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Lyapunov small-gain theorems for not necessarily ISS hybrid systems
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Abstract— We prove a novel Lyapunov-based small-gain
theorem for interconnections of »n hybrid systems, which are not
necessarily input-to-state stable. This result unifies and extends
several small-gain theorems for hybrid and impulsive systems,
proposed in the last few years. Also we show how the average
dwell-time (ADT) clocks and reverse ADT clocks can be used to
modify the Lyapunov functions for subsystems and to enlarge
the applicability of derived small-gain theorems.
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I. INTRODUCTION

The study of interconnected systems plays a significant
role in the development of stability theory of dynamic sys-
tems, as it allows one to investigate the stability of complex
systems by analyzing its less complicated components. In
this context, the small-gain theorems have proved to be
important tools in the analysis of feedback interconnections
of multiple systems, which appear frequently in the control
literature. A comprehensive overview of classical small-gain
theorems involving input-output gains of linear systems can
be found in [1]. This technique was then generalized to
nonlinear feedback systems in [2], [3] within the input-output
context. The next peak level in stability analysis of intercon-
nected dynamic systems has been reached within the input-
to-state stability (ISS) framework proposed by Sontag [4],
which unified internal and external stability notions. In [5],
[6] nonlinear small-gain theorems for interconnections of two
ISS systems were established, which were then generalized
to arbitrary interconnections of n dynamic systems in [7], [8].
A variety of nonlinear small-gain theorems were summarized
in [9].

Theory described above has been developed for systems
of ordinary differential equations. But often in the modeling
of real phenomena one has to consider systems which exhibit
both continuous and discrete behavior. A general framework
for modeling of such phenomena is the hybrid systems theory
[10], [11]. In our analysis we have adopted the modeling
framework proposed by Goebel et al. [11], which is natural
from the viewpoint of Lyapunov stability theory [12].

During last years a great effort has been devoted to de-
velopment of small-gain theorems for interconnected hybrid
systems. Trajectory-based small-gain theorems for intercon-
nections of two hybrid systems were derived in [13], [14],

1 Andrii Mironchenko is with Institute of Mathematics, University
of Wiirzburg, Emil-Fischer Strafe 40, 97074 Wiirzburg, Germany
andrii.mironchenko@mathematik.uni-wuerzburg.de

2Guosong Yang and Daniel Liberzon are with the Coordinated Science
Laboratory, University of Illinois at Urbana-Champaign, 1308 W. Main St.,
Urbana, IL 61801 U.S.A. {yangl150, liberzon}@uiuc.edu

ISBN: 978-90-367-6321-9

2

[15], while Lyapunov-based formulations were proposed in
[16], [17], [18]. Some of these results were extended to
interconnections of n hybrid ISS systems in [15].

More challenging is a study of hybrid systems for which
either continuous or discrete dynamics is not ISS. In this
case input-to-state stability cannot be achieved unless the
restrictions on the density of jumps of the state called
dwell-time conditions are added. For interconnected hybrid
systems, whose subsystems are of this kind, the small-gain
theorems from [15], [18] cannot be used directly. In [18] it
was shown, that it is possible to modify “bad” subsystems by
adding of clock variables and to construct an ISS Lyapunov
function for the modified subsystem so that it decreases after
jumps and along the trajectory. The advantage of this method
is that it can be applied even if instabilities of subsystems are
of a different type (i.e. in some subsystems the continuous
dynamics is ISS, and in some other ones the discrete dynam-
ics is ISS). However, the Lyapunov gains of the modified
systems increase exponentially with a chatter bound, which
restricts the applicability of this method since enlarged gains
may no longer satisfy the small-gain condition.

Another type of small-gain theorems has been proposed
in [19], [20], [21], where ISS of interconnected impulsive
systems with unstable discrete or continuous dynamics was
investigated. The small-gain theorems developed therein pro-
vide a construction of an ISS Lyapunov function if the
instabilities of subsystems are of the same type, that is if
either continuous dynamics of all subsystems or discrete
dynamics of all subsystems is ISS. The resulting ISS Lya-
punov function can be then used to prove ISS of the overall
system under suitable dwell-time conditions. In contrast
to the previous method this method doesn’t require the
modification of subsystems, Lyapunov gains for subsystems
are preserved and do not depend on a dwell-time condition
(and on a chatter bound) which is used. However, this method
has been developed only for impulsive systems and cannot
be used for systems whose subsystems have instabilities of
different type.

