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Modern complex large-scale impulsive systems involve multiple modes of operation plac-
ing stringent demands on controller analysis of increasing complexity. In analyzing these
large-scale systems, it is often desirable to treat the overall impulsive system as a collection
of interconnected impulsive subsystems. Solution properties of the large-scale impulsive
system are then deduced from the solution properties of the individual impulsive subsys-
tems and the nature of the impulsive system interconnections. In this paper, we develop
vector dissipativity theory for large-scale impulsive dynamical systems. Specifically, us-
ing vector storage functions and vector hybrid supply rates, dissipativity properties of
the composite large-scale impulsive systems are shown to be determined from the dissi-
pativity properties of the impulsive subsystems and their interconnections. Furthermore,
extended Kalman-Yakubovich-Popov conditions, in terms of the impulsive subsystem dy-
namics and interconnection constraints, characterizing vector dissipativeness via vector
system storage functions, are derived. Finally, these results are used to develop feedback
interconnection stability results for large-scale impulsive dynamical systems using vector
Lyapunov functions.

1. Introduction

Recent technological demands have required the analysis and control design of increas-
ingly complex, large-scale nonlinear dynamical systems. The complexity of modern con-
trolled large-scale dynamical systems is further exacerbated by the use of hierarchial em-
bedded control subsystems within the feedback control system, that is, abstract decision-
making units performing logical checks that identify system mode operation and spec-
ify the continuous-variable subcontroller to be activated. Such systems typically possess
a multiechelon hierarchical hybrid decentralized control architecture characterized by
continuous-time dynamics at the lower levels of the hierarchy and discrete-time dynam-
ics at the higher levels of the hierarchy (see [1, 25] and the numerous references therein).
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The lower-level units directly interact with the dynamical system to be controlled while
the higher-level units receive information from the lower-level units as inputs and pro-
vide (possibly discrete) output commands which serve to coordinate and reconcile the
(sometimes competing) actions of the lower-level units. The hierarchical controller orga-
nization reduces processor cost and controller complexity by breaking up the processing
task into relatively small pieces and decomposing the fast and the slow control functions.
Typically, the higher-level units perform logical checks that determine system mode op-
eration, while the lower-level units execute continuous-variable commands for a given
system mode of operation.

In analyzing hybrid large-scale dynamical systems, it is often desirable to treat the
overall system as a collection of interconnected subsystems. The behavior of the compos-
ite hybrid large-scale system can then be predicted from the behaviors of the individual
subsystems and their interconnections. The mathematical description of many of these
systems can be characterized by impulsive differential equations [10, 15]. In particular,
general hybrid dynamical systems involve an abstract axiomatic definition of a dynami-
cal system involving left-continuous (or right-continuous) flows defined on a completely
ordered time set as a mapping between vector spaces satisfying an appropriate set of ax-
ioms, and include hybrid inputs and hybrid outputs that take their values in appropriate
vector spaces [8, 22, 28]. In contrast, impulsive dynamical systems are a subclass of hybrid
dynamical systems and consist of three elements, namely, a continuous-time differential
equation, which governs the motion of the dynamical system between impulsive events;
a difference equation, which governs the way that the system states are instantaneously
changed when an impulsive event occurs; and a criterion for determining when the states
are to be reset [10, 15].

An approach to analyzing large-scale dynamical systems was introduced by the pio-
neering work of Siljak [26] and involves the notion of connective stability. In particular,
the large-scale dynamical system is decomposed into a collection of subsystems with lo-
cal dynamics and uncertain interactions. Then, each subsystem is considered indepen-
dently so that the stability of each subsystem is combined with the interconnection con-
straints to obtain a vector Lyapunov function for the composite large-scale dynamical
system guaranteeing connective stability for the overall system. Vector Lyapunov func-
tions were first introduced by Bellman [2] and Matrosov [21] and further developed in
[7, 16, 17, 18, 19, 20, 23, 27], with [7, 17, 26, 27] exploiting their utility for analyzing
large-scale systems. Extensions of vector Lyapunov function theory that include matrix-
valued Lyapunov functions for stability analysis of large-scale dynamical systems appear
in the monographs by Martynyuk [19, 20]. The use of vector Lyapunov functions in large-
scale system analysis offers a very flexible framework since each component of the vector
Lyapunov function can satisfy less rigid requirements as compared to a single scalar Lya-
punov function. Weakening the hypothesis on the Lyapunov function enlarges the class
of Lyapunov functions that can be used for analyzing the stability of large-scale dynam-
ical systems. In particular, each component of a vector Lyapunov function need not be
positive-definite with a negative or even negative-semidefinite derivative. The time de-
rivative of the vector Lyapunov function need only satisfy an element-by-element vector
inequality involving a vector field of a certain comparison system.
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In light of the facts that energy flow modeling arises naturally in large-scale dynamical
systems and that vector Lyapunov functions provide a powerful stability analysis frame-
work for these systems, it seems natural that hybrid dissipativity theory [8, 10, 11], on the
subsystem level, should play a key role in analyzing large-scale impulsive dynamical sys-
tems. Specifically, hybrid dissipativity theory provides a fundamental framework for the
analysis and design of impulsive dynamical systems using an input-output description
based on system energy related considerations (here the notion of energy refers to ab-
stract energy for which a physical system energy interpretation is not necessary) [8, 10].
The hybrid dissipation hypothesis on impulsive dynamical systems results in a funda-
mental constraint on their dynamic behavior wherein a dissipative impulsive dynamical
system can only deliver a fraction of its energy to its surroundings and can only store a
fraction of the work done to it. Such conservation laws are prevalent in large-scale im-
pulsive dynamical systems such as aerospace systems, power systems, network systems,
telecommunication systems, and transportation systems. Since these systems have nu-
merous input-output properties related to conservation, dissipation, and transport of
energy, extending hybrid dissipativity theory to capture conservation and dissipation no-
tions on the subsystem level would provide a natural energy flow model for large-scale
impulsive dynamical systems. Aggregating the dissipativity properties of each of the im-
pulsive subsystems by appropriate storage functions and hybrid supply rates would allow
us to study the dissipativity properties of the composite large-scale impulsive system using
vector storage functions and vector hybrid supply rates. Furthermore, since vector Lyapunov
functions can be viewed as generalizations of composite energy functions for all of the
impulsive subsystems, a generalized notion of hybrid dissipativity, namely, vector hybrid
dissipativity, with appropriate vector storage functions and vector hybrid supply rates,
can be used to construct vector Lyapunov functions for nonlinear feedback large-scale
impulsive systems by appropriately combining vector storage functions for the forward
and feedback large-scale impulsive systems. Finally, as in classical dynamical system the-
ory, vector dissipativity theory can play a fundamental role in addressing robustness, dis-
turbance rejection, stability of feedback interconnections, and optimality for large-scale
impulsive dynamical systems.

In this paper, we develop vector dissipativity notions for large-scale nonlinear impul-
sive dynamical systems, a notion not previously considered in the literature. In particular,
we introduce a generalized definition of dissipativity for large-scale nonlinear impulsive
dynamical systems in terms of a hybrid vector inequality involving a vector hybrid sup-
ply rate, a vector storage function, and an essentially nonnegative, semistable dissipation
matrix. Generalized notions of vector available storage and vector required supply are
also defined and shown to be element-by-element ordered, nonnegative, and finite. On
the impulsive subsystem level, the proposed approach provides an energy flow balance
over the continuous-time dynamics and the resetting events in terms of the stored sub-
system energy, the supplied subsystem energy, the subsystem energy gained from all other
subsystems independent of the subsystem coupling strengths, and the subsystem energy
dissipated. Furthermore, for large-scale impulsive dynamical systems decomposed into
interconnected impulsive subsystems, dissipativity of the composite impulsive system is
shown to be determined from the dissipativity properties of the individual impulsive
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subsystems and the nature of the interconnections. In addition, we develop extended
Kalman-Yakubovich-Popov conditions, in terms of the local impulsive subsystem dy-
namics and the interconnection constraints, for characterizing vector dissipativeness via
vector storage functions for large-scale impulsive dynamical systems. Using the concepts
of vector dissipativity and vector storage functions as candidate vector Lyapunov func-
tions, we develop feedback interconnection stability results of large-scale impulsive non-
linear dynamical systems. General stability criteria are given for Lyapunov and asymp-
totic stability of feedback large-scale impulsive dynamical systems. In the case of vector
quadratic supply rates involving net subsystem powers and input-output subsystem en-
ergies, these results provide a positivity and small gain theorem for large-scale impulsive
systems predicated on vector Lyapunov functions. Finally, it is important to note that
vector dissipativity notions were first addressed in [13] in the context of continuous-
time, large-scale dynamical systems. However, the results of [13] predominately concen-
trate on connections between thermodynamic models and large-scale dynamical systems.
Kalman-Yakubovich-Popov conditions characterizing vector dissipativeness via vector
system storage functions and feedback interconnection stability results for large-scale sys-
tems are not addressed in [13].

2. Mathematical preliminaries

In this section, we introduce notations, several definitions, and some key results needed
for analyzing large-scale impulsive dynamical systems. Let R denote the set of real num-
bers, Z. the set of nonnegative integers, R” the set of nn X 1 column vectors, S" the set of
n X n symmetric matrices, N" (resp., P") the set of n X n nonnegative- (resp., positive-)
definite matrices, (-)T transpose, and I,, or I the n X n identity matrix. For v € R4, we
write v == 0 (resp., v > 0) to indicate that every component of v is nonnegative (resp.,
positive). In this case, we say that v is nonnegative or positive, respectively. Let R? and R?
denote the nonnegative and positive orthants of RY; that is, if v € R9, then v € EZ and
veR? are equivalent, respectively, to v == 0 and v > 0. Finally, we write || - || for the
Euclidean vector norm, V' (x) for the Fréchet derivative of V at x, B.(«), « € R"*, £ >0,
for the open ball centered at « with radius ¢, and M > 0 (resp., M > 0) to denote the fact
that the Hermitian matrix M is nonnegative- (resp., positive-) definite. The following
definition introduces the notion of essentially nonnegative and nonnegative matrices.

Definition 2.1 [3, 5, 9]. Let W € R7*4. W is essentially nonnegative it W; j) =0, i,j =
1,...,q, i # j, where W(; j denotes the (i, j)th entry of W. W is nonnegative (resp., posi-
tive) if W(; jy = 0 (resp., Wi j) >0), 4,7 = 1,...,4.

The following definition introduces the notion of class W' functions involving quasi-
monotone increasing functions.

Definition 2.2 [26]. A functionw = [wy,...,wy]" : R? — R is of class W if wi(r") < wi(r""),
i=1,...,q forall7’,r"" € R?such that r]'- < r]f', ri=r{,j=1,..,9,i# j, wherer; denotes
the ith component of r.

If w(-) € W, we say that w satisfies the Kamke condition. Note that if w(r) = Wr,
where W € R7%9, then the function w(-) is of class W if and only if W is essentially
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nonnegative. Furthermore, note that it follows from Definition 2.2 that any scalar (g = 1)
function w(r) is of class W'. The following definition introduces the notion of essentially
nonnegative functions [4, 9].

Definition 2.3. Let w = [w1,...,wq]T:V — R4, where ¥/ is an open subset of R? that con-
tains R. Then w is essentially nonnegative if wi(r) = 0 foralli = 1,...,q and r € R such
that r; = 0.

Note that if w: R? — R? is such that w(-) € W and w(0) == 0, then w is essentially
nonnegative; the converse however is not generally true. However, if w(r) = Wr, where
W € R7%1 is essentially nonnegative, then w(-) is essentially nonnegative and w(-) € W.

PROPOSITION 2.4 [4, 9]. Suppose R? ¢ V. Then RY is an invariant set with respect to
#(t) =w(r(t)), r(0) = ro, t = to, (2.1)

where ro € R, if and only if w : V" — RY is essentially nonnegative.
The following corollary to Proposition 2.4 is immediate.

COROLLARY 2.5. Let W € R9%9. Then W is essentially nonnegative if and only if e* is
nonnegative for all t > 0.

It follows from Proposition 2.4 that if ro >> 0, then r(t) >> 0, t > £;, ifand only if w(-)
is essentially nonnegative. In this case, the usual stability definitions for the equilibrium
solution r(t) = r. to (2.1) are not valid. In particular, stability notions need to be defined
with respect to relatively open subsets of R? containing r. [12, 13]. The following lemma
is needed for developing several of the results in later sections. For the statement of this
lemma, recall that a matrix W € R9%4 is semistable if and only if lim;_.., " exists [5, 9],
while W is asymptotically stable if and only if lim,_ e"* = 0.

