within the clusters, and
rely on the connection between positive realness, passivity,
and multi-input multi-output system phase. We consider
agents with identical linear time-invariant dynamics. The
method is illustrated on a numerical example.

Index Terms— Agents-based systems; singular perturba-
tion analysis; passivity; positive realness; phase shift.

[. INTRODUCTION

ULTI-agent systems (MAS) are systems composed
of interconnected autonomous dynamical agents, with
research focusing on consensus, agreement, rendezvous, swarm-
ing, or other characteristics. There are many engineering
applications of this framework, such as power networks [1],
biological systems [2], and cyber-physical systems [3], for
example. A particular case of MAS are that of clustered network
systems, where connections inside the clusters are dense, while
those between clusters are sparse.
Specific to clustered networks is the time-scale separation
(TSS) property, in which one can decouple its dynamics into
slow and fast ones. This property has been emphasized in [4]

This work was supported by project DECIDE, no. 57/14.11.2022
funded under the PNRR I8 scheme by the Romanian Ministry of
Research, Innovation, and Digitisation.

1 Automation Department, Technical University of Cluj-Napoca,
400114, Cluj-Napoca, Romania (e-mails: {mircea.susca, vlad.mihaly,
zsofia.lendek } @aut.utcluj.ro).

2Université de Lorraine, CNRS, CRAN, 54000 Nancy, France.(e-mail:
constantin.morarescu@univ-lorraine.fr).

and has been used for analysis [5], design of synchronization
laws [6], [7], aggregation [1], [3], model reduction [8]. It is
noteworthy that the enumerated results, except for [8], use the
Standard Singular Perturbation Form (SSPF) [9] of a system to
study the previous aspects, proving it to be an effective tool for
such problems. To the best of the authors’ knowledge, there
are no results concerning the passivity of the MAS based on
its SSPF properties, as available research focuses mainly on
network synchronization using passivity-based techniques.

The concept of passivity has been of high interest since its
conception in the 1970s, because it is a natural generalization
of the stability of a dynamical system [10]. It is useful both
to analyze and impose system properties [11], but also for
synthesis of networked systems, due to the fact that parallel
and feedback connections of passive systems remain passive.
Passivity has been used to impose group coordination [12], in
control over networks [13] and synchronization using phase
analysis [14]. Unfortunately, for large-scale MAS, the direct
approach to check passivity is not tractable, due to the high
dimension of the conditions to solve, which are generally
further combined with other performance criteria.

Our scope is to provide sufficient conditions for the passivity
of clustered MAS using its SSPF. We consider multi-input and
multi-output (MIMO) linear time-invariant (LTIT) agents with
identical dynamics, leading to homogeneous clustered MAS.
The ratio of the strength of the controls between and within the
clusters can be seen as a singular perturbation parameter € > 0.
This, in turn, is considered in the e-bound computation problem
as a sensitivity measure to determine how close the overall
network system is to losing its passivity if a new connection
appears or is removed from the network. The contributions of
this letter are: (i) to extend the framework in [15] for passivity
analysis to include fast actuation alongside the implicit slow
actuators of the SSPF; (ii) to directly apply said extension
for the passivity analysis of homogeneous clustered MAS. We
thus bypass the passivity check for the full system, which
significantly reduces the computational overhead, and convert
it into a passivity test for its reduced-order subsystem alongside
phase conditions on a variation of the boundary layer subsystem
in SSPF.

After providing a set of necessary tools in Section II,
Section III provides the network setup and problem statement,
Section IV applies the standard coordinate changes to enforce
the time-scale separation in the MAS. Section V presents
the novel results for passivity analysis of the resulting SSPF



with slow and fast actuation. A brief numerical example is
presented in Section VI, followed by remarks and extensions
in Section VIL

[I. NOTATIONS AND NECESSARY TOOLS

The set of natural, real, complex numbers and n-dimensional
vectors with components in {0, 1} are denoted by N, R, C,
Zy. The column vectors with zero and one values of size
n are represented by 0, = 0 and 1, = 1. Furthermore,
O and I are the zero and identity matrices of appropriate
dimensions. An orthonormal matrix M € R™*™ has the
property M "M = MMT = I,. We denote the Kronecker
product by the symbol ®. ||| denotes the Euclidean norm.
A vector-valued function f(z,e) is said to be O(¢) on a
compact set D, if there exist constants k,e* > 0 such that
|f(z,e)|ly < ke, Ve € [0,e*], Vo € D,.