In this paper we unify the above two methods. In Section II
we introduce the notation, main definitions and prove the
Lyapunov sufficient condition for ISS of hybrid systems.
Next we prove a general small-gain theorem for hybrid
systems, leading to the construction of an ISS Lyapunov
function for an interconnection of n hybrid systems, pro-
vided instabilities of its subsystems are of the same type,
which generalizes the Lyapunov small-gain theorems from
[17], [18], [15], [19], [21]. In the same section we derive
several consequences of this general result, in particular, the
small-gain theorem for interconnections of hybrid systems
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possessing exponential ISS Lyapunov functions with linear
Lyapunov gains. In Section IV we propose a version of the
method of modification of Lyapunov functions for subsys-
tems from [18] which is less restrictive than the original
method from [18] because a lesser number of systems has
to be modified. It relies on the small-gain theorem from
Section III. Next in Section V we combine the results of
this work into the unified method for analysis of ISS of
interconnected hybrid systems and conclude the paper.

II. FRAMEWORK FOR HYBRID SYSTEMS

Let Ry := [0,00), N := {0,1,2,...}. For a vector z €
R™, |z| is used to denote its Euclidean norm. For a set A C
R™, define its (Euclidean) distance to a vector = as |z|4 :=
infye 4 |z —y|. For n vectors x4, z2, . . ., Z,, their concatena-
tion is denoted by (z1,x2,...,2,) := (z],29,...,2,)7.
We use id to denote the identity function.

Following [12], a hybrid system with input is modeled as

(xz,u) € C,
(x,u) € D,

z € f(z,u),

o € gla,u), M

where z € X C RN, w e RM, C and D are closed subsets

of RV x RM and f : C = RN and g : D = X are set-

valued maps. The hybrid system (1) is fully defined by its
data H := (f,g,C, D). The dynamics of (1) is continuous
if (x,u) € C\D and discrete if (x,u) € D\C. For (z,u) €

D N C, it can be either continuous or discrete.

A set E C Ry x N is a compact hybrid time domain if
E = U‘j]:O([tj,th],j) for some finite sequence of times
0=ty <t; < - <tyjp1. Aset E C Ry x Nis a hybrid
time domain if for all (T, J) € E, EN([0,T]x{0,1,...,J})
is a compact hybrid time domain.

A hybrid signal is a function defined on a hybrid time
domain. A hybrid signal u : domu — RM is called a hybrid
input if u(+, j) is Lebesgue measurable and locally essentially
bounded for each j. A hybrid signal x : domzx — X is
called a hybrid arc if x(-, j) is locally absolutely continuous
for each j. A hybrid arc z : doma — X and a hybrid input
u : domu — R™ form a solution pair (xz,u) to (1) if:

e domxr = domu;

e for all j € N and almost all ¢ € R, such that
(t,j) € domwz, (z(t,7),u(t,j)) € C and z(t,j) €
fla(t, ), u(t, 5)):'

e for all (¢,j) € domz such that (¢,j + 1) € domuz,
(2(t. ), u(t. j)) € D and a(t, j +1) € gla(t, ), u(t, ).

A solution pair (z,u) is complete if dom z is unbounded.
The essential supremum norm of a hybrid signal u up to

hybrid time (¢, j) € domw is defined as

ull 2,y == max{ esssup |u(s,l)|, sup |u(s7l)|}7
(s,l)edom u, (s,0)e®(u),
s<t,l<j s<t,l<j

where ®(u) := {(s,l) € domu : (s,l + 1) € domu}.

'Here x(t, j) represents the state of the hybrid system at time ¢ and after
J jumps.

A function v : Ry — R, is positive definite if y(z) =
0 < x = 0. We say that v € P if it is continuous and positive
definite. v is of class K (denoted by v € K) if v € P and is
strictly increasing. v is of class Ko (denoted by v € K)
if v € K and lim, o, y(x) = co0. v : Ry — R, is of class
L (denoted by v € £) if it is continuous, strictly decreasing
and lim;_,o () = 0. A function 5 : Ry X Ry — Ry is of
class KL (denoted by 8 € KL) if B(-,t) € K forall t € R
and §(r,-) € L for all r € (0,0).

Definition 1: Following [18], a set of solution pairs S of
(1) is pre-input-to-state stable (pre-ISS) w.r.t. A C X if there
exist § € KL,v € Ko such that for all (z,u) € S,

j2(t,)]a < max {B(2(0,0)a. t + ), v(lulles))} @

for all (¢,j) € domz. If S contains all solution pairs (x, u)
of (1), then we call (1) pre-ISS w.r.t. A. If all solution pairs
are in addition complete, then (1) is called ISS w.rt. A.