LEMMA 2.6 [12]. Suppose W € RI%1 is essentially nonnegative. If W is semistable (resp.,
asymptotically stable), then there exist a scalar a = 0 (resp., « > 0) and a nonnegative vector
peRL p+0, (resp., positive vector p € RY) such that

Wip+ap=o. (2.2)

Next, we present a stability result for large-scale impulsive dynamical systems using
vector Lyapunov functions. In particular, we consider state-dependent impulsive dynam-
ical systems of the form

x(t) = Fo(x(1)), x(ty) = x0, x(t) &€ %, t = to, (2.3)
Ax(t) = Fq(x(1)), x(t) €%y, (2.4)

where x(t) € @, @ < R” is an open set with 0 € @, Ax(t) = x(t*) — x(t), F. : & — R"
is Lipschitz continuous and satisfies F.(0) = 0, Fq: % — R" is continuous, and %, C
9 < R" is a resetting set. Here, we assume that (2.3) and (2.4) characterize a large-scale
impulsive dynamical system composed of q interconnected subsystems such that, for
all i = 1,...,q, each element of F.(x) and F4(x) is given by F(x) = fei(x;) + $i(x) and
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Fai(x) = fai(xi) + $4i(x), respectively, where f.;: %; < R" — R" and fg; : @; = R" — R"
define the vector fields of each isolated impulsive subsystem of (2.3) and (2.4), $.;: D —
R" and $4; : 9 — R™ define the structure of interconnection dynamics of the ith impul-
sive subsystem with all other impulsive subsystems, x; € &; < R", f,(0) = 0, $(0) =0,
and Z?:l n; = n. For the large-scale impulsive dynamical system (2.3), (2.4), we note that
the subsystem states that x;(¢), t > fy, for all i = 1,...,q, belong to %; = R" as long as

x(t) 2 (%] (1),... ,xg (6)]T € D, t > ty. We make the following additional assumptions:

(A1) if x(¢) € %, \ %,, then there exists ¢ > 0 such that, for all 0 < 8 < ¢, x(t + 8) & %y;
(A2) if x € #,, then x + Fq(x) & %.,.

Assumption (A1) ensures that if a trajectory reaches the closure of %, at a point that
does not belong to %,, then the trajectory must be directed away from %,; that is, a
trajectory cannot enter %, through a point that belongs to the closure of %, but not
to %,. Furthermore, (A2) ensures that when a trajectory intersects the resetting set %, it
instantaneously exits %,. Finally, we note that if xy € %, then the system initially resets to
x5 = x0 + Fa(xo) & %,, which serves as the initial condition for the continuous dynamics
(2.3). It follows from (A1) and (A2) that 0%, N %, is closed and hence the resetting times
Tr(xo) are well defined and distinct. Furthermore, it follows from (A2) that if x* € R”
satisfies Fyq(x*) = 0, then x* ¢ %,. To see this, suppose x* € %,. Then x* + Fg(x*) =
x* € %,, contradicting (A2). In particular, we note that 0 ¢ %,. For further insights on
assumptions (A1) and (A2), the interested reader is referred to [8, 10].

The next theorem presents a stability result for (2.3), (2.4) via vector Lyapunov func-
tions by relating the stability properties of a comparison system to the stability properties
of the large-scale impulsive dynamical system.

THEOREM 2.7 [15, 24]. Consider the large-scale impulsive dynamical system given by (2.3),
(2.4). Suppose there exist a continuously differentiable vector function V :% — R and a
positive vector p € RY such that V(0) = 0, the scalar function v: % — R, defined by v(x) =
pTV(x), x €D, is such that v(0) = 0, v(x) >0, x # 0, and

V' (x)Fe(x) s we(V(x)), x &%,

V(x+Fy(x)) << V(x), xe%,, (23)

where w, : R — R4 is a class W function such that w(0) = 0. Then the stability properties
of the zero solution r(t) = 0 to

() =we(r(t)), r(t) =ro, t=to (2.6)

imply the corresponding stability properties of the zero solution x(t) = 0 to (2.3), (2.4). That
is, if the zero solution r(t) = 0 to (2.6) is Lyapunov (resp., asymptotically) stable, then the
zero solution x(t) = 0 to (2.3), (2.4) is Lyapunov (resp., asymptotically) stable. If, in addition,
D =R" and V(x) — co as ||x|| — oo, then global asymptotic stability of the zero solution
r(t) = 0 to (2.6) implies global asymptotic stability of the zero solution x(t) = 0 to (2.3),
(2.4).
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fvV:9 - @3 satisfies the conditions of Theorem 2.7, we say that V(x), x € 9, is a
vector Lyapunov function for the large-scale impulsive dynamical system (2.3), (2.4). Fi-
nally, we recall the standard notions of dissipativity and exponential dissipativity [8, 10]
for input/state-dependent impulsive dynamical systems % of the form

%(t) = fo(x(t)) + Ge(x(D)uc(t), x(to) =x0, (x(t),uc(t)) €%, (2.7)

Ax(t) = fa(x(8)) + Ga(x(t))ua(t), (x(t),uc(t)) €%, (2.8)
Ye(t) = he(x(#)) +Jc (x()) uc(t),  (x(t),uc(t)) €%, (2.9)
ya(t) = ha(x(t)) +Ja(x())ua(t), (x(t),uc(t)) €%, (2.10)

where t > g, x(t) € D = R", u(t) € Ue = R™, ug(t) € Uq < R™, . denotes the kth in-
stant of time at which (x(),uc(t)) intersects % C & X U, for a particular trajectory x(t)
and input uc(t), yc(t) € Y. < RE, ya(ty) € Yg < R4, f.: D — R is Lipschitz continu-
ous and satisfies f.(0) =0, Gc: D — R f;:9% — R" is continuous, G4 : @ — R"*"4,
he: D — Rk satisfies he(0) = 0, Jo : D — REXme h3: 9 — RY and J4: D — Rk*ma_ For the
impulsive dynamical system %9, we assume that the required properties for the existence
and uniqueness of solutions are satisfied; that is, uc(-) satisfies sufficient regularity condi-
tions such that (2.7) has a unique solution forward in time. For the impulsive dynamical
system %9 given by (2.7), (2.8), (2.9), and (2.10), a function (sc(uc, yc),sd(ud> ya)), where
St MUe X Y. — R and sq: Ug X Yg — R are such that s.(0,0) = 0 and s4(0,0) = 0, is called
a hybrid supply rate [8, 10] if it is locally integrable for all input-output pairs satisfying
(2.7), (2.9); that is, for all input-output pairs uc € U, y. € Y, satistying (2.7), (2.9),
sc(-, ) satisfies ftt Isc(uc(0), ye(0))|do < oo, t,f > 0. Note that since all input-output pairs
uq(tr) € Ug, ya(tr) € Yyq satistying (2.8), (2.10) are defined for discrete instants, sq(-, -)
satisfies Y gz, 15a(ua(tk), ya(te))| < co, where Zy ;) Lkt <t <t}

Definition 2.8 [10]. The impulsive dynamical system %9 given by (2.7), (2.8), (2.9), and
(2.10) is exponentially dissipative (resp., dissipative) with respect to the hybrid supply rate
(sc,sq) if there exist a continuous, nonnegative-definite function vs : 9 — R and a scalar
€ >0 (resp., € = 0) such that v5(0) = 0, called a storage function, and the hybrid dissipation
inequality

T
T (1) = e (x(0) + | e (el ye)

(2.11)
+ Z e sq(ua(te),ya(te)), T =to,

kGZ[tO,T)

is satisfied for all T > fy. The impulsive dynamical system % given by (2.7), (2.8), (2.9),
and (2.10) is lossless with respect to the hybrid supply rate (sc,sq) if the hybrid dissipation
inequality is satisfied as an equality with e = 0 for all T > £.

The following result gives necessary and sufficient conditions for dissipativity over an
interval t € (#, tx+1] involving the consecutive resetting times tx and tx;. First, however,
the following definition is required.
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Definition 2.9 [10]. A large-scale impulsive dynamical system 9 given by (2.7), (2.8),
(2.9), and (2.10) is completely reachable if for all (fy,x;) € R x 9, there exist a finite time
ti < ty, a square integrable input u.(¢) defined on [#,%], and inputs uq(tx) defined on
k € Zy1,) such that the state x(t), t = £, can be driven from x() = 0 to x(t) = xi.

THEOREM 2.10 [10]. Assume G is completely reachable. Then G is exponentially dissipative
(resp., dissipative) with respect to the hybrid supply rate (sc,sq) if and only if there exist a
continuous nonnegative-definite function vs : 9 — R and a scalar € >0 (resp., € = 0) such
that v(0) = 0 and for all k € Zv,

vy (x(1)) < etvg(x(1)) + Jte“sc(uc(s),yc(s))ds, e <t<t<ti, (2.12)
t
vs(x(tk) +fd(x(tk)) + Gd(x(tk))ud(tk)) < vs(x(tk)) +Sd(ud(tk),yd(tk)). (2.13)

Finally, § given by (2.7), (2.8), (2.9), and (2.10) is lossless with respect to the hybrid supply
rate (sc,sq) if and only if (2.12) and (2.13) are satisfied as equalities with e = 0 for all k € Z,.

3. Vector dissipativity theory for large-scale impulsive dynamical systems

In this section, we extend the notion of dissipative impulsive dynamical systems to de-
velop the generalized notion of vector dissipativity for large-scale impulsive dynamical
systems. We begin by considering input/state-dependent impulsive dynamical systems %
of the form

x(t) = Fo(x(t),uc(t)), x(to) =x0, (x(t),uc(t)) €%, t=to, (3.1)
Ax(t) = Fq(x(t),ua(t)), (x(t),uc(t)) €%, (3.2)
ye(t) = He(x(t),uc(t)),  (x(t),uc(t)) €%, (3.3)
ya(t) = Ha(x(t),ua(t)), (x(t),uc(t)) €%, (3.4)

where x(t) € D S R", t > to, uc € U S R™, g € Ug S R™, y. € Y. Rk, y3 € Yy <
R4, F: D XU — R, Fg:DXxUg — R", He: DX Ue » Y, Hy: DX Ug — Yg, D is an
open set with 0 € %, % C & x AU, and F:(0,0) = 0. Here, we assume that G represents a
large-scale impulsive dynamical system composed of q interconnected controlled impul-
sive subsystems 9; such that, foralli=1,...,q,

Fci(x) uci) = f (xl) + &C,(X) +Gei (xz)ucu
Fai(x,uai) = fai(xi) + $ai(x) + Gai () uais
Cl(-xl)uCI) hei (xi) +]ci(xi)uci:

Hagi(xi,uqi) = hai(xi) + Jai (xi) udi»

(3.5)
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where x; € @; € R%, ug € U S R™i) ug; € Ug; < R4, Yei £ H(xi,uq) € M < Rlc’,
Vdi £ Hyi(xi,ugi) € Ygi € R4, (e, tgi), (¥ei» yai)) 1s the hybrid input-output pair for the
ith subsystem, f;;: R" — R" and $.;: 9 — R"™ are Lipschitz continuous and satisfy f;(0)
=0and $.(0) =0, fg;: R" — R" and $4;: D — R" are continuous, G; : R" — R"*"
and Gg; : R% — R"*mai are continuous, hg; : R" — Rk and satisfies he;(0) = 0, hg; : R —
R, Joi R — R, Jo R — Rlxma, S =, 1 me = me, XL mai = ma,

?:1 l; =1, and Z?:l lai = l4. Furthermore, for the large-scale impulsive dynamical sys-
tem 9, we assume that the required properties for the existence and uniqueness of solu-
tions are satisfied; that is, for each i € {1,...,q}, u(-) satisfies sufficient regularity con-
ditions such that the system (3.1), (3.2) has a unique solution forward in time. We define
the composite input and composite output for the large-scale impulsive dynamical system
Gas uc 2 [uiy,. .., ulg]"s uag = [ugye. )" ye = [yde o yG 1T and ya £ (g0 v4,1"
respectively.

Definition 3.1. For the large-scale impulsive dynamical system % given by (3.1), (3.2),
(3.3), and (3.4), a function (Sc(uc, yc),Sda(ud, y4)), where Sc(uc, yc) £ [sc1(Uers Ye1)s--s
seq(tiegs yeq)1 "> Sa(ua, ya) = [sa1(uars yar)s...»Sdq(tag> yag)] " i : Ui X Y — R, and sq; :
Ugi X Ygi — R, i=1,...,q, such that §.(0,0) = 0 and S$4(0,0) = 0, is called a vector hy-
brid supply rate if it is locally componentwise integrable for all input-output pairs sat-
isfying (3.1), (3.2), (3.3), and (3.4); that is, for every i € {1,...,q} and for all input-
output pairs ug € Ui, yei € Yo satisfying (3.1), (3.2), (3.3), and (3.4), si(+,-) satisfies
Lt Isci(uei(s), yei(s)) Ids < oo, ti> to.