We use the descriptor state-space system (DSS) framework
throughout the letter. We denote by ¥ the continuous-time
DSS, with input-state-output interface (u,z,y) and transfer
matrix X, , = ¥(s) = C(sE — A)"'B + D, having the
equivalent signals (U, X,Y") in Laplace domain. We consider
its inverse, series, and parallel connections as in [15]. We
denote the derivative of a signal x as & in standard time ¢,
dz(ts)/dts = dz/dts in slow time scale t5, dz(ty)/dt; =
dz/dt ¢ in fast time scale t;. System X is in time scale %,
while its counterpart in time scale ¢y is denoted by try,

For X € C™*?, X" denotes its complex conjugate
transpose. The concept of phase of a MIMO LTI system is well
established in the literature, see, e.g., [14, Section 3], [15]:

Definition 1 ([14]): Let ) be the frequency set for which
7€ is the set of imaginary axis poles of 3. Given a frequency
w € [—00,00]\Q2 = €, the phases of X at w are the interval
based on the eigenvalues of its sectorial decomposition [16]:

p(B(jw)) = [6(B(jw)), o(E(jw))] = 01, 0n,], (D)

where X (jw) = X -diag(e’?1, ... e/%). XH with invertible
matrix X, —a <6 <--- <0, < a, with sector a € [0, 7),
and the phases of the system are p(X) = [¢(X), ¢(¥)], with:

[6(2), 6(2)] = [inf $(2()), Supi( W)l @

We denote the vector relatlve degree of Z by p(X), asin [17].
Definition 2 ([17]): A n, Xn,, linear system 3 = (A, B, C)
has a vector relative degree p(X) = (p1,. .., pn,) € N iff:
1) Vjel,n,, Vk € O,pj—Q: C(j7,)AkB =0,,;
2) rank ((C(1,) A 'B)T ... (Cn, 1 AP 1B)T) = .
The passivity property is both an energy- and frequency-
based characterization of the input—output behavior of a DSS,
inherent to the system, and does not depend on the control law.
Definition 3 ([10]): System X is input-output passive if
there exists a continuously d1fferent1able positive semidefinite
storage function V(z) such that: uTy > V = %‘;x Y(z,u).
For LTI systems, passivity and positive realness are equiva-
lent properties [19], with necessary and sufficient conditions
expressed in terms of stability, MIMO phase and relative degree.
Lemma 1 ([14]): An r x r MIMO transfer matrix > for
which X(s) + X(—s)" # 0 is strictly positive real if and only
if 3(s) is Hurwitz and ¢(X) C (-3 1) If ¥ is semi-stable
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and p(X) C [~%, Z], then the system is positive real only.
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[1l. PROBLEM STATEMENT

Consider a network of n identical square (i.e. same number
of inputs and outputs) MIMO agents partitioned into m non-
empty clusters Cy,...,C,, C V. A clustered network (in the
sense of [1], [4]) refers to a network that is partitioned into
distinct groups of agents having dense connection structures,
whereas the connections between the clusters are sparse. We
denote by M = {1,2,...,m} the set of clusters, while n
represents the cardinality of cluster Cg, with n = ZZLI ng.
Each agent in the network is identified by a couple (k, ) € Cy,
where k refers to the cluster C; and ¢ is the index of the
agent in cluster Cy. The notation (k, j) € N;w- represents the
neighbors of agent (k,¢) in the same cluster C;. Each agent
(k,i) € Cx, k € M, is assigned a state xy,; € R"=:

Tpi = Az + Bugi, Yk = Cap, 3

where ug ;,yr; € R™, A€ R%*" B e R"™*"™ and C €
R™*"=_ For each cluster Cy, let x, = (x,,..., 2}, )" €
R™ "= be its state, up = (uzl,...,uznk)T c R™ M its
control input and gy = (Y. 1, .-, Yy, ) € R™ ™ its output.
Thus, the cluster dynamics takes the form, for all £ € M:

T = ([nk ®A) xk"’(lnk. ®B) Uk; Yk = (Ink ® C) Tk (4)

The overall network dynamics will have the following form:

t=IT, @A)z + [, @B)u; y=UI,@C)z, (5
where z = (xir,...7x,Tn)T € R Mo, y = (ulT,...,u;)T €
R™™ andy = (y; ,... ,y;—l)—r € R™™« are the network state,

network control input, and network output, respectively.