Remark 1: In [12], the input-to-state stability of hybrid
systems is defined in terms of class CLL functions and
without requiring all solution pairs to be complete, which is
equivalent to our definition of the pre-ISS property of hybrid
systems; cf. [22, Lemma 6.1].

In this work, our principal technique for investigation of
the ISS of (1) is an ISS Lyapunov function.

Definition 2: A Lipschitz continuous function V : X —
R, is called an ISS Lyapunov function for (1) wrt. A C X
if 3 91,12 € Koo such that

Pi(lzfa) < V() < gallz]a)

holds and 3 x € K, a € P and continuous function ¢ :
R4+ — R with ¢(0) = 0 such that V' (z) > x(|u|) implies

{V(w;y) < —p(V(2))
V(y) < a(V(z))

VezeX 3)

Vy e flz,u),(z,u) € C,

€]
Vyeg(zu),(z,u) €D,

where V (; y) is the Dini derivative of V at z in the direction
y, namely
. — V(z+hy) —V(z)

V(zy) = m Y : ©)

In addition, if for all » € R, ¢(r) = cr and a(r) = e~

for some c¢,d € R, then V is called an exponential ISS
Lyapunov function for (1) w.r.t. A with rate coefficients c, d.

The following lemma gives an alternative description of
the ISS Lyapunov function for a hybrid system, which is use-
ful for the formulation of small-gain theorems in Section III.

Lemma 2: A Lipschitz continuous function V : X — R
is an ISS Lyapunov function for (1) w.rt. A if and only if
3 4Py, 19 € Ko such that (3) holds and 3 y € Koo, € P
and continuous function ¢ : Ry — R with ¢(0) = 0 such
that for all (z,u) € C and all y € f(z,u),

V(z) 2 x(jul) = V(zy) < —oV(2),  ©
and for all (z,u) € D and all y € g(z,u),

V(y) < max{a(V(x)), x(|ul)}- (7)
Proof: The proof goes along the lines of the proof [19,
Proposition 1] and is omitted. [ ]
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Similar restatement can also be provided for the exponen-
tial ISS Lyapunov function. Note that the gain functions y
in Definition 2 and x in Lemma 2 are different in general.

In the definition of an ISS Lyapunov function, we do not
assume that ¢ € P and o < id. If both of these conditions
are satisfied, then the existence of an ISS Lyapunov function
implies that (1) is pre-ISS, see [12, Proposition 2.7] (note
that ISS in [12] means pre-ISS in this work; cf. Remark 1).
If neither of them is valid, then we are not able to conclude
anything about the ISS property of (1). However, if one of
these conditions is satisfied?, then we can still establish the
ISS property for some subset of the solution pairs of (1)
under additional restrictions on the density of jumps.

Proposition 1: Let V be an exponential ISS Lyapunov
function for (1) w.r.t. A C X with rate coefficients ¢,d € R
with d # 0. For arbitrary p > 1 and 1, A > 0, let S[n, A, ]
denote the set of solution pairs (x,u) satisfying

—(d=n(—i)—(c=AN{t—s)<p
Y (t,7),(s,4) € domz.
Then S[n, A, p] is pre-ISS w.r.t. A.
Proof: Let x € Ko be as in Definition 2. Con-

sider an arbitrary solution pair (z,u) € S[n, A, u]. For all
(t1,71), (to, jo) € domz such that t; > to,j1 > jo, if

V(x(s,4) =2 x([ull(s,5))

(®)

9
\4 (S,Z) € domzxz N ([to,tl] X {jo, .. ,jl}), ( )

by (8) and (4) we have
V(i) < 00 OO @l go)

< e~ nG1—jo)=A(ta _tﬂ)""”V(l‘(tm jo))-

For an arbitrary (¢, j) € domz, if (9) holds with (¢1,71) =
(t,7) and (o, jo) = (0,0), then (10) implies

(£, 5)|a < B(|2(0,0)].a,t + 7), (11)

where B(r,1) = by (e7tmi{mA Fiyy (1)) is of class
KL. On the other hand, for any (¢,j) € domz de-
fine (t',j) := argmaXdomm([o,t]x{o,...,j}){s + 1
V(x(s,)) < x(llull(s,i))} then (10) implies V'(x(t, j)) <
e~ U= =AM weldly (z(¢ ) 57)) < ey (lull o)
which further implies

(8, 3)la < y(llulle.g)s

where (1) := 17 (e 14y (1)) is of class K.