Note that since all input-output pairs ug;(tx) € Wai> yai(tx) € Yai are defined for dis-
crete instants, sg;(-, -) in Definition 3.1 satisfies Ekezm [sai(udi(te), yai(te))| < oo.

Definition 3.2. The large-scale impulsive dynamical system % given by (3.1), (3.2), (3.3),
and (3.4) is vector dissipative (resp., exponentially vector dissipative) with respect to the
vector hybrid supply rate (S¢,Sq) if there exist a continuous, nonnegative-definite vector
function V, = [vsl,...,vsq]T P — @3, called a vector storage function, and an essentially
nonnegative dissipation matrix W € R71 such that V,(0) = 0, W is semistable (resp.,
asymptotically stable), and the vector hybrid dissipation inequality

Vi(x(T)) =< VT 0V (x(ty)) + LTew”‘f)Sc(uc(t),yc(t))dt

+ Z eV TSy (ug(te), ya(te))s T = to,

kEZ[tO T)

(3.6)

is satisfied, where x(t), t = to, is the solution to (3.1), (3.2), (3.3), and (3.4) with (u.(t),
uq(tr)) € Ue X Uqg and x(ty) = xo. The large-scale impulsive dynamical system 4 given
by (3.1), (3.2), (3.3), and (3.4) is vector lossless with respect to the vector hybrid supply
rate (S¢,Sq) if the vector hybrid dissipation inequality is satisfied as an equality with W
semistable.

Note that if the subsystems ; of %G are disconnected, that is, $.;(x) = 0 and $4;(x) =0
foralli=1,...,q, and —W € R9*1 is diagonal and nonnegative-definite, then it follows
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from Definition 3.2 that each of disconnected subsystems %; is dissipative or exponen-
tially dissipative in the sense of Definition 2.8. A similar remark holds in the case where
q = 1. Next, define the vector available storage of the large-scale impulsive dynamical sys-
tem 9 by

Va(-xO) £ _ inf |:JTe_w(t_tO)Sc(uc(t)>y6(t))dt
to

T=>to, (te(+)suq(+))
(3.7)

+ z e~ Witk— "’)Sd ud(tk) )’d(tk)):|

kE€Zity,1)

where x(t), t > to, is the solution to (3.1), (3.2), (3.3), and (3.4) with x(ty) = x¢ and ad-
missible inputs (u¢,4q) € Ue X Uqg. The infimum in (3.7) is taken componentwise which
implies that for different elements of V,(-), the infimum is calculated separately. Note
that V,a(x0) == 0, x0 € D, since V,(xp) is the infimum over a set of vectors containing the
zero vector (T = ty).

THEeOREM 3.3. Consider the large-scale impulsive dynamical system % given by (3.1), (3.2),
(3.3), and (3.4) and assume that § is completely reachable. Then § is vector dissipative
(resp., exponentially vector dissipative) with respect to the vector hybrid supply rate (Sc,Sq) if
and only if there exist a continuous, nonnegative-definite vector function Vy : % — R and an
essentially nonnegative dissipation matrix W € R9*4 such that Vs(0) = 0, W is semistable
(resp., asymptotically stable), and for all k € Z.,

) B
Vi(x(f)) =< eIV (x(1)) +J eWI8 (ucls), ye(s))ds, ti<t<i<ty, (3.8)
t

Vi (x(tx) + Fa(x (), ua(tx))) << Vi(x(tx)) +Sa(ua(te)> ya(tx)). (3.9)

Alternatively, G is vector lossless with respect to the vector hybrid supply rate (Sc,Sq) if and
only if (3.8) and (3.9) are satisfied as equalities with W semistable.

Proof. Let k € Z, and suppose 4 is vector dissipative (resp., exponentially vector dissipa-
tive) with respect to the vector hybrid supply rate (Sc, S4). Then, there exist a continuous
nonnegative-definite vector function V;: % — R? and an essentlally nonnegative matrix
W € R7*1 such that (3.6) holds. Now, since for tk <t<t<tiy, Ly = D, (3.8) is im-
mediate. Next, it follows from (3.6) that

+

Vs(x(tl:)) == eW(tZ_tk)Vs (x(tk)) + th eW(t;_S)SC(”c(s))yc(s))ds

23

+ > eS8, (ug (1), yaty)),

kEZ[ikﬁ)

(3.10)

which, since Zj;, ) = k, implies (3.9).
Conversely, suppose (3.8) and (3.9) hold and let f > ¢ > tg and Z;3) = {i,i+1,...,j}.
(Note that if Z, ;) = &, the converse result is a direct consequence of (3.8).) If Z, ; # &,
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it follows from (3.8) and (3.9) that

Vi (x(®) — eIV (x(1)

= Vi(x(B) — "DV (x ()
+ eW“*‘?)VS(x(t})) _ eW(?’tP')VS(x(t;Z]))
+ MDY (x(£,)) - - - - — M EDV(x(1))
+ eV DV (x(8)) — eIV (x(0)

= Vi(x(d) — "0V (x(t]))
+eV DV (x(ty) + Fax(t),ua(t)) — eV IV (x(t)))
+eVED Y (x(t)) - eW<f*f?—l>Vs(x(t},1))
+ -+ eV (1) + Fa(x (), ua () — V0V (x (1)
+ eV (x(t)) — VDV (x(1)

= Vi (x(£) — "V (x(t)))

+ eV [V (x(t;) + Fa(x(t)),ua(t)))) — Vs(x(£))] (3.11)
+eV DV (x()) - eIV (x(£))]

4o+ eV [V (x() + Fa (x(8),ua () = Vi(x(8))]

+ MV (x() = MOV (x(0)]

P .
<< I eV (uc(s), ye(s))ds + eW(t_tf)Sd(ud(tj),yd(tj))
t

J
~ t
+ eW(tftj) J ! eW(fj*S)Sc(uc(s),yc(S))dS
tji-1

NI -|-ew(fft")sd(Md(ti)yyd(ti))

s ti
+€W(t7ti)J‘ eW(t"’S)SC(uc(3)>)’c(5))d5
t

=JteW(E’S)Sc(uc(S),yc(S))dS+ > M8, (ua(t), ya(te)),

t
kEZ[[’E)

which implies that 9 is vector dissipative (resp., exponentially vector dissipative) with
respect to the vector hybrid supply rate (Sc,Sq). Finally, similar constructions show that
% is vector lossless with respect to the vector hybrid supply rate (S, Sq4) if and only if (3.8)
and (3.9) are satisfied as equalities with W semistable. O



236  Vector dissipativity and large-scale impulsive systems

THEOREM 3.4. Consider the large-scale impulsive dynamical system G given by (3.1), (3.2),
(3.3), and (3.4) and assume that § is completely reachable. Let W € R1*1 be essentially
nonnegative and semistable (resp., asymptotically stable). Then

T
J e WIS (u (1), yo(t))dt
f

+ Z e Wt g, (ua(te),ya(tx)) 2=0, T =1,

kEZ [to,T)

(3.12)

for x(ty) = 0 and (uc,uq) € Ue X Wq if and only if V,(0) = 0 and V,(x) is finite for all
x € 9. Moreover, if (3.12) holds, then V,(x), x € D, is a vector storage functzon for G and
hence § is vector dissipative (resp., exponentially vector dissipative) with respect to the vector
hybrid supply rate (Sc(uc, ye)>Sa(ud, yd))-

Proof. Suppose V,(0) = 0 and V,(x), x € 9, is finite. Then

T
0=V,0)=— inf J “Wl-t) g 1), y.(1))dt
2(0) tho,(ig-md(-))[ K c(uc(t), ye(1))

+ > e WISy (ug (), yatk))
k€Ziy,1)

] (3.13)

which implies (3.12).
Next, suppose (3.12) holds. Then for x(,) = 0,

T=ty, (uc(-),

T
- inf U e WIS (uc(t), ye(t))dt
Jua(-) | Jto
(3.14)
+ > e WISy (ug(t), }/d(tk))] <=0,

kEZ [t9,T)

which implies that V,(0) << 0. However, since V,(xp) == 0, xo € 9, it follows that V,(0)
= 0. Moreover, since 4 is completely reachable, it follows that for every x, € %, there exist
t >ty and an admissible input u(-) defined on [ty, ] such that x(f) = x. Now, since (3.12)
holds for x(ty) = 0, it follows that for all admissible (uc,y.) € Uc X Y. and (ug, ya) €
Oud X Oyd,

T
J e_W(t—Io)SC(uc(t),yc(t))dt

0

) (3.15)
+ Z ~Wit- t")Sd (ua(t),ya(tx)) ==0, T =>4,
kEZ[tOT)
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or, equivalently, multiplying (3.15) by the nonnegative matrix " (=), i > ¢,, yields

T
_I" e DS (uc(t), ye () dt — > e WD, (ug (1), ua(t))

kEZ[gYT)
{ . .
<< | e WDS (uc(t), ye(t))dt + e WISy (ug (ti), ua (e
b2

[ kEZ“O)g)

(3.16)

<< Q(x) < 0, T=1t (ue,uq) €U x Ug,

where Q : % — R4. Hence,

Va(x) = - inf N |:IATe_W(t_E)Sc(uc(t)yyc(t))dt

T=>1, (uc(+),ua(
3.17
+ Z e Sd Md(tk) ud(tk)):| ( )
kEZ[[T)

<< Q(x) < ®, x9€D,

which implies that V,(xo), xo € 9, is finite.
Finally, since (3.12) implies that V,(0) = 0 and V,(x), x € 9, is finite, it follows from
the definition of the vector available storage that

T
Vi(x) << j e WIS (e (£), ye())dt
to

+ > e WISy (ug (t), ua (te))
keZtOT

3
- j e W08 (ue(t), ye(1))dt
t

0

+ Z Wit~ tO)Sd (ua(te), Ud(tk))

keZ; )

(3.18)

T
+J e WS (uc(t), ye(t))dt
tr

+ > e VS (ug(t),ua (), T =to.
kEZ[th
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Now, multiplying (3.18) by the nonnegative matrix eWlti=to) to > ¢, it follows that

te
eW(’f_tU)Va(xo)+I eV (uc(t), ye(t))de + Z eVt 8, (uq (t), ua (tk))
to

keZI[an)
! W (t—t)
>> — inf J e WIS (u (1), ya(t))dt
T>tf,(uc('),ud('))|: tr (uelt) vl ) (3.19)
+ > e WIS, (ug (), ud(fk))]
kEZ [tg,T)
= Va(x(t)),

which implies that V,(x), x € 9, is a vector storage function and hence 4 is vector dis-
sipative (resp., exponentially vector dissipative) with respect to the vector hybrid supply
rate (Sc(ue, yc)>Sa(ua, ya)). O

It follows from Lemma 2.6 that if W € R7*1 is essentially nonnegative and semistable
(resp., asymptotically stable), then there exist a scalar & > 0 (resp., « > 0) and a nonnega-
tive vector p € Ri, p#0, (resp., p € R?) such that (2.2) holds. In this case,

PT Wt =p |:Iq+Wt+%W2t2+...:|
1 (3.20)
:pT[Iq—atIq+5a2t21q+---] =e“p', teR

Using (3.20), we define the (scalar) available storage for the large-scale impulsive dynam-
ical system 4 by

T
& : T ,—W(t—t)
Va(x0) T>ty (lg-f) ua(-)) |: fo pe SC(MC(t)’yC(t))dt

+ > ple WIS (ug(t), yd(tk)):|

ke,
. (3.21)
== inf J e"‘(t fo) . dt
TZtO)(Mc('),ud(-))|: 0 ( ( ) Yy ( ))

+ Z a(te=to) sa(ua(te), )’d(tk)):|

keZiy,r)

where s : U X Y. — R and sq : Ug X Ygq — R defined as sc(uc, yc) £ PTSc(ue, yo) and
sa(td, ya) = pTSa(ug, ya) form the (scalar) hybrid supply rate (sc,sq) for the large-scale
impulsive dynamical system 9. Clearly, v,(x) = 0 for all x € 9. As in standard hybrid
dissipativity theory [10], the available storage v,(x), x € 9, denotes the maximum
amount of (scaled) energy that can be extracted from the large-scale impulsive dynamical
system 4§ at any time T.
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The following theorem relates vector storage functions and vector hybrid supply rates
to scalar storage functions and scalar hybrid supply rates of large-scale impulsive dynam-
ical systems.