The interactions between the agents in the network are
encoded by the Laplacian matrix £ € R"*", written as
L = L™ 4+ £ The internal Laplacian of the network is
£ = diag(L£nt ..., L"), where each block £t € R™xmx
refers to the Laplaman of the cluster C, excluding the external
connections. The external Laplacian £ € R™*™ represents
the connections between agents from different clusters.

We start from a composite control comprised of internal
and external synchronization terms (as in [6]), extended with
an exogenous reference input by which the passivity of the
network system (5) is to be analyzed. This leads to the form:

up = u +ust 4y, Yk €M, (6)
where ul" = (u‘,;“;r7 . u',:‘;)—r ut = (ufc’“l—r7 . ui"i)—r,
and 7, = (rk 1o r,;ink T

Ullgtz =K' Z(k,j)eNk‘i (Thyi — Thj) (7a)
uii = K Y Chpyens (@hi —T-kg) . (Tb)

where KM, K& € R™*"=  The notation (—k,j) € N_y;
indicates the neighbors of an agent (k,4) belonging to a
different cluster. The internal control u};“ is the effort required
to achieve local agreement, whereas the external control u$*
is the command necessary to synchronize the agents between
the clusters. Furthermore, the reference signal 7, = 71 + 7% ¢
will be further split into slow and fast references, respectively,
to later exploit the system’s inherent time-scale separation.
This letter provides sufficient conditions to guarantee the
passivity of the MAS (5) with respect to the reference r, based



on the reduced subsystems specific to its SSPF. The analysis
involves the structural properties of the system and does not
perturb the network consensus provided by the composite
control law (6)—(7). The design of the state feedback matrices
K }fm, K ,‘;"‘ is assumed from reference [6]. We provide conditions
under which the passivity property is maintained with respect
to the ratio of the strength of the controls between and within
the clusters, which in SSPF corresponds to the perturbation
variable . To develop conditions to achieve the above objective,
the following assumption is made, similarly to [6].
Assumption 1: The overall graph and the graphs of the
clusters are undirected and connected. The internal graphs
are very dense for all clusters, i.e. we assume that all non-zero
eigenvalues for an internal Laplacian can be approximated by
K [18]: i (L) ~ ny, i = 2, nk, Vk € M. Furthermore, the
agents are controllable, ensuring that the synchronization of the
overall network system via control law (6)—(7) is attainable.

IV. SSPF OF THE NETWORK CONTROL SYSTEM

The current section presents two coordinate changes for the
SSPF of the network system (5), namely the state signal scaling
and the time domain scaling. We follow the overall outline
from [6], with the remark that we extend the network system
to also account for outputs, and our purpose in Section V is
to study the MAS passivity, rather than synchronization with
a cost minimization as in [6].

Consider the coordinate transformation for cluster C; using
the Jordan canonical form of its symmetric Laplacian E}:‘ [71:
T

= Ty <8 Xi“t) T, Vk € M, ®)
k
where T}, € R™*™ jis an orthonormal matrix and Ai,;“ =
diag()@,?}z, .. )\‘lg‘nk) collects the nj — 1 positive eigenvalues
of L. Consequently, the matrix 7}, can be expressed as:

Tk = (vk,l Vk?) ) Vk S M7 (9)

where v; 1 = ﬁlnk is the eigenvector associated with the

0 eigenvalue and the matrix V}, € R™*("+=1) contains the
eigenvectors corresponding to the nonzero eigenvalues of L.
We now define the coordinate transformation as:

7= (G §J)T=(\/2—k T®Inl)xk, Vke M. (10)

From (9)—(10), for all kK € M, we obtain a new state:

G = (nk 1, ®I,, ) xp = Hyzy, € R, (11a)
Sk = (ﬁ-Vk ® In) oy = Zywy € ROF=D - (11p)

with Hy, € R % and Z;, € R =1 "exnkna The first

component, (j, corresponds to the aggregate state [1], i.e., the

average of the agents’ states in clusters Cj. It represents the

collective behavior of the clusters. The second component, &,

corresponds to the local state [1], i.e., the synchronization error

around each cluster’s average, which evolves at a faster rate.
The inverse of transformation (10), Vk € M, yields:

2 = (VTy @ I, ) T = (1n, @ In, )Ck+
+ (Ve Vie X In, )6k = HpCr + Zi&y,

where Hj, € R e Xne apd Z, € RmkneX(e=1)ns,

(12)

For the overall network, we obtain:

(=Hz, &=Zz; z=H(+ZE,
with the stacked vectors ( ,...,¢H)T e R
and £ = (&,...,&0)T € R(=m)me alongside matrices
H = diag(Hy,...,Hy), Z = diag(Zi,...,Zy), H =
diag(Hy,...,Hy), and Z = diag(Zy,...,Zy). Next, we
recast the overall network dynamics in terms of the new
coordinate variables. The overall network system (5)—(7) is:

i=[I,®A) - (I, ® BIK™"(L™® I,,)
_ (I” ®B)Kexl(£ex[ ®Inr)] x+ (In ®B)T’;
= (In ® C)z,
where K" = dlag((In1 ® Kty ... (I,

13)

(14a)
(14b)

® Kmt))’ Kext —

m

diag((Ln, ® K),...,(I,,, ® K&")) and stacked exogenous
reference r = (r] ... ,r;)T € R« Using the transforma-

tion (13), the MAS (14) is recast in new coordinates:

(= A\HC + 2125 + Byr; (15a)
€= AnC+ (Ay+ A3,) € + Bor (15b)
y = C1¢ + Cat, (15¢)
where O} = (I, ®C’)I§' Cy = (I, ®C)~
Ay =Ty ® A) H(I, ® B)K®(L™ ® I, ) H];
Ay =—H(I, ® BK®(L"®1,)Z; B, =H(,®B);
Ay = —Z(I, @ BYK™ (L™ @ I, )H; By = Z(I, ® B);
AL, = —Z(I, @ BYK™ (L™ ® I, ) Z;
A3 = [(Tnm ®A> (In-m @ BYE}L, (A" @1, )],

K, = diag((I, 1 @K,
diag(A‘lm7 ... ,A‘,I,‘L‘)

We define the network parameters based on [4], [6], ac-
cording to the density of connections inside and between the
clusters of the consensus framework:

— || W ® B Kext ﬁext ®In
M = minge p ||A1nt ® BKmt

oy (In,, —1®KMY), and A" =

(17a)
(17b)

. ||25
c = ,uext/luim.

The ratio of the strength of the controls between and within
the clusters is the perturbation parameter ¢ in SSPF [9].

References [1] and [4] define the time-scale separation in
system (15) based on the above definition of ¢ and time
variables: the fast time-scale ¢; = pi" - ¢ and the slow time-
scale t; = ¢ - ty. This allows us to represent system (15) in
(¢, &)-coordinates in SSPF as the system >°:

||2;

d¢/dt, = A11C+ A6 + Byr; (18a)

e d¢/dts = €A + Azl + Bor; (18b)

y = C1¢+ a6, (18¢)

Where A11 = A\ll/(e’:‘p{,im) A12 = Elg/(suim) A21 =
A21/(5Hm) A%z = A} 2/(5Hmt) Azz = A3 2/# Azy =

~

eAjo+A3; Bl*Bl/( p"); By = Bz/,ulm C1= Cl, Ca=Cs.

Next, we analyze the slow and fast dynamics of system (18)
using the standard convention, i.e., { = (s(ts) + (f(t5), £ =
Es(ts) +&5(ty). m=1s(ts) +rp(tr), y = ys(ts) +ys(ty). The
reduced-order (slow) dynamics, using the standard approach for



singular perturbation analysis [9], is obtained by setting € = 0.
As such, (18b) degenerates into A3,&,(ts) + Bars(ts) = 0.
This equation has the unique solution:

€s(ts) = _(A%Q)_IBZ rs(ts) = h(rs(ts)), (19)
Substituting (19) into (18a) leads to the system X;:
dCS/dts = A11( + Bors; ys = C1(s + Dy, (20)

with By, = By — A12(A%2)71B2 and D, = 702(A%2)71B2.
In our setting, the slow dynamics (20) represents the collective
behavior of the clusters and it may or may not be stable.
Moreover, writing (18b) in the fast time scale ¢y, we have:

dép/dty = eAn(y + Aoaly — e Ay (A35) (s + 1)

21
drg/dts , @D

oh
B
+ Dary + ¢ .
which includes the derivative dr,/dts. Setting € = 0, we have
d¢y/dty = 0, leading to the boundary layer (fast) dynamics:

déflemo/dty = Ap€yle—o + Boryp;  yp = Cobfleco, (22)

where (g, £, 7y, ys are the fast parts of the corresponding
variables in (18). The above singular perturbation framework
is valid in the following conditions, achievable by the design
of the control gains.

Assumption 2: There exist an external gain K and an
internal gain K™ such that the slow average dynamics (20)
is synchronized (i.e., A1; is Hurwitz, using K), the fast
synchronization error dynamics (22) is stabilized (i.e., A3, is
Hurwitz, using K inty and the network parameter € < 1 is
small enough such that the time-scale separation occurs.

The above assumption can be satisfied by an adequate
selection of K and K™ using [6, Lemmas 1-3]. The gains
further influence the TSS derived from Assumption 1, as
e, different from [4], does not depend only on the graph
structure. Furthermore, ¢ allows a decoupling between the
state matrices from (15): [|A11[l2, [[Ai2]l2, [[Az21 ]2, [| A3 ][2 <
crep™, ||AZ,]l2 > p™, ¢; > 0, which, in SSPF [9], makes
¢ and ¢ to be slow and fast variables, respectively. With
Assumption 2 in mind, we can approximate the dynamics of
(18) based on its reduced-order and boundary layer subsystems,
according to Tikhonov’s theorem, stated next for this particular
setup.

Theorem 1 ([6], [9]): Let K™ such that ||A| < ¢pp™,
c1 > 0. Under Assumption 2, because Re {\(A43,)} < 0, there
exists e* > 0 such that, for all £ € (0, e*], system (18), starting
from any bounded initial conditions ¢y and &, is approximated
for all finite time intervals ¢ > %y by:

(= Cs(ts) + 0(5); §= gs(ts) + £f<tf)|~€:0 + 0(6)7 (23)

where ¢, € R™™ and &,,&y € R(=")= are the respective
variables from the slow and fast dynamics.

V. PASSIVITY ANALYSIS OF THE NETWORK SYSTEM

This section presents conditions for system (18) to be
passive based on the passivity of its reduced-order system
alongside adequate phase conditions on a necessary variation
of its boundary layer system. Furthermore, the current section

presents an extension of the mathematical apparatus described
in [15] needed to develop such conditions. Specifically, the
singularly perturbed system in question additionally receives
fast actuation ry alongside the previously-considered slow
actuation 7. This leads to the summation of the reference
r =rs(ts) +re(ty) in (6), typical in control of SSPF [9].
As described in [15], the passivity of a system in SSPF
requires conditions involving the reduced-order system along-
side a modified variant of the boundary layer (22), as the
passivity of the full singularly perturbed system cannot be
directly assessed using the passivity of its reduced-order and
boundary layer systems. We make the following assumption.
Assumption 3: Subsystem ¢ from (20) is strictly input-
output passive from input rs to output ys,.
As noted in Section II, the passivity of the slow subsystem
(20) is given by its structure, and its relative degree cannot
be altered through state feedback. This assumption is also
necessary for the e-bound computation problem in which we
will further compute the maximum value €* > 0 such that
system (18) is passive for all £ € [0,&*], if such a value exists.
We consider the multiplicative factorization of 3¢ from (18)
based on its reduced-order model ¥ from (20), known as the
actuator form [9]: 3¢ = 3, - ch, as E;i is placed at the input
of Y. Then, X%, named quotient system, can be written as:
7= ()72 =S8(5, (87, (24)
Remark 1: By definition, we have ¥, = X¢[__,. This
means that the trivial expression of E?\E_,o is not isomorphic
to that of the quotient boundary layer system Z§c|€=0 =1,
due to the reduction of a differential equation to an algebraic
one. In time scale ¢, this cancels the possibility to study the
existence of €* > 0 such that system (18) is passive.
As in [15], we proceed to characterize both systems involved
in the above multiplication, i.e., (25)71 and X4, in order to
provide an analytical state-space expression for 5. Standard
SSPF techniques allow rewriting 3¢ as:

dCs/dts = Alle + Bsrs; (253)
d¢s/dts = A11ls + A1o€y + Birg + Birys  (25b)
edyy/dts = Ay + Asaxy + Bars + Bary;  (25¢)
y = Ci(s + Ci ¢y + Coxy, (25d)

with B, = A12(A3,) 71 By. To remove the derivative dr/dt
of the slow input from (21), we perform the change of variables
Xf = & — (A3,)7'Baors. The system’s interface is now
((rd r )T (¢ oxg) T y)

The inverse of X, can be computed using the descrip-
tor system framework [15]. Denote its inverse input-output
interface r; € R"™ — y; € R™™ and extended state
(CHT ¢2T)T ¢ Rmmatnmu with the resulting model:

A /dt, =An¢ 4B, mi=Ci¢i'+D,C% yi=¢P. (26)
In Laplace transfer matrix notation, 3 from (25) is split into:
T
Y(s) =% (R/(s) Rj(s)) =Yal(s)+ Yar(s)
= E€|ydl,rs : RS(S) + 2€|3Jz127Tf ’ Rf(s) (27)
Furthermore, in the case of ¥, we have Y;(s) = (X;1)- R;(s),

S
according to (26). Thus, the expression of X% can be written as



a parallel connection between two standard series connections.

The quotient system E; in time scale t5 is a system with two
vector inputs (rs, r f) and one vector output y; = y;1 + Yi2:

Yi(s) =55 (R(s) R}(5)) = Ya(s) + Yials)
= [0 5, Bos) + [0 22, ] Res)
= ¥ Ry(s) + X5 Ry (s). (28)

B Ef|yi177“s Yi2,Tf ’
Due to space constraints, we present the equations only

for 2% |yi1,r,» With an identical procedure to be applied to

|y12,7 ;- The quotient system .5 \ vir.r, has the interface
(Tsa(CslaCprfl, NN ,yzl) and state-space:

d¢s1/dts = A11Ca + Bl (29a)

d¢s1/dts = A1l + Arax g + BiE; (29b)

e dxﬂ Jdts = eAzlcfl + A22X 1+ BaCl3; (29¢)

“/dt = Andli + Bl (29d)

=C1C + DsCs15 yi1 = C1Gs1+C1¢r1+Cax 1. (29)
In an identical manner, system X%

(ry ( éQvaQvaz’ CINGID Y

yia,ry has the interface
yzz), with two modifications

compared to (29): the counterpart of (29a) lacks the B effect,

while the counterpart of (29b) has B; instead of B;. Now, we
switch to the fast time scale . E§|yi1,rs in time scale ¢y will
be denoted /2%

yi1,rs+ 1t has the expression:

d¢e1/dty = A1l + eBs(; (30a)
d¢pi/dty = eAni(p +eAiaxs + EélCﬁ; (30b)
dxs1/dty = eAaiCp + A22Xf1 + Ba(ll; (30¢)
d ﬁ/dtf = cAn1 (i + e By (30d)
rs = C1¢ + DsCF; yin = C1¢a1+Ci¢p1+Cax 1. (30e)

Setting € = 0, we overcome the problem from Remark 1, as
the resulting system has an invariant number of differential and

algebraic constraints in the transition from ¢ % 0y toe=0.

The quotient boundary layer subsystems are 5> f|y117,«< and
tr$0
by

yia,ry» With the former having the model:

d¢er/dty =0;  d¢s/dty = 0; dgﬁ/dtf =0; (3la)
dxy1/dty = ASyxp1 + Ba(lls s = Ci¢li + Ds(ll; (31b)
yi1 = C1Gs1 + C1¢r1 + Caxa- (31c)

We base the forthcoming passivity results on Lemma 1. As

time-rescaling is a geometric invariant of a dynamical system,

it does not alter its input-output behavior, which means that
passivity is invariant from time scale ¢, to ty. The MAS (27)
is the parallel connection (28) premultiplied by ¢ from (20):

¥ =X E?‘yilars+2‘g.2§|yi27rf = EE|;l/1,7"s_|_E£-:|y2ﬂ"f' (32)

A sufficient condition [10] for the passivity of ¢ is that each
of its components from (32) must also be passive. We can now
state the conditions for the existence of a ratio € > 0 such that
the MAS is strictly passive, based on its reduced-order and
quotient boundary layer subsystems.