Combining (11) and (12) shows that (2) is satisfied for all
(x,u) € S[n, A\, ] and all (¢,5) € domz. |

Remark 3: Notice that (8) cannot be satisfied if ¢ and d
are both negative. It is easily to verify that for ¢ > 0, the
claim of Proposition 1 holds with n = 0; analogously, for
d > 0, it holds with A = 0.

Remark 4: For d < 0, condition (8) can be transformed to
the average dwell-time condition [24] via division by —(d —
7n); analogously, for ¢ < 0, it can be transformed to the

12)

That is, either the continuous or the discrete dynamics taken alone is
ISS, but not both; see [4] and [23] for the definition of ISS for continuous
and discrete dynamics, respectively.

reverse average dwell-time condition [25] via division by
—(c=N).

With an exponential ISS Lyapunov function, we can find
the pre-ISS set of solution pairs of (1) via Proposition 1. In
the following section we investigate the construction of an
exponential ISS Lyapunov function for an interconnection of
hybrid systems.

III. INTERCONNECTIONS AND SMALL-GAIN THEOREMS
Consider an interconnection of n hybrid subsystems with

states z; € X; ¢ R, ¢ = 1,...,n, and a common
external input v € U C RM. Let z := (x1,...,7,), the
interconnection can be modeled as
z; € filz,u), (x,u) € C,
;Y —1,...,n (13
z; € gi(z,u), (z,u) €D,

with f; :C = RN, g;: D=3 X;,C:=Cy x---xCpxC,
and D := Dy X --- x D, x D, where C;,D; C X;, 1 =
1,...,nand Cy, D, CU.

For the i-th subsystem of (13) (denoted by 3;), the states
x; of ¥;, j # ¢ are treated as (internal) inputs. Note that the
sets C' and D coincide for all subsystems as well as for the
interconnection. This justifies the view of the system (13) as
an interconnection of n hybrid subsystems.

We define N :=>""" | N; and X := X; X --- x X,,. The
interconnection (13) can be viewed as a single hybrid system
(1) if we define functions f : C = RN by f := fi x...x fp
andg: D =X by g: =91 X... X gn.

In the following, we specialize the definition of an ISS
Lyapunov function for ¥; according to Lemma 2.

Definition 3: A Lipschitz continuous function V; : X; —
R, is an ISS Lyapunov function for ¥3; w.rt. A; C X, if the
following three properties hold:

1) There exist ¥;1,1;2 € Ko such that

Yir(|zila,) < Vilxs) < io(|zi]a,) (14)

2) There exist x;;,x; € K, 7 = 1,...,n and a continuous

function ¢; : R; — R with ¢;(0) = 0 such that y;; = 0,
and for all (z,u) € C and all y; € f;(z,u),

vV €X,.

Viten) 2w o (o) () |09

implies

Vi(zisyi) < —i (Vi(s)). (16)
3) There exists o;; € P such that for the gains x;;, x; defined
above, for all (z,u) € D and all y; € g;(x, u), we have

Vi) < mae o (V4. v (Vo) x|

17

In addition, if ¢; (1) = ;7 and a;(r) = e~ %r forall v € Ry

for some c¢;,d; € R, then V; is an exponential ISS Lyapunov
function for ¥; w.rt. A; with rate coefficients c;, d;.

As we will see, the question, whether the interconnection

(13) is ISS, depends on the properties of the gain operator
I':R? — R defined for s = (s1,...,5,) € R’} by

I(s) == (mEiXXU(Sj)w-~vmjaXan(5j)> : (18)
j=1 j=1
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To construct an ISS Lyapunov function for the intercon-
nection (13), we adopt the notion of 2-path [8].

Definition 4: Given a gain operator I' : R} — R7, a
function 0 = (0q,...,0,) : Ry — R%, where 0; € Ko,
i=1,...,nis called an Q-path (w.r.t. '), if the following
properties hold:

1) For all ¢+ € {1,...,n}, the function o;

Lipschitz continuous on (0, c0);

2) For every compact set P C (0,00), there are finite

constants 0 < Ky < K3 such that for all 7 € {1,...,n}

1 s locally

and all points of differentiability of o, ! we have
0<K <(o;)(r)<Ky Vrep;
3) It holds that
I(o(r)) < o(r) v r>0. (19)
We say that I' satisfies the small-gain condition if
T(s) # s Vs € RY\{0}. (20)

As reported in [26, Proposition 2.7 and Remark 2.8], we
are able to construct an Q-path ¢ w.r.t. I' provided (20) is
satisfied. Furthermore, o can be made smooth via standard
mollification arguments; cf. [27, Appendix B.2]. The follow-
ing theorem shows that, if I" satisfies the small-gain condition
(20), an ISS Lyapunov function for the interconnection (13)
can be constructed from the ISS Lyapunov functions for the
subsystems and the corresponding 2-path.