THEOREM 3.5. Consider the large-scale impulsive dynamical system % given by (3.1), (3.2),
(3.3), and (3.4). Suppose G is vector dissipative (resp., exponentially vector dissipative) with
respect to the vector hybrid supply rate (Sc(uc, yc)>Sda(ud> ¥a)) : (Ue X Y, Ug X Yq) — RT X
RY and with vector storage function Vi : % — RL. Then there exists p € RL, p # 0, (resp.,
p € RY) such that G is dissipative (resp., exponentially dissipative) with respect to the scalar
hybrid supply rate (sc(uc, yc),sa(ua, ya)) = (pTSc(uc, ye), pTSa(ua, ya)) and with storage
function vy(x) = pTVi(x), x € D. Moreover, in this case, v,(x), x € D, is a storage function
for§ and

0<va(x) <vs(x), xe€9p. (3.22)

Proof. Suppose 4 is vector dissipative (resp., exponentially vector dissipative) with re-
spect to the vector hybrid supply rate (Sc(uc, yc),Sda(ud, y4)). Then there exist an essen-
tially nonnegative, semistable (resp., asymptotically stable) dissipation matrix W and a
vector storage function V;: % — R? such that the dissipation inequality (3.6) holds. Fur-
thermore, it follows from Lemma 2.6 that there exist « > 0 (resp., « > 0) and a nonzero
vector p € R (resp., p € RY) satisfying (2.2). Hence, premultiplying (3.6) by pT and
using (3.20), it follows that

T
eTyg(x(T)) < e*ovy(x(to)) + L e sc(uc(t), yc(1))dt

+ Z e sq (uq (1) yd(tk)) T = to, (ticyug) € Ue X Ug,

kEZ[tO T)

(3.23)

where v5(x) = pTVi(x), x € 9, which implies dissipativity (resp., exponential dissipa-
tivity) of G with respect to the scalar hybrid supply rate (sc(uc, yc),sd(u4d, yd)) and with
storage function vs(x), x € ¥. Moreover, since v5(0) = 0, it follows from (3.23) that for

x(tO) =0,

T
J ea(t*to)sc(uc(t),}’c(t))dt
to

+ Z e“(t"ft")sd(ud(tk),yd(tk)) >0, T=t, (uc,ud) S Ouc X Oud,

kE€Zity,m)

(3.24)

which, using (3.21), implies that v,(0) = 0. Now, it can be easily shown that v,(x), x € ¥,
satisfies (3.23) and hence the available storage defined by (3.21) is a storage function
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for 4. Finally, it follows from (3.23) that

T

vy(x(t0)) 2 Ty, (x(T)) - j s (ue(1), ye(1) dt

to

= > e sy (ug(t), ya(t))

kEZ[[O,T)

T (3.25)
> —[ <005 (u(t), y (1)) dt
to
= > sy (ug(te), ya(t)), T = to, (ue,ua) € Ue x WUg,
kEZ[tO,T)
which implies
! (t—to)
_ : a(t—ty
ot == it o)
2
+ > e sy (ua(t), )’d(tk))] (3.26)
kEZ[tO T)
= va(x(t))
and hence (3.22) holds. O

Remark 3.6. It follows from Theorem 3.4 that if (3.12) holds for x(¢y) = 0, then the vector
available storage V,(x), x € 9, is a vector storage function for 4. In this case, it follows
from Theorem 3.5 that there exists p € R? +» P # 0, such that vs(x) = pTV,(x) is a storage
function for 9 that satisfies (3.23), and hence by (3.22), va(x) < pTV (x),x €PD.

Remark 3.7. Tt is important to note that it follows from Theorem 3.5 that if ¢ is vector
dissipative, then % can either be (scalar) dissipative or (scalar) exponentially dissipative.

The following theorem provides sufficient conditions guaranteeing that all scalar stor-
age functions defined in terms of vector storage functions, that is, vs(x) = pT Vi(x), of a
given vector dissipative large-scale impulsive nonlinear dynamical system, are positive-
definite. To state this result, the following definition is needed.

Definition 3.8 [10]. A large-scale impulsive dynamical system %9 given by (3.1), (3.2),
(3.3), and (3.4) is zero-state observable if (u.(t),uq(tx)) = (0,0) and (yc(t), ya(t)) = (0,0)
imply x(t) =0

TueoreM 3.9. Consider the large-scale impulsive dynamical system G given by (3.1), (3.2),
(3.3), and (3.4) and assume that § is zero-state observable. Furthermore, assume that § is
vector dissipative (resp., exponentially vector dissipative) with respect to the vector hybrid
supply rate (Sc(ue, yc),Sda(ud, y4)) and there exist & > 0 and p € R? such that (2.2) holds.
In addition, assume that there exist functions x¢; : Y — WU and xq; : Yai — Wa; such that
Kci(0) = 0, x4i(0) = 0, sci(Kci(yei)> yei) < 0, yei # 0, and sai(kai(yai), yai) <0, yai # 0, for all
i=1,...,q. Then for all vector storage functions Vi : % — R, the storage function v(x) 2
PTVi(x), x €D, is positive-definite; that is, vs(0) = 0 and vy(x) >0, x € @, x # 0.
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Proof. The proof is similar to the proof of [13, Theorem 3.3]. O

Next, we introduce the concept of vector required supply of a large-scale impulsive dy-
namical system. Specifically, define the vector required supply of the large-scale impulsive
dynamical system 4 by

(>

Vi (x0) inf [f e WU, (uc(8), ye(£)) dt

T<to, (uc(+)uq(-)) T
(3.27)

+ Z W=t 84 (uq (tr), )’d(tk))}

k€Z1,1)

where x(t), t > T, is the solution to (3.1), (3.2), (3.3), and (3.4) with x(T) = 0 and
x(to) = xo. Note that since, with x(tg) = 0, the infimum in (3.27) is the zero vector, it fol-
lows that V;(0) = 0. Moreover, since 9 is completely reachable, it follows that V;(x) < oo,
x € 9. Using the notion of the vector required supply, we present necessary and suffi-
cient conditions for vector dissipativity of a large-scale impulsive dynamical system with
respect to a vector hybrid supply rate.

TaEOREM 3.10. Consider the large-scale impulsive dynamical system § given by (3.1),
(3.2), (3.3), and (3.4) and assume that G is completely reachable. Then § is vector dissi-
pative (resp., exponentially vector dissipative) with respect to the vector hybrid supply rate
(Sc(tes ¥e),Sa(ua, ya)) if and only if

0<<V.(x) < oo, x€9. (3.28)

Moreover, if (3.28) holds, then V.(x), x € D, is a vector storage function for ‘9. Finally, if the
vector available storage V,(x), x € D, is a vector storage function for 4, then

0<<V,yx) << Vi(x) < 0, x€D. (3.29)

Proof. Suppose (3.28) holds and let x(t), t € R, satisty (3.1), (3.2), (3.3), and (3.4) with
admissible inputs (uc(t),uq(t)) € Ue X WUg, t € R, and x(ty) = xo. Then it follows from
the definition of V,(-) that for T < t; < to, uc(+) € U, and ug(-) € Ug,

to
vr(xo)ssj VDS (), yeD)dt+ S e WES (g (1), ya(h))
T

keZ[T,tO)
te
_ JT e*W(t*"’)Sc(uc(t),yc(t))dt+ z e—W(tk—tn)Sd(ud(tk)’yd(tk)) (3.30)
kEZ['ryt{)

to
+I e_W(t_tO)Sc(”c(t)x)’c(t))dt+ Z e_W(tk_tO)Sd(”d(tk)>yd(tk))
1

f kEZ1g 1)
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and hence,
W (to—tr) f W(t—tr)
Vi(xp) << Vit inf J e~ WIS (u (1), y(t))dt
r( O) T<tg, (uc(-) (-))[ T C( C( ) yC( ))

+ z e~ Wit—tr) Sa(ua(t), )’d(tk)):|

keZiry

+Jto e WS (u (1), ye(t))dt (3.31)

+ > e WIS (ug (t), ya(te))
3S/ATM)
fi

= WY (x(t0)) + | e VS, (), (1) e

te

+ Z *W(t" to) S4q ud(tk) )’d(tk))

kEZ [tp.t0)

which shows that V,(x), x € 9, is a vector storage function for % and hence 4 is vector
dissipative with respect to the vector hybrid supply rate (Sc(uc, ¥c),Sa(4d> ¥d))-

Conversely, suppose that G is vector dissipative with respect to the vector hybrid supply
rate (Sc(ue, ¥c),Sa(ug, ya)). Then there exists a nonnegative vector storage function V(x),
x € 9, such that V(0) = 0. Since 4 is completely reachable, it follows that for x(ty) = xo,
there exist T < ty and u(t), t € [T,ty], such that x(T) = 0. Hence, it follows from the
vector hybrid dissipation inequality (3.6) that

0 << Vi(x(ty)) =< WO Dy (x(T)) + I: eV OIS (uc(t), ye(t))dt

(3.32)
+ > WIS (ug(t), ya(te)),
kEZ [T.to)
which implies that for all T' < ¢y, u. € U, and ug € Uq,
)
OSSJ VDS (uc(t), ye())dt+ > eV TSy (ug (tk), yate)) (3.33)
T kEZ[T,rO)
or, equivalently,
) Wi )
0<< inf Je =S (uc(t), ye(t))dt
T<ru,<5c<->,ud<->>[ T (et ye(1))
3.34
+ > WSy (ug k), yd(tk))] (3:34)

keZ [Tot)

= Vr(xo).

Since, by complete reachability, V;(x) < o0, x € 9, it follows that (3.28) holds.
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Finally, suppose that V,(x), x € 9, is a vector storage function. Then for x(T) = 0,
x(ty) = x0, e € U, and uq € Uy, it follows that

Va(()) == 0DV D) + [ M8, (0,0

+ > ey (ug (t), yatk)),
kGZ [T,tg)

(3.35)

which implies that
to
0<<V,.(x(t)) << inf [J eV (uc(t), yc(t))dt
T<to, (uc(-)ua(-)) | JT

+ > eIy (ua(te), yd(tk))] (3:36)

kEZ [Toty)
=V.(x(ty)), x€9D.
Since x(ty) = xo € D is arbitrary and, by complete reachability, V,(x) < o0, x € 9, (3.36)
implies (3.29). O
The next result is a direct consequence of Theorems 3.4 and 3.10.

ProrosrTioN 3.11. Consider the large-scale impulsive dynamical system G given by (3.1),
(3.2), (3.3), and (3.4). Let M = diag[uy,...,uq] besuch that0 < y; < 1,i=1,...,q.If V,(x)
x € Y, and Vi(x), x € D, are vector storage functions for 4, then

Vi(x) = MVa(x) + (I; = M) Vi(x), x€9D, (3.37)

is a vector storage function for 4.

Next, recall that if 4§ is vector dissipative (resp., exponentially vector dissipative), then
there exist p € Ez, p#0,and a = 0 (resp., p € R? and «a > 0) such that (2.2) and (3.20)
hold. Now, define the (scalar) required supply for the large-scale impulsive dynamical
system 4 by

T<to, (uc(+),ua(

ve(xo) & 1nf [J ple” W) S (u (1), ye(t))dt

+ z e~ Wltk—to) S4d ud(l‘k) )’d(tk)):|

kEZ1,14)

- inf Ute”ws (uc(t), ye(t))dt

T<t0 (e (+),ua(+))

(3.38)

+ Z etk— Sd Ud(tk) yd(tk))]’ xo € D,

kEZiT,19)

where sc(uc, yc) = pTSc(uc, ye), sa(ud, ya) = p Sa(ua, ya), and x(t), t > T, is the solution
to (3.1), (3.2), (3.3), and (3.4) with x(T) = 0 and x(ty) = xo. It follows from (3.38) that
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the required supply of a large-scale impulsive dynamical system is the minimum amount
of generalized energy which can be delivered to the large-scale system in order to transfer
it from an initial state x(T) = 0 to a given state x(#y) = xo. Using the same arguments as
in the case of the vector required supply, it follows that v,(0) = 0 and v,(x) < o0, x € 9.

Next, using the notion of required supply, we show that all storage functions of the
form vy(x) = pTVi(x), where p € R, p # 0, are bounded from above by the required
supply and bounded from below by the available storage. Hence, a dissipative large-scale
impulsive dynamical system can only deliver to its surroundings a fraction of all of its
stored subsystem energies and can only store a fraction of the work done to all of its
subsystems.