Theorem 2: If Assumptions 1-3 hold, E;* is Hurwitz and
one of the following conditions apply:

A) th?ﬁ |yi2ﬁrf is strictly passive, if p(Xs) = (0,...,0) = 0;
tr 0 . -

B) ('Y ),..,) C (0,m). i p(Z) = (L....1) = T;
tr -0 T\ m-Ng N T

C) QO( Ef+|yi2,rf) g (O’ 5)’ if p(zs) € ZQ \{Oa 1}’

then there exists ¢*>0 such that system ¢ is strictly passive.

Proof: In order for lirgl 3¢ to be strictly passive, we
e—04
need to ensure that its symmetric part is not identically zero,

it is Hurwitz, and ¢(X°) C (—7%, §), according to Lemma 1.
First, the precondition from Lemma 1 always holds for this
class of systems described in (14) < (18), due to the existence,
by Assumption 2, of matrices K™ and K. It follows that
the conditions from Lemma 1 can be enforced.

To ensure the strict passivity of all subsystems in (32), we
have, for ¥¢|,,, ., using Definition 1 and the phase property
of a series connection [14, Lemma 2]:

Sp(tfze‘ydlﬂ"s) - @(tfzs) + @(tfz?

(33)

yﬂ,Ts)a

and similarly for */3¢|, . . ;- Due to Assumption 3, ¥, is also
Hurwitz and ¢(X,) C (=7, §) with its vector relative degree
p(Es) € Zy""*. It then follows that 35 must also be Hurwitz.

Furthermore, for the strict passivity of X¢|,, .., due to
the TSS property, ensured through Assumptions 1-2, in time
scale ¢y, the slow input is only perceptible at the initial
moment, i.e., r5(0), which leads to the frequency equivalent
of Rs(c0), according to the Initial Value Theorem [20].
This leads for the slow subsystem in (27) to Yyi(o0) =
EDRES) thgﬂy“,TS (00) - Rs(00), which reduces to a static
feedthrough term. Its passivity is ensured if and only if it is
positive semidefinite. Specifically for the MAS setup, (31) does
not have a feedthrough term, so “/ X0+, . (c0) = O > 0.
This means that the first subsystem is irrelevant for the existence
of € > 0 to guarantee the passivity of the full MAS. It will
only impact the e-bound computation problem.

We now turn our attention to the fast subsystem I P " |yaz,rs
and focus on the adapted phase condition (33):

. t £ t : t €
i o (5 yaary) © (V) + Tim o (U5, rp). (34)

Because ¢(X5)C(—Z 2 7). due to the TSS, (), e—04,
will be perceived in one of three possible ways: A)
o(*'%,) = [0,0], if p(Xs) = 0, the implication being
(35 ynr )S(=5, ) 1€y By, is strictly passive;
B) o(M%,)=[-%,—Z], if p(X,) = 1, so the implication
becomes (" 2% ysary) € (0,m); €) p(ME,) = [-Z,0], if
p(3s) € Z5" ", leading to go(th‘} yizsrs) € (0, 5). The proof
ends, as, thanks to Assumption 3, there are no other possible
relative degree configurations p(X,) & Z5 "=. ]
A similar result can be easily adapted for non-strict passivity.
In this case, Assumption 3 can be relaxed to having X, passive
instead of strictly passive.
Corollary 1: If Assumptions 1-3 hold, E Ot is semi- -stable,
3¢ from (32) has poles with multiplicity one on the imaginary
axis, and one of the following conditions apply:

A Z?* via,r, 18 Passive, if p(3s) = (0,...,0) = 0;
t 0 . —
B) (/S0 ) C 10, i p(5) = (Lo, 1) = T
tr 0 T mng 57T
O ("¢ yia,) €10, 51,1 p(5s) € Z5 \ {0, 1},




then there exists e*>0 such that system ¥ s passive.