Theorem 2: Consider the interconnection (13). Let V; be
an ISS Lyapunov function for the subsystem >; w.r.t. A; C
X; with corresponding gains x;;, x; € K. If the gain operator
T" defined by (18) satisfies the small-gain condition (20), the
function V' : X — R defined as

V() = maxo; " (Vi(x:), 21)
where 0 = (01,...,0,) is a smooth Q-path w.r.t. I', is an
ISS Lyapunov function for (13) w.r.t. A:= Ay X --- X A,.

Proof: For all i € {1,...,n}, let ;1,10 € Koo, @i :
Ry — R and «; € P be given in (14), (16) and (17). We
will show that V' defined by (21) satisfies the conditions of
Lemma 2. First we will show that (3) holds for 1,5 on
R, defined as

Ga(r) = mino; (o (r/ V),

Pa(r) = (hia (7).

Since 0,11, Pis € ICOO for all 7, we know that 1,y €
K. Then (3) is satisfied according to (14). In particular,

"W (lzla/vn)

n
< m_1{1a <¢11 (maxxJ|A]>>

n

axo (@/)Jl(‘xﬂfl )

=1
n

1ax _1(Vj(1‘j)) =

aX O'

dr(lal.4) = mino;

IA
B

IA
~E

V().

Now we will prove that (6) holds for x, ¢ on R defined as

X(r) = max o7 (xi(r))- (22)
p(r) = min(o ) (Gi(r)pi(oi(r). (23)

Since for all 7, o; € K, is smooth, x; € I, ¢; is continuous
and ¢;(0) = 0, we know that x € K, ¢ is continuous and
©(0) = 0. For each i, define a set M; as

M; = {J: eX: Ui_l(Vi(xi)) > aj_l(Vj(xj)) Vij:ij# z}

From the continuity of a& Vi and o L it follows that all

M; are open, X = U;, M; and M; N M; = & for all ¢,

such that ¢ # j. Thus for all (x,u) € C, there are two

possibilities:

1) There exists a unique i € {1,...,
Then V(z) = o; ' (Vi(z;)) and

V() > o7 (Vi) Vij:j#i

Assume V' (z) > x(|ul), the definition of x implies that

o7 (Vi) = o7 (xa(lul)),

i) > Xi(|Ju|). Furthermore, (19) implies that

n} such that z € M.

and thus V;(z
Vi(zi) = 0i(V(2))
> TE;(XU(%(V(I)))
> I?Efxz‘j(aj(@l(‘/j(xj))))
- I?E?Xz‘j(‘/j(mj))-

Thus (15), and therefore (16), is satisfied. Since x € M;,
by the definition of Dini derivative, (16) implies that,

do;* (Vi(=:)

V(z;y) = n
= (o7 (Vi L)
< (o7 VY (Vi(w)oilVilws)
= (o7 Y (oiV (@) i o3V ()
< —p(V(x))

for all y € f(x,u).

2) Let x € Njcr(z)0M; for an index set I(z) C {1,...,n}
with |I(z)| > 2. Then we know that, according to the
standard arguments (see, e.g., [28, proof of Theorem 4]),

Viasy) = et d
< max (o771 (o:(V (@) ilor(V (@)
< —p(V(2))

for all y € f(x,u).
Consequently, equation (6) in Lemma 2 is satisfied. Now we
proceed to prove that (7) holds for « on R defined as

o) s= nibx { o (s o s 500 |
(24)
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For all (z,u) € D and all y € g(x,u), there exists ¢ €
{1,...,n} such that

Viy) = o; ' (Vi(ys))-
Since 0; € K, (17) implies that

V(y) < max {07} (ai(Vi(a.)),
i o7 (i (V3(23))), 07 (aal ) }.
Moreover, the definition of V' implies that
o;(V(x)) > Vi(z;) Vijed{l,...,n}

Thus, from the definition of «, we know that
aV(e) 2 mae o7 e (i) o sV )}
Furthermore, the definition of y implies that

o7 (xi[ul) < x(lul).
Hence
V(y) < max{a(V(z)), x(Jul)},

for all (z,u) € D and all y € g(x,u), that is, equation (7)
in Lemma 2 is satisfied. Therefore, by Lemma 2 we know
that V' is an ISS Lyapunov function for the interconnection
(13) w.rt. A. [ ]

Theorem 2 is a powerful tool in the study of the ISS prop-
erty of interconnections of hybrid systems. In the remaining
part of this section we will inspect some of its implications.