CoroLLARY 3.12. Consider the large-scale impulsive dynamical system § given by (3.1),
(3.2), (3.3), and (3.4). Assume that § is vector dissipative with respect to the vector hybrid
supply rate (Sc(uc, yc),Sd(ud, ya)) and with vector storage function Vg : % — Ri. Then v.(x),
x € B, is a storage function for G. Moreover, if vi(x) £ pTV(x), x € D, where p € R1,
p #0, then

0 <va(x) <vs(x) <wm(x) < o0, x€D. (3.39)

Proof. 1t follows from Theorem 3.5 that if 4 is vector dissipative with respect to the vector
hybrid supply rate (Sc(uc, ¥c),Sd(44, ya)) and with a vector storage function V5 : % — @3,
then there exists p € R?, p # 0, such that G is dissipative with respect to the hybrid supply
rate (sc(te, ye),sa(td, ya)) = (pTSc(uie, ye), pTSa(ud, ya)) and with storage function vs(x) =
P Vi(x), x € D. Hence, it follows from (3.23), with x(T) = 0 and x(ty) = xo, that

to
I e0s (uc(t), ye(t))dt + Z e sy (ug (te), ya(te)) = 0,
T kEZIT,tO) (340)

T < to, (uc,ud) € WU X WUyq,

which implies that v,(x) > 0, xo € 9. Furthermore, it is easy to see from the definition of
required supply that v;(x), x € 9, satisfies the dissipation inequality (3.23). Hence, v;(x),
x € 9, is a storage function for 9. Moreover, it follows from the dissipation inequality
(3.23), with x(T) = 0, x(ty) = x0, tc € U, and ug € Uy, that

ey (x(ty)) < e*Tvg(x(T)) + J: e sc(uc(t), yc(1))dt

+ 2 esalua(te), ya(te))
kT (3.41)

=JTOe‘”sc(uc(t),yc(t))dt+ Z e“t"sd(ud(tk),yd(tk)),

kEZ[T,tO)



Wassim M. Haddad et al. 245

which implies that

(o)) < inf [ [ " a5 (11 (1), ye(£)) dt

T<to, (uc(-)ua(-)) | JT

S ey (uy (1), yd(l‘k))] (3.42)

kEZ(7.19)

= v (x(t0)).

Finally, it follows from Theorem 3.5 that v,(x), x € %, is a storage function for ¢ and
hence, using (3.22) and (3.42), (3.39) holds. O

Remark 3.13. 1t follows from Theorem 3.10 that if %G is vector dissipative with respect to
the vector hybrid supply rate (Sc(uc, yc),Sa(ud, yd)), then Vi(x), x € D, is a vector stor-
age function for % and, by Theorem 3.5, there exists p € RZ, p # 0, such that vy(x) £
PpTVi(x), x €D, is a storage function for ¢ satisfying (3.23). Hence, it follows from
Corollary 3.12 that pTV,(x) < % (x), x € D.

The next result relates vector (resp., scalar) available storage and vector (resp., scalar)
required supply for vector lossless large-scale impulsive dynamical systems.

TueoreM 3.14. Consider the large-scale impulsive dynamical system § given by (3.1), (3.2),
(3.3), and (3.4). Assume that § is completely reachable to and from the origin. If 4 is vector
lossless with respect to the vector hybrid supply rate (Sc(uc, yc),Sd(ud, ya)) and V,(x), x € D,
is a vector storage function, then V,(x) = Vi(x), x € 9. Moreover, if Vi(x), x € D, is a vector
storage function, then all (scalar) storage functions of the form vs(x) = pTVi(x), x € D,
where p € RY, p # 0, are given by

Vs(-xO) = Va(xO) = Vr(x())

T
= —I s (uc(), ye()dt — > e g (ug (tk), ya(te))
fo kE€Zity,1) (343)

=Jto s (uc(t), ye(0)dt+ > e sg (ua(te), ya(t)),

Y
keZ[T/ o)

where x(t), t > to, is the solution to (3.1), (3.2), (3.3), and (3.4) with u. € WU, uq € Uq,
x(T') =0, x(T) = 0, x(to) = x0 € D, sc(te, yc) = pTSc(uic, ye), and sa(ug, ya) = p*Sa(ua,
yd)-

Proof. The proof is similar to the proof of [13, Theorem 3.5]. O

The next proposition presents a characterization for vector dissipativity of large-scale
impulsive dynamical systems in the case where V() is continuously differentiable.
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ProrosiTioN 3.15. Consider the large-scale impulsive dynamical system G given by (3.1),
(3.2), (3.3), and (3.4) and assume Vg = [vsl,...,vsq]T 1P — EZ is a continuously differen-
tiable vector storage function for G and § is completely reachable. Then § is vector dissipative
with respect to the vector hybrid supply rate (Sc(uc, yc),Sa(ua, ya)) if and only if

Vi(x(1)) =< WVi(x(8)) +Sc (ue(), ye (1)), tk <t =< trer, (
B 3.44)
Vi (x(te) + Fa(x(tx),ua(te))) << Vo(x(tx)) +Sa(ua(t), ya(t)), k€ Zy,

where Vi(x(t)) denotes the total time derivative of each component of V(+) along the state
trajectories x(t), ty < t < trs1, of 9.

Proof. The proof is similar to the proof of [13, Proposition 3.2]. O

Recall that if a disconnected subsystem ; (i.e., $i(x) = 0and $4;(x) = 0,i € {1,...,q})
of a large-scale impulsive dynamical system % is exponentially dissipative (resp., dissipa-
tive) with respect to a hybrid supply rate (sci(uci, yci)> Sdi(4di> ¥di)), then there exist a stor-
age function v5; : R” — R, and a constant ¢ >0 (resp., & = 0) such that the dissipation
inequality (2.11) holds. In the case where vy; : R" — R, is continuously differentiable and
G is completely reachable, (2.11) yields

Vs,i(xi) (fcz (X,‘) + Gci(xi)”ci) = _Eivsi(xi) +5ci(uci))/ci)> X é %i’ Uci € Ouci’
(3.45)
Vi (i + fai (%) + Gai(xi) uai) < vsi(xi) +Sdi(udi,ydi), x € %;, ugi € Wai»

where #; £ RM x «+ - X R"1 x F, X R"1 x + -« x RI C R" and %,, C R™, i = 1,...,q.
The next result relates exponential dissipativity with respect to a scalar hybrid supply rate
of each disconnected subsystem %; of % with vector dissipativity (or, possibly, exponential
vector dissipativity) of 9§ with respect to a hybrid vector supply rate.

ProrosITION 3.16. Consider the large-scale impulsive dynamical system § given by (3.1),
(3.2), (3.3), and (3.4) with %, = UL |%,;. Assume that G is completely reachable and each
disconnected subsystem 9; of § is exponentially dissipative with respect to the hybrid supply
rate (sci(Uci, yei)>Sdi(tdi» yai)) and with a continuously differentiable storage function v; :
R" — Ry, i = 1,...,q. Furthermore, assume that interconnection functions $¢; : %D — R"
and $4;: D — R", i=1,...,q, of G are such that

q
Vi (x) Fei(x) = D & ()i (x)),  x &%y,
=1

3.46
Vei (xi + fai(xi) + Pai(x) + Gai (i) uai) (240

< vsi(xi + fai(xi) + Gai(xi)uai), x €%y, ugi € Ui i =1,...,q,
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where & : D — R, i,j = 1,...,q, are given bounded functions. If W € R4 is semistable
(resp., asymptotically stable), with

W, = | &t i=J, (3.47)

) Qijs i#j, '
where & >0 and a;; = 2 max{0, sup,cq &ii(x0)}, i,j = 1,...,q, then 9§ is vector dissipative
(respectively, exponentially vector dissipative) with respect to the vector hybrid supply rate
(Sc(”o}/c);sd(ucbyd)) £ ([Scl(ucla)’cl)au-ascq(ucq:ycq)]T> [Sdl(udlxydl);u-asdq(udq,ydq)]T)
and with vector storage function V(x) = [vs(x1),... s Vsq (xq)]T, x€9D.

Proof. Since each disconnected impulsive subsystem %; of § is exponentially dissipative
with respect to the hybrid supply rate s¢i(uci, yei), i = 1,...,¢, it follows from (3.45) and
(3.46) that, for all u; € U andi=1,...,q,

Vi (xi (1)) = v (xi(0) [ fei (xi (1)) + Pei (x(1)) + Gei (xi(8)) uci (1) ]

q
= _sivsi(xi(t)) +5ci(u51( ya z X(t) Vsj (X](t))

M»&H

< —eivi (xi(1)) + sci (i (£), yei (1)) + D aijvj (xj (1), tr <t < trs1,

] (3.48)

vei (xi (tx) + fai (xi (8) ) + Pai (x(tx) ) + Gai (x; (tx) ) uai (tx))
< vsi (% (t) + fai (xi (8) ) + Gai (xi (tx) ) uai (tx) )

< i (x; (te) ) +sai (uai(tc), yai(t)), k € Zy.

-
I

Now, the result follows from Proposition 3.15 by noting that for all subsystems §; of 4,

Vi(x(t)) << WVi(x(8)) +Sc(uc(t), ye(t)),  tr <t < tir1, tie € Ug,
a(te)

Vi (x(t) + Fa(x(tk),ua(tx))) =< Vi(x(te)) +Sa(ua(te), ya(tx)), k € Zy, ug € WUg,
(3.49)

where W is essentially nonnegative and, by assumption, semistable (resp., asymptotically
stable) and Vi(x) £ [vg (x1),. .. ,vsq(xq)]T, x € 9, is a vector storage function for 4. [

4. Extended Kalman-Yakubovich-Popov conditions for large-scale impulsive
dynamical systems

In this section, we show that vector dissipativeness (resp., exponential vector dissipative-
ness) of a large-scale impulsive dynamical system % of the form (3.1), (3.2), (3.3), and
(3. 4) can be characterized in terms of the local subsystem functions f.(+), Gei(+), hqi(-),
Jei(+)s fai(+), Gai(+), hai(+), and Jqi(-), along with the interconnection structures $(-)
and $4;(-) for i = 1,...,q. For the results in this section, we consider the special case
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of dissipative systems with quadratic vector hybrid supply rates and set & = R", AU; =
R™ei Q0 g; = Rma, Y = Rli and Yg; = R4, Furthermore, we assume that % = %, x R,
where &, C %, so that resetting occurs only when x(#) intersects #,. Specifically, let
Ry € S™i, S € Rlxma Q. € Ski, Rg; € S™i, Sg; € RlXmai and Qqg; € Sk be given and
assume S (4, yc) is such that s¢;(ue, yei) = ycTchi Yeit2 ygiSciuc,- + uI,-Rc,-uci and Sq(ug, ya)
is such that sq;(udgi, yai) = ygiQd,' ydi +2 yEiSdiudi + ugiRd,'udi, i=1,...,q. Furthermore, for
the remainder of this paper, we assume that there exists a continuously differentiable
vector storage function V(x), x € R", for the large-scale impulsive dynamical system
4. For the statement of the next result, recall that x = [x],... ,xg]T, Ue = [uCT],...,uCTq]T,
Ve =l y) T ua = [udy,.. )qu]T Ya= Y>> Yig)" % € R, e € R™, yoy € R,
ug € R™i, ygi € Rl i=1,...,q, >L nj=n, XLy me = me, SLymai = ma, XLy i = L,
and 31, 1y = Iy Furthermore, for (3.1), (3.2), (3.3), and (3.4), define F.: R" — R",
Ge:R" — R™me p o R" — Rl Jo:R" — RlXme Gy s R" — R, Gy : R" — R™Ma Ry
R" — Rk, and Jq : R" — R4 by F (x) £ [F] (x),...,FL (x)]T Fq(x) £ [@gl(x),...,
@Eq(x)]T, where 9;ci(-x) fct(xl +‘g)c1(x) Fi x) fdz Xi) +-¢dz(x) i=1,. - Ge(x) £
diag[Gei(x1),...,Geq(xq)],  Ga(x) = diag[Gay (xl) Gag(xg)],  he(x) & [hE(x1),...,
g1, ha(x) 2 [hg (31,5 kg ()17, Je(x) £ diaglJer(x1)s..,Jeq ()], and Ja(x) =
diag[Ja1(x1),...,Juq(x4)]. Moreover, for all i = 1,...,4, define R € S™e, § e Rlxme () €
Sk, Rygi € S™a, §g; € RlaXma and Qg; € S such that each of these block matrices consists of
zero blocks except for, respectively, the matrix blocks R; € S, S.; € Rl*™ai Q; € Shi,
Rg; € S™i, Sq; € Rkixmai and Qqg; € S% on (i,i) position. Finally, we introduce a more
general definition of vector dissipativity involving an underlying nonlinear comparison
system.