Given that system ¢ from (18) is simply a reformulation
of system (14) through the invertible coordinate transformation
(10) and different time scalings ¢, ty, it follows that the
passivity of X is equivalent to the passivity of the overall
network system with respect to the exogenous reference 7.

The conditions of Theorem 2 and Corollary 1 can be
easily verified numerically using any environment which
supports linear algebra manipulations, such as LAPACK, BLAS,
SciPy, Eigen, etc., as they imply only eigenvalue problems
and sectorial matrix decompositions. Additionally, once the
existence of € > 0 is confirmed, we are left with the e-bound
computation problem, i.e., to find the largest value £* such that
the MAS (18) is passive Ve € [0,&*]. This can be performed in
a convex manner (see [15], [21]) by employing two decoupled
optimizations to each subsystem from (32): one for x|, ..,
leading to a solution €% > 0, and one for ¥¢|,, ., leading to
€% > 0. Then, ¢* = min(e},e}). Furthermore, given that ¢
from (17b) is a parameter of the network structure, this allows
us not only to infer if the MAS is passive using the proposed
model, but to also have a measure of robustness as to how far
from the upper bound €* it is.

VI. ACADEMIC EXAMPLE

We briefly illustrate the proposed method via a simple
numerical example, representing, e.g., a power network [1].
Consider a network consisting of m = 3 clusters Cy, each with
ni = 10 agents with dynamics A = (] ), B=(10)",
C = (1 1). As a baseline for robustness analysis, each cluster
is initially fully connected, i.e., Ei,i“ = 10119 —Liox10, k=1, 3,
with additional external connections between pairs of agents
(1,1)=(2,1), (1,1)=(3,1), (2,1)=(3,1), (1,1)=(3, 5). Consider
the state feedback gains K™ = (39 399), corresponding to the

closed-loop poles of the agents /\lclﬁ , = —20,and K$* = (3 3),
leading to AT, = —2.

Using (15)¥(17), the network parameters are pu*' = 16.97,
"~ 4009, which gives the MAS ratio ¢ = 0.00423 < 1.
Subsystem 3, from (20) is passive, with ¢(X3,) C [-F,0]
and p(Xs(joo)) = [0,0], ie., p(¥s) = 0, meaning that
Assumptions 1-3 hold and condition A) of Corollary 1,
<p(tf E?ﬂym,rf) C [~%, 5], also holds. For the e-bound on
(18), we determine £* = 0.05539, which means that the
network SSPF model is passive Ve € [0,e*], including the
default ratio. From this value, we conclude that the inter-cluster
links are very weak compared to the dense intra-cluster links,
which means that the network’s passivity is very robust to
adding and removing links. To demonstrate this, we consider
three sets of 50 Monte Carlo experiments, in which we drop
at most n € {5,10, 15} arbitrary connections between nodes
from each cluster Ci, k = 1,3, which are still subject to
Assumption 1. The computed * bounds degrade with means
and standard deviations ranging from (0.0533,0.0019)|,—5, to
(0.0521,0.0026)|n=10, and (0.0507,0.0039)|p=15-

In contrast, a slightly different output matrix C' = (1 10)
leads to a non-passive network irrespective of e, which justifies
that the current theory provides: (i) a reduced-dimensionality
method to ascertain if such a network system is passive and

* N

(ii) a precursory means to analyze its sensitivity with respect
to adding/removing connections in the network graph.

VIlI. CONCLUSION AND FURTHER EXTENSIONS

The proposed passivity analysis tailored to systems in SSPF
bypasses the computationally-inefficient passivity checks for
large-scale systems (14), while also providing insight on its
sensitivity to adding/removing links between the agents, i.e.,
changes to £™ and L. The proof of Theorem 2 can be easily
adapted to more general SSPF structures. The current case
(extended from [15]) considers both slow and fast actuators.

This tool will be further used as a starting point for control
synthesis to design a composite law such that the network
ratio € from (17) is less than the guaranteed passivity bound
€* with an imposed robustness margin, without affecting the
synchronization. Other research directions can be to extend the
proposed framework to heterogeneous networks and nonlinear
agent dynamics.
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