If all the subsystems of (13) are pre-ISS, Theorem 2
implies the following result, which generalizes [18, Theorem
III.1] and [15, Theorem 3.6].

Corollary 3: Consider the interconnection (13). Let V; be
an ISS Lyapunov function for the subsystem >; w.r.t. A; C
X; with corresponding gains X;;, x; € K. Assume that, for
all i € {1,...,n}, ¢; € P and ; < id in (16) and (17). If
the gain operator I' satisfies the small-gain condition (20),
then the interconnection (13) is pre-ISS w.r.t. A.

Proof: By Theorem 2, we know that V' defined by (21)
is an ISS Lyapunov function for (13) w.r.t. A. Also, ¢ defined
by (23) satisfies ¢ € P since 0; € Ko and @; € P for all
i € {1,...,n}. Meanwhile, for all i, the facts o; < id and
0; € Ko imply that o; *(a;(0;(r))) < r for all r € R,
Moreover, since o is an )-path, (19) implies that for all
i,j € {1,...,n}, o7 "(xij(0;(r))) < r for all r € Ry.
Hence « defined by (23) satisfies o < id. Consequently, V'
is decreasing during the flows as well as at the jumps, and
thus (13) is pre-ISS w.r.t. A, according to [12, Proposition
2.7] and Remark 1. ]

Since the assumptions in the Corollary 3 are quite restric-
tive, we now investigate the case in which there may exist
some ¢ so that either ¢; ¢ P or a;(r) > r for some r > 0
(cf. footnote 2). In this case, we are not able to show that
(13) is pre-ISS, but we can establish the pre-ISS property of
some set of solution pairs which neither jump too fast nor too
slowly using Proposition 1. However, in general Theorem 2
is not sufficient to provide the exponential ISS Lyapunov

function for the interconnection (13) needed in Proposition 1.
Next we will show that such an exponential ISS Lyapunov
function can be constructed if all V; are exponential ISS
Lyapunov functions with linear internal gains Y;;. Denote
the spectral radius of a matrix A by p(A) and define the
gain matrix as I'pr := (Xij)nxn.

Theorem 4: Consider the interconnection (13). Let V; be
an exponential ISS Lyapunov function for the subsystem
¥, wrt. A; C X, with rate coefficients ¢;,d; € R and
corresponding gains ;;, x; € K such that d; # 0 and x;; is
linear. If p(T"ps) < 1, the function V : X — R, defined as

V() := max £-Vi(x;), (25)
i= i

where s = (s1,...,5,) € R} and 0 : r € R — sris an

Q-path w.r.t. I', is an exponential ISS Lyapunov function for

(13) w.r.t. A with rate coefficients c¢,d € R defined as

¢ :=minc;,
i=1

d:= min {d;,—In <ijij (26)
i,j: 7 Si

Proof: Following [7, p. 110], the condition p(T'ps) < 1
implies that the gain matrix I'j, satisfies the small-gain
condition (20), which further implies the existence of a linear
Q-path; cf. [29, p. 78]. From the definition of an exponential
ISS Lyapunov function, we know that ¢;(r) = ¢;r and
a;(r) = e~dir for all r € R,. Moreover, by (23) and (24)
we can compute that for all r € R,
a(r) = max {r?ialx e %, ZHJI%_}% ZZXij} 7.
With ¢, d € R defined by (26), Theorem 2 implies that V' is
an exponential ISS Lyapunov function for (13) w.r.t. A with
rate coefficients c, d. [ |
The following remark shows that the formula of d can be
simplified in some important particular cases.

Remark 5: 1If the gain matrix I'y; is irreducible, then 1 >
p(Tar) > 0 is an eigenvalue of T'y/, and the corresponding
eigenvector s satisfies s € R" ; cf. [30, Theorem 2.1.3, p. 27].
Since (I'(s)); < (T'azs); < s; for all ¢, we know that s is an
Q-path w.r.t. I'. Hence max; %Xij <> %Xij