Definition 4.1. The large-scale impulsive dynamical system 9 given by (3.1), (3.2), (3.3),
and (3.4) is vector dissipative (resp., exponentially vector dissipative) with respect to the
vector hybrid supply rate (Sc(uc, yc),Sa(ug, ya)) if there exist a continuous, nonnegative-
definite vector function Vi = [vq1,... ,vsq]T 19— Ri, called a vector storage function, and
a class W function w, :EZ — R such that V(0) = 0, w.(0) = 0, the zero solution r(¢) =
to the comparison system (2.6) is Lyapunov (resp., asymptotically) stable, and the vector
hybrid dissipation inequality

T

T
Velx(T) =2 Vela(t) + | welVele(o))dt+ | S (ucto) (o) e

0

(4.1)

+ > Sa(wa(te),ya(te)), T =t
kEZ[,O‘T)

is satisfied, where x(t), t > fg, is the solution to (3.1), (3.2), (3.3), and (3.4) with u. € U,
and ug € Uq. The large-scale impulsive dynamical system % given by (3.1), (3.2), (3.3),
and (3.4) is vector lossless with respect to the vector hybrid supply rate (Sc(uc, yc),Sa(ud> yd))
if the vector hybrid dissipation inequality is satisfied as an equality with the zero solution
r(t) = 0 to (2.6) being Lyapunov stable.
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Remark 4.2. 1f % is completely reachable and V,(-) is continuously differentiable, then
(4.1) can be equivalently written as

Vi(x(8)) << we(Vs(x(1))) +Sc(uc(8), ye(1),  te <t < ts,

+ S,
Vae(t) + Fax(8) g () == Vlx(8)) + So (a8 ya () keZo 2

with u. € U. and uq € Uq.

Remark 4.3. If in Definition 4.1, the function w, :Ri — R? is such that w.(r) = Wr,
where W € R7%4, then W is essentially nonnegative and Definition 4.1 collapses to
Definition 3.2.

TueoreM 4.4. Consider the large-scale impulsive dynamical system G given by (3.1), (3.2),
(3.3), and (3.4). Let R.; € S™<, S; € Rlc’xmc", Q. € SICi, Rg; € S™i, Sy; € Rld"xmd‘, and Qq; €
Sk, i =1,...,q. Then § is vector dissipative (resp., exponentially vector dissipative) with re-
spect to the quadratic hybrid supply rate (Sc(uc,yc),Sa(ud,ya)), where sci(uci,yei) =
YEQeiyei + 2y5Saittei + ulRau and sqi(uai, yai) = y5;Qaiyai + 2y5:Saitai + ul;Raittai, i =
1,...,q, if there exist functions Vs = [vy,...,v5]T : R" = RL we = [wer,... )T RE —
RY, £ : R? — R, % : R? — RSe>Xme pg.: R? — RS, F gt R? — Rsa>ma ppo R — RIXMa
and Py; : R" — N™ such that vg(-) is continuously differentiable, v4(0) =0, i = 1,...,q,
we € W, we(0) = 0, the zero solution r(t) = 0 to (2.6) is Lyapunov (resp., asymptotically)
stable,

Vi (x + Fq(x) + Ga(x)uq)

= vsi(x+ Fa(x)) + Pri(x)ua + ulPri(x)ug, x €%y, ug € R™, (43)

and, foralli=1,...,q,
0= V;i(X)gc(X) - hI(X)Qcihc(x) - Wci(Vs(x)) +€;ri(-x)€ci(x)a x & Qix, (4'4)
0= %vs',-(x)Gc(x) — B (x0) (Sei + Quife (%)) + €5 () %ai(x),  x &%y, (4.5)
0= Rci +]3(x)§ci + SZ]c(x) +]CT(X)Qch(x) - gz"cfi(x)gzci(x)’ x ¢ gzx: (46)
0= vyi (x+Fa(x)) — hj(x)Qaiha(x) — vsi(x) +£3;(x)ai(x), x € %y, (4.7)
0= %Puu) —hg (%) (Sai+ Quila(x)) + £4;(x)%ai(x),  x €%y, (4.8)

0 = Rai +J3 (x)Sai + S5Ja(x) + JT () Quia(x) = Pai(x) = EL(0)%ai(x), x €%y (4.9)

Proof. Suppose that there exist functions vy : R” — Ry, £ : R" — R, % : R? — Rea*Me,
qi i R" — R, %y : R" — Rsaxma gy . R? — R4, P : R — R>*Ma and Py, : R® — Nm
such that v,(-) is continuously differentiable and nonnegative-definite, v(0) = 0, i =
L...,q, we(0) = 0, w. € W, the zero solution r(¢) = 0 to (2.6) is Lyapunov (resp., asymp-
totically) stable, and (4.3), (4.4), (4.5), (4.6), (4.7), (4.8), and (4.9) are satisfied. Then for
any uc € U, tieR te<t<i<ts,k€Z, andi= L,...,q, it follows from (4.4), (4.5),
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and (4.6) that

i
L Sci(uci(a)’yci(g))da

= r [ul (0)Reiuc(0) + 2y (0)Sciuc(a) + yL(0)Quiye(0)]do

i
= L [hY(x(0)) Qeihe (x(0)) +2hY (x(0)) (Sei + Qi (x(0)) ) uc(0)
+ MZ(U) (]g(x(a))éci]c(x(a)) +]cT (x(a))ﬁci
+ 887 (x(0)) + Rej) uc(0)]do

- J [v25(x(0)) (Fe (x(0)) + Ge (x(0)) te(0)) + €% (x(0)) bar(x(0)) 410

+2€%(x(0)) % (x(0)) uc(0)
+ul ()25 (x(0)) Zei (x(0)) uc(0) — wei (Vs (x(0))) ]do

i
- f [74i(x(0)) + [£ei(x(0)) + i (x(0) ) uc(0)]"

X[ei(x(0)) +%ci(x(0)) uc(0)] = wei (Vs(x(0))) ]do

i

> i (x(0) = v (x(0) - | waVi(x(0)) do,

t

where x(0), 0 € (tx, te+1], satisfies (3.1). Next, for any ug € R™, t; € R, and k € Z,, it
follows from (4.3), (4.7), (4.8), and (4.9) that
vsi (x + Fa(x) + Ga(x)ug) — vsi(x)
= g (o + Fa(x)) — vsi () + Pri(o) tha + u] Pai(x) g
= h§ () Quiha(x) — £5;(x)Lai(x)
+2[h] (%) (Qaifa(x) + Sai) — €3:(x)%ai(x) Jua (4.11)
+ud [Ra; + S5Ja(x) + JT () Sai + T1 () Qaia(x) — 2L ()% ai(x) | ua
= sai(uai yar) — [€ai(x) + Fai(x)ua] " [€ai(x) + Fai(x)ug]
=< Sdi(udi,ydi)~

Now;, using (4.10) and (4.11), the result is immediate from Remark 4.2 with vector storage
function Vi(x) = [vs1(x),...,v5(x)]T, x € R™. O
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Using (4.4), (4.5), (4.6), (4.7), (4.8), and (4.9), it follows that for T > t, = 0, k € Z,, 1),
andi=1,...,q,

T

T
| satua®,paede | walvieodes 3 suualt)va(w)

kE€Zy,1)

= ‘VS,‘(X(T)) - Vsi(x(to))

T
+ L [Cei(x(t)) + % (x(t))uc(t)]T [€i(x(t)) + %o (x(t))uc(t)]dt

0

S [Cai(e(t)) + % Ge(ti) ) ata () ] [as (e () + % (e (1) Y aa (1) ],

kEZ [to,T)

(4.12)

where Vi(x) = [vsl(x),...,vsq(x)]T, x € R", which can be interpreted as a generalized en-
ergy balance equation for the ith impulsive subsystem of 4, where vs;(x(T)) — vsi(x(t))
is the stored or accumulated generalized energy of the ith impulsive subsystem, the two
path dependent terms on the left-hand side are, respectively, the external supplied en-
ergy to the ith subsystem over the continuous-time dynamics and the energy gained over
the continuous-time dynamics by the ith subsystem from the net energy flow between all
subsystems due to subsystem coupling, the last discrete term on the left-hand side corre-
sponds to the external supplied energy to the ith subsystem at the resetting instants, the
second path-dependent term on the right-hand side corresponds to the dissipated en-
ergy from the ith impulsive subsystem over the continuous-time dynamics, and the last
discrete term on the right-hand side corresponds to the dissipated energy from the ith
impulsive subsystem at the resetting instants. Equivalently, (4.12) can be rewritten as

1.’si(x(t)) = 5ci(uci(t)a)/ci(t)) + Wci(Vs (x(t)))
— [ (x(8)) + i (x(0)) e ()] [€es (x(0)) +F s (x(8) ) uc ()], (4.13)

tk<t<try1,i=1,..,q,

vei (x(tk) + Fa (o (t)) + Ga(oe(tr) ) ua(te)) — vei(x(tc))
= sqi(ua(te), ya(te)) — [Lai(x(tx)) +3di(x(fk))ud(tk)]T (4.14)
x[€ai(x(tr)) +%ai (x(tx))ua(te) |, k € Zy,

which yields a set of g generalized energy conservation equations for the large-scale im-
pulsive dynamical system 9. Specifically, (4.13) shows that the rate of change in general-
ized energy, or generalized power, over the time interval t € (fx, tx+1 ] for the ith subsystem
of 9§ is equal to the generalized system power input to the ith subsystem plus the instan-
taneous rate of energy supplied to the ith subsystem from the net energy flow between
all subsystems minus the internal generalized system power dissipated from the ith sub-
system, while (4.14) shows that the change of energy at the resetting times t, k € Z., is
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equal to the external generalized system supplied energy at the resetting times minus the
generalized dissipated energy at the resetting times.

Remark 4.5. Note that if G with (uc(t),ua(fx)) = (0,0) is vector dissipative (resp., ex-
ponentially vector dissipative) with respect to the quadratic hybrid supply rate, where

Qi <0,Qq4i =0,i=1,...,q, then it follows from the vector hybrid dissipation inequality
that forallk € Z,,

S(x(1)), <t <t

Vs(x(t) ==W (VS( (t)))+S (0 yc(t)) ==w (
(4.15)
<84(0,ya(t)) =<0,

) .
V(o (tk) + Falx(t))) = Vs(x(tx)) <

where Sc(o>yc) = [Scl (O)ycl))- .. )ch(o)ycq)]Ta Sd(o)yd) = [5d1 (O>yd1))- .. ;qu(oaydq)]Ta
ﬁi(o,)’ci(t)) = 5 Quiyai(t) <0, 54i(0, yai(ty)) = y;lri(tk)Qdiydi(tk) <0, txr<t=<ti, k€
Zy,i=1,...,q, and x(t), t = to, is the solution to (3.1), (3.2), (3.3), and (3.4) with (u(¢),
uq(tr)) = (0,0). If, in addition, there exists p € R? such that PpTVi(x), x € R", is positive-
definite, then it follows from Theorem 2.7 that the undisturbed ((uc(t),uq(t)) = (0,0))
large-scale impulsive dynamical system (3.1), (3.2), (3.3), and (3.4) is Lyapunov (resp.,
asymptotically) stable.

Next, we consider a specialization of Theorem 4.4 wherein % is a linear impulsive dy-
namical system. Specifically, we assume that w. € W is linear so that w.(r) = Wr, where
W € R?*1 is essentially nonnegative, and consider the large-scale linear impulsive dy-
namical system 9 given by

%(t) = Acx(t) + Beuc(t),  x(t) € %y,
Ax(t) = (Aq — L,)x(t) + Baua(t), x(t) €% (4.16)
ye(t) = Cex(t) + Deuc(t),  x(t) & %y,
ya(t) = Cax(t) + Daua(t), x(t) €%y,

where A. € R™" and is partitioned as A, £ [Agjl, i,j = 1,...,9, Acj € R", 2?=1 n;
= n, B. = block-diag[B.i,...,Be], Cc = block-diag[C.i,...,Cqyl, Dc = block-diag[D.i,

»Degl, B € R, Cg € RE*mi, D € RlMas and Aq € R™" and is partitioned as
Aq = [Agjl, ij = L...,q, Aagj € R"", By = block-diag[Bai,...,Baq), Ca =
blOCk-diag[Cdl,. N qu], Dy = blOCk-diag[Ddl,. .. ,qu], Bg; € Rrxmai Cy; € Rl“‘xn‘, Dy; €
Rlaxmai and § = L,...,q.

CoROLLARY 4.6. Consider the large-scale linear impulsive dynamical system § given by
(4.16). Let R.; € S™i, S € Rldxmd, Q. € SICi, Rg; € S™i, S4; € Rld"xmdi, and Qq; € Sldi,
i=1,...,q. Then G is vector dissipative (resp., exponentially vector dissipative) with re-
spect to the vector hybrid supply rate (Sc(uc, yc),Sa(ud, ya)), where sci(uci, yei) = uZRciuci +
2ykScittei + y5Qeiyei and sqi(uai> yai) = ugRaiai + 2y5;Saiviai + y§;Qaiyai i = 1,...,q, if
there exist W € R1%4, P; € N", L; € R%>*" 7 € RS>Me | [ € R%X" gnd Zg; € RS6>md
i=1,...,q, such that W is essentially nonnegative and semistable (resp., asymptotically



Wassim M. Haddad et al. 253

stable), and, foralli=1,...,q,

q
0 = XT (A;FP, +P,'AC — C;FQCiCC - z W(z,])P] +L;F1~LC,‘>X, X é gfx) (417)
j=1

0=x"(P;B. — CI(Sei+ QiiDe) +LEZs),  x ¢ %, (
0=R;+D!S;+S85D.+DIQuD. — 257, (
0=x"(AYPiAq — C}QuiCa — P+ LY Lai)x, x €%, (4.20)
0 =x"(AYPiBg — CJ (Sa; + QuDa) +LEZ4i), x €%y, (
0 = Ry;+ D} S4; + $5.Da + DYQuiDq — BIPiBy — Z1.Z4;. (

Proof. The proof follows from Theorem 4.4 with F.(x) = Acx, Gc(x) = B, he(x) = Cex,
Jo(x) = D, we(r) = Wr, €(x) = Leix, #ci(x) = Zei, Falx) = (Aqg — I)x, Gq(x) = By,
ha(x) = Cax, Ja(x) = Dy, €ai(x) = Laix, %ai(x) = Zai» Pri(x) = 2xTAJP;Bq, Pi(x) =
BJP;Bg, and vgi(x) = x"Pix,i = 1,...,q. O

Remark 4.7. Note that (4.17), (4.18), (4.19), (4.20), (4.21), and (4.22) are implied by

A B LEI

%T' <6ci T ZT I:LCi ZCi] <0,

‘ﬂdi %d,’ Lgl .
[%E %di] - |:ZT [Ldi Zdi] <0, i=1,..,q

where, foralli=1,...,q,

(4.23)

q
A= AP+ PiA. — CIQiCc — > Wi Pj,
=1

Bei = PiBe — CT (S + QuiDe)

6 = —(Rei+ DISei+ SLD + DI QuiDy), (4.24)
Agi = ALPAq — C}QuiCa — P;,

Bai = ATP;Bg — CJ (Sai + QaiDa),

©ai = — (Rai + D Sai + $3;Da + D QaiDa — Bi P;Ba).

Hence, vector dissipativity of large-scale linear impulsive dynamical systems with respect
to quadratic hybrid supply rates can be characterized via (cascade) linear matrix inequal-
ities (LMIs) [6].

Next, we extend the notions of passivity and nonexpansivity to vector passivity and
vector nonexpansivity.
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Definition 4.8. The large-scale impulsive dynamical system % given by (3.1), (3.2), (3.3),
and (3.4) with mg = ly, mai = lai» i = 1,...,q, is vector passive (resp., vector exponen-
tially passive) if it is vector dissipative (resp., exponentially vector dissipative) with re-
spect to the vector hybrid supply rate (Sc(uc, ¥c),Sa(u4d, ¥d)), where sqi(uci, yei) = 2 ycTiuci
and sq;(4qi> Vai) = ZyEiudi, i=1,..,q

Definition 4.9. The large-scale impulsive dynamical system 9 given by (3.1), (3.2), (3.3),
and (3.4) is vector nonexpansive (resp., vector exponentially nonexpansive) if it is vec-
tor dissipative (resp., exponentially vector dissipative) with respect to the vector hybrid
supply rate (Sc(ue, yc),Sa(ud, ya)), where sci(uci, yei) = yiusuc — y&ye and sai(uai, yai) =
yéiugiudi — ygiydi, i=1,...,q,and y >0, y4; >0,i=1,...,q, are given.

Remark 4.10. Note that a mixed vector passive-nonexpansive formulation of % can also
be considered. Specifically, one can consider large-scale impulsive dynamical systems %
which are vector dissipative with respect to hybrid vector supply rates (Sc(uc, yc),Sa(ud,
ya)), where sei(teis Yei) = 2y theis Sai(Udis Yai) = 2Ydithdis i € Ly Scj(hejs Yej) = Yejthejlhej —
YeiYejs Vej > 05 8aj(tajs yaj) = Y;tajudj = Va;Yaj» ¥Yaj > 05 j € Lnes Ly O Iine = D, and Zy U
Zne = {1,...,q}. Furthermore, hybrid supply rates for vector input strict passivity, vector
output strict passivity, and vector input-output strict passivity generalizing the passivity
notions given in [14] can also be considered. However, for simplicity of exposition, we do
not do so here.

The next result presents constructive sufficient conditions guaranteeing vector dissi-
pativity of § with respect to a quadratic hybrid supply rate for the case where the vec-
tor storage function Vi(x), x € R", is component decoupled; that is, Vi(x) = [va(x1),...,
Veq(x)]T, x € R™.

TueoreM 4.11. Consider the large-scale impulsive dynamical system § given by (3.1),
(3.2), (3.3), and (3.4). Assume that there exist functions Vs = [vsl,...,vsq]T R — RZ,
We = [wcl,...,wcq]T : Kz — R4, £ :R" — RS, F;: R — RS>XMei | pq:: R" — R4 HF g0
R" — Rsa>mdai Py, R? — RXmai Py - R" — N™di sych that vg(+) is continuously differen-
tiable, v5i(0) = 0, i = 1,...,q, we € W, w.(0) = 0, the zero solution r(t) = 0 to (2.6) is Lya-
punov (resp., asymptotically) stable, and, for all x € R" and i = 1,...,q,

0 < vsi (xi + Fai(x)) — vsi (x; + Fai(x) + Gai (x;) tai)
+ Pri(x)ugi + ug;Poi(X)uai,  x € Ly, ugi € R™,

0 = v} (x;) Fei(x) — b (x:) Qeihei (xi) — wei (Vi(x)) + €5 (x:) Lai (1),  x & %,
0= %Vgi(xi)Gci(xi) — hL(x:) (Sei + Qaifei (xi) ) + €5 (x))Zei (xi),  x & %y,
0 <R +]2; (xi)sci + Sgi]ci(xi) +];l: (xi)Qci]ci(xi) - gzzi(xi)gzci (xi); x ¢ gx;

0 = vy (x; + Fai(x)) — hl; (x:) Qaihai (x:) — vsi (1) + €3 (x:) €ai (x:),  x €%y,

1
0= EPU(X) — h; (i) (Sai + Quilai (x:)) + €3 (xi) Fai (x:),  x € %,
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0 < Rai +J3; (x:) Sai + SSJai (1) + T (%) Qaidai (x:)

= Pyi(x) = %L (x) Zai(xi), x€%s
(4.25)

Then § is vector dissipative (resp., exponentially vector dissipative) with respect to the vector
hybrid supply rate (Sc(uc,yc),Sa(udya)), where sci(uci,yei) = ufReitici + 2y8Scivici +
Y&iQeiyei and sai(uais yai) = ulRaittai + 2yg;Saiviai + 4, Qaiyai i = 1,....4.

Proof. The proof is similar to the proof of Theorem 4.4 and hence is omitted. O

Finally, we provide necessary and sufficient conditions for the case where the large-
scale impulsive dynamical system 9 is vector lossless with respect to a quadratic hybrid
supply rate.

TaeoreM 4.12. Consider the large-scale impulsive dynamical system G given by (3.1),
(3.2), (3.3), and (3.4). Let Ry € S™<i, S € Rki*mai Q. € Ski, Ry; € S™4i, Sg; € Rhixmai,
and Qq; € S, i = 1,...,q. Then G is vector lossless with respect to the quadratic hybrid
supply rate (Sc(uc, yc),Sa(ua, ya)), where sei(ticis yei) = ulReithe + 2y5Seithei + yiQeiyei and
sdi(udi» ydi) = uEiRdiudi +2 ygiSdiud,- + y}iQdi ydir i = 1,...,q, if and only if there exist func-
tions Vs = [Vs1,...,Vsq) T 1 R — Rz, PR - R™ma Py i R* — N™, and we = [Weis...,
WeqlT :R? — R4 such that vg(-) is continuously differentiable, v4;(0) = 0, i =1,...,q, w. €
W, we(0) =0, the zero solution r(t) = 0 to (2.6) is Lyapunov stable, and, for all x € R",
i=1,...,q, (4.3) holds and

0 = v5(x0)Fe(x) — hl (x)Qeihe(x) = wei (Vi(x)),  x & %y, (4.26)
0= 2Vu(0Ge®) ~ () S+ Q) % %, (4.27)
0 = Rei +J7 () Sei + S (0) +JE () Quife (%), x & %, (4.28)
0 = vy (x+ Fa(x)) — K1 (x)Quiha(x) — vsi(x), x € %4, (4.29)
0= %plxx) — B S+ Qula(x),  x €%, (4.30)
0 = Rai +J§ (%)Sai + S§iJa(x) +J§ () Quifa(x) — Pai(x),  x €%, (4.31)

Proof. Sufficiency follows as in the proof of Theorem 4.4. To show necessity, suppose that
G is lossless with respect to the quadratic hybrid supply rate (Sc(uc, yc),Sa(u4d, ya)). Then,
there exist continuous functions V; = [vsl,...,vsq]T :R" — Ri and w. = [Wci,... ,wcq]T :
EZ — R7 such that V,(0) = 0, the zero solution r(t) = 0 to (2.6) is Lyapunov stable, and,
forallkeZ,,i= L,...,q,
. i
vsi (x(£)) — vsi(x(2)) = J sei(tei(0), yei(0))do
! ; (4.32)
+J wa(Valx(0)))do,  te<t<f<ten,
t

Vi (x(tx) + Fa(x(tk)) + Ga(oe(tr) )ua(te)) = vei(x(te)) +sai(uai(tx), yai(te)).  (4.33)
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Now, dividing (4.32) by f — t* and letting £ — t*, (4.32) is equivalent to

1"si(-x(t)) = Vgi(x(t)) [@C(X(t)) + Gc(x(t))uc(t)]

(4.34)
= 5ci(uci(t),yci(t)) + Wci(Vs (X(t))), I <t < tgs1.
Next, with t = tg, it follows from (4.34) that
Vg (x0) [Fe (x0) + Ge (x0) uc (to) ] (435)
= sci(uci(to), yei(to)) + wei (Vs(x0)),  x0 & Zx, uc(to) € R™. '
Since xo ¢ %, is arbitrary, it follows that
Vi) [Fe(x) + Ge(x)uc |
= Wci(Vs(x)) + ugﬁciuc + zychciuc + yCTQCin
(4.36)

= Wci(Vs(x)) + h;r(x)écihc(x) + ZhE(x) (Qci]c(-x) + SAci)“c
+ u'cl" (f{ci + SAIJC(-’O +]cT(x)§ci +];F(X)QCJC(X))MC, X € Rn, Uc € Rmc-

Now, equating coefficients of equal powers yields (4.26), (4.27), and (4.28). Next, it fol-
lows from (4.33) with k = 1 that

vsi(x(t) +Fa(x(t1)) + Ga(x(t1))ua(f1)) = vsi(x(t1)) +sai(uai (01), yai(t1)).  (4.37)

Now, since the continuous-time dynamics (3.1) are Lipschitz, it follows that for arbitrary
x € %,, there exists xo &€ %, such that x(¢;) = x. Hence, it follows from (4.37) that

vsi(x+ Fa(x) + Ga(x)uq)
vsi(x) + ude,ud + Zyd Saitlq + Y4 Qd,yd
vai(x) + 1 () Quihta (x) + 213 () (Quifa (x) + Sai) ua
ug (Rai+ S3Ja(x) + 71 ()Sai + ] () Qaila(x)) ua,  x € R", ug € R™.

(4.38)

Since the right-hand side of (4.38) is quadratic in ug, it follows that vg(x + JFq(x) +
Ga(x)ug) is quadratic in uq and hence there exist Pj; : R* — R and Py; : R* — N™¢
such that

vsi(x+ Fa(x) + Ga(x)uq)
] (4.39)
= Vsi(x + Fa(x)) + Pri(x)ua + ugPri(x)ug, x €R", ug € R™.

Now, using (4.39) and equating coefficients of equal powers in (4.38) yields (4.29), (4.30),
and (4.31). O

5. Stability of feedback interconnections of large-scale impulsive
dynamical systems

In this section, we consider stability of feedback interconnections of large-scale impulsive
dynamical systems. Specifically, for the large-scale impulsive dynamical system < given by
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(3.1), (3.2), (3.3), and (3.4), we consider either a dynamic or a static large-scale feedback
system .. Then by appropriately combining vector storage functions for each system, we
show stability of the feedback interconnection. We begin by considering the large-scale
impulsive dynamical system (3.1), (3.2), (3.3), and (3.4) with the large-scale feedback
system 9. given by

Xc(t) = Fee(xc(t),uec (1)), xc(to) = xc0,  (xc(t), uec(t)) & Ze,
) = Fac(xc(t), uac(t)),  (xc(t),uec(t)) €%,

) = Hee (xc(8), e (), (c(t), uec(t)) & Zey
Yac(t) = Hac (xc(t), uac(t)),  (xc(t), ucc(t)) € %,

(5.1)

where F. : R" >< MWee — R, Fye : R% X WUge — R, Heo : R™ >< Mee = Yoo, Hye : R ><
0udc - Oydc: cc = [Fccp FT ] > ch £ [Fgcla--->Fchq]T> = [Hccp Hccq] Hdc =

ccq
[Hdd,...,Hdcq]T, WU € Re, WYy € R, Y . < R™ and Yy ]R’”d. Moreover, for all i =
1,...,q, we assume that

= fcci (xci) + 9cci (xc) + Gcci (xci) Ucciy

fdci (xci) + ydci (xc) + Gdci (xci) Udcis
hcci (xci) + ]cci (xci) Uccis
)

= hyci (xci + Jdci (xci) Udci»

CCl (xC) uCCl

Fyci (x Udci (5.2)

He (xch Ucci

- L L

Hyi (xci’ Udci

where U € Uei S Rldr Udei € Wgei S Rld[> Veci £ cci (Keir Ueei) € Yei € R™, Vdci =
Hdc,(xc,,udc,) € WYyei € R™Mi, foi: R% — R and P : R™ — R" satisfy f.i(0) = 0 and

Pei(0) =0, fdct R — R™i, Pgej : R™ — R™, G : R — RHC'dey Gyei : R" — Rndxzd':
heei i R™ — R™ and satisfies he.;(0) = 0, hqci .]R”u — RmMai o R — Rmaxli Jo o R —
Rmaxki and 31 | ne; = n.. Furthermore, we define the composite input and composite
output for the system G as ue = [uzcl,...,ugcq]T, Uge = (Ul ,udcq] Ve 2 [y,
ycch] , and ydc 2 [yl y}cq]T, respectively. In this case, Uce = Ut X+ - = X Ueegs Ude
= Uger X = =+ X Wdegs Yee = Yeer X -+ - X Yeeg, and Yy = Ygep X - - - X Ygeq. Note that
with the feedback interconnection given by Figure 5.1, (tcc, Udc) = (¥e, ¥a) and (Yee, yac) =
(—ue, —uq). We assume that the negative feedback interconnection of 4 and %, is well
posed; that is, det(I,, + Jeci(xci)Jci(xi)) # 0, det(Ln,, + Jaci(xci)Jai(xi)) # 0, for all x; € R™,
X € R™, and i = 1,...,q. Next, we assume that the set %, EFH o X, = (X ted) :
X (%, uee) = 0}, where X : R" X U — R, and define the closed-loop resetting set

g%ic = gzx X gzcxC U {(xaxc) : (gcc (x)xc)agc (x)xc)) € gcucc Xg{uc}: (5-3)

where £..(+,-) and £(+,-) are functions of x and x. arising from the algebraic loops
due to uc and u,, respectively. Note that since the feedback interconnection of ¢ and
. is well posed, it follows that %y is well defined and depends on the closed-loop states
%= [xT x!]T. Furthermore, we assume that for the large-scale systems % and %, the
conditions of Theorem 3.9 are satisfied; that is, if V(x), x € R", and V(x¢), xc € R, are
vector storage functions for ¢ and 4., respectively, then there exist p € R? and pc € RrR?
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Figure 5.1. Feedback interconnection of large-scale systems % and 4..

such that the functions vs(x) = pTVi(x), x € R", and ves(xc) = pl Ves(xe), xc € R, are
positive-definite. The following result gives sufficient conditions for Lyapunov and as-
ymptotic stability of the feedback interconnection given by Figure 5.1. For the statement
of this result, let 75 , denote the set of resetting times of 9, let 7, denote the com-
plement of T, , thatis, [0,00)\T , ,let T5 , denote the set of resetting times of 4,

and let 7, denote the complement of T, , thatis, [0,00)\T , .

Tueorem 5.1. Consider the large-scale impulsive dynamical systems G and G. given by
(3.1), (3.2), (3.3), and (3.4) and (5.1), respectively. Assume that G and Y. are vector
dissipative with respect to the vector hybrid supply rates (Sc(uc,yc),Sa(ud,yq)) and
(Sce(Uees Vee)> Sac(Ude> Yde)), and with continuously differentiable vector storage functions
Vi(+) and V(+) and dissipation matrices W € R1*9 and W, € R7*4, respectively.

(i) If there exists X £ diag[oy,...,04] > 0 such that Sc(uc,yc) + XScc(tees Yoc) << 0,
Sa(ug, ya) + XSac(Ude, yac) << 0, and W € R4 is semistable (resp., asymptotically
stable), where W(,‘,j) £ maX{W(i,j),(Z WCZ‘l)(,-,j)} = maX{W(,‘)j),(O',‘/Gj)Wc(i,j)},
i,j = 1,...,q, then the negative feedback interconnection of § and 4. is Lyapunov
(resp., asymptotically) stable.

(i) Let Qg € Sl‘i, S.i € Rl“iXVnCi, R € S™Mi, Qq; € Sld‘, S4i € Rldixmdi, Rgi € S™i, Qi €
S, Seei € R™i¥ki, R € S, Quei € S™4,Sqei € R™Mi¥ki, and Rye; € S4, and suppose
Se(tes ye) = [Sc1(thets Yer)s- > Seq(thegs Yeg) 15 Saluas ya) = [sar (tars ydr)s- - »Sdq(thdgs
ydq)]T) Scc(ucca)’cc) = [Sccl(uccly)’ccl))---asccq(uccq)yccq)]T: and Sdc(udc,ydc) =
[sdct (tcts Yde1)s- - - »Sdeq (Udeg Yacg)1T> where  sci(uci yei) = ubReittci + 2y5Scitici +
YEQeiyeir sai(tdi, yai) = ugRaitidi + 2y 5:Saithai + ya; Qai Vi Seci(Uccis Yeei) = UnciRecitheci
+ Zy;:rciscci”cci + y;:rcchci}’cci) and 5dci(”dci)}’dci) = ugciRdci”dci + 2}’;1Fc,'sdci”dci +
)’EciQdciydci, i=1,...,q. If there exists X £ diag[o,...,04] > 0 such that for all i =
L,....q,

Q A |: Qci + O'iRcci _Sci + 0'ishcrci] <0
i — T —=
_Sci + UiScci Rci + Uchci
O 2 [ Qqi t oiRae;  —Sait+ Uisgc,-] <0
di = T — Y
—S8gi t0iSdci  Rai +0iQqci

(5.4)
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and W € R94 is semistable (resp., asymptotically stable), where W(; jy = max{ W j),
(EWZ )} = max{W ), (0i/0))Weij)}, isj = 1,...,q, then the negative feed-
back interconnection of § and Y. is Lyapunov (resp., asymptotically) stable.

Proof. Let T<£ T YT, and t € J¢, k € Z,. First, note that it follows from as-
sumptions (A1) and (A2) that the resetting times #(= 74(X)) for the feedback system are
well defined and distinct for every closed-loop trajectory.

(i) Consider the vector Lyapunov function candidate V(x,x.) = Vi(x) + ZV(xc),
(x,xc.) € R" x R, and note that the corresponding vector Lyapunov derivative of V (x,x.)

along the state trajectories (x(t),xc(t)), t € (tx,tk+1), is given by

V(x(t),x:(t)) = Vi(x(t)) + Vs (xc(t))

<< Sc(uc(t), ye(t)) + ZSce (uec (), yec(t))

+ WV (x(1) + W Vs (xc (1))
<< WV, (x(8) + SWS 1SV ((8) (5:5)
<< W( ( )+2Vcs(xc(t)))

WV (x(D,x:(D),  (x(0),xe(1)) & Fs,
and the Lyapunov difference of V (x,x.) at the resetting times t, k € Z., is given by

AV (x(tr),xc (1)) = AV (x(tx)) + ZAVes (xc ()
<< Sq(ua(t),ya(te)) +ZSac (uac (tx), yac (tx)) (5.6)
<<0, (x(1),x(1)) € %.

Next, since for Vi(x), x € R”, and V(xc), x. € R™, there exist, by assumption, pe RrR?
and p. € R? such that the functions vs( ) = p'Vi(x), x € R", and vcs(xc) PIVes(xo),

,,,,,

.....

p ZVcs(xc) X € ]R”c is positive- deﬁnlte Hence, the functlon v(x,xc) = prV(x,x0), (x,xc)
€ R" x R™, is positive-definite. Now, the result is a direct consequence of Theorem 2.7.
(ii) The proof follows from (i) by noting that, foralli = 1,...,q,

Sci\Uci> Yei) T O0iScci\Uccis Yeci) = ci
(o rasatuanra = 1] @[ 2]

. (5.7)
Sdi(udi,ydi) +Ui5dci(”dcia)’dci) = [yd} Qui [yd] ,

Vdc Vdc

and hence S¢(uc, yc) + ZScc(Uee, Yeo) << 0 and Sq(ug, ya) + ZSdc(Ude, Yac) << 0. O
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For the next result, note that if the large-scale impulsive dynamical system %9 is vec-
tor dissipative with respect to the vector hybrid supply rate (Sc(uc, yc),Sa(ud, y4)), where
sei(cis yei) = 2y&uci and sqi(ui yai) = 2ygudir i = 1,...,q, then with «ci(yei) = —keiyei and
xai(yai) = —Kdiyai» where k¢ >0, kg; >0, i = 1,...,q, it follows that sci(kei(yei), yei) =
—KeiYYei < 0 and sai(kai(Yai), yai) = —Kaiygiyai < 05 yei # 05 yai # 0, i = 1,...,q. Alterna-
tively, if % is vector dissipative with respect to the vector hybrid supply rate (Sc(uc, yc),
Sa(ua, ya)), where si(uci yei) = yaudiuc — y&yei and sai(uai, yai) = y3iud;uai— y4;yai» where
yei >0, yai >0, i =1,...,q, then with x.(ys) = 0 and xqi(ya;) = 0, it follows that
sei(Kei(Yei)> Yei) = — y&yei < 0 and sai(kai(yai)» yai) = — yaiyai < 0, yei # 0, yai # 0,i = 1,...,q.
Hence, if 9§ is zero-state observable and the dissipation matrix W is such that there exist
a>0and p e R? such that (2.2) holds, then it follows from Theorem 3.9 that (scalar)
storage functions of the form vs(x) = pVy(x), x € R", where Vi(-) is a vector storage
function for 9, are positive-definite. If § is exponentially vector dissipative, then p is
positive.

CoroLLARY 5.2. Consider the large-scale impulsive dynamical systems G and §. given by
(3.1), (3.2), (3.3), and (3.4) and (5.1), respectively. Assume that § and G, are zero-state
observable and the dissipation matrices W € R1*9 and W. € R?*1 are such that there ex-
ist, respectively, a > 0, p € RL, a. >0, and pc € R? such that (2.2) is satisfied. Then the
following statements hold:

(i) if G and G are vector passive and W € R9*4 is asymptotically stable, where W(; j) =
max{ W j), Wiy} i j = 1,...,q, then the negative feedback interconnection of 4§
and 4. is asymptotically stable;

(ii) if G and Y. are vector nonexpansive and W € R9*1 is asymptotically stable, where
Wii,jy £ max{Wj), Weijy}» i»j = L,...,q, then the negative feedback interconnec-
tion of G and Y. is asymptotically stable.

Proof. The proof is a direct consequence of Theorem 5.1. Specifically, (i) follows from
Theorem 5.1 with Ri; = 0, S¢i = In;» Qci = 0, Rai = 0, Sai = Iy, Qai = 05 Reei = 0, Seei =
Ings Qeci = 0, Raci = 0, Saci = Iimy» Qaci = 0, i = 1,...,g, and X = I, while (ii) follows from
Theorem 5.1 with Re; = y%I> Sci = 0, Qci = —I1;, Rai = Y5iIma»> Sai = 0, Qai = — Iy, Reci =
ygcillc,) Sei = 0, Qeei = *Imd, Ry = Vﬁc,-fldi, Saci = 0, Qqci = 7Imd," i= 1,---,61, and X = Iq-

(I

6. Conclusion

In this paper, we extended the notion of hybrid dissipativity theory to vector hybrid dissi-
pativity theory. Specifically, using vector storage functions and hybrid supply rates, dissi-
pativity properties of composite large-scale impulsive dynamical systems are shown to be
determined from the dissipativity properties of the individual impulsive subsystems and
the nature of their interconnections. Furthermore, extended Kalman-Yakubovich-Popov
conditions, in terms of the local impulsive subsystem dynamics and the impulsive sub-
system interconnection constraints, characterizing vector dissipativeness via vector stor-
age functions, are derived. In addition, general stability criteria were given for feedback
interconnections of large-scale impulsive dynamical systems in terms of vector storage
functions serving as vector Lyapunov functions.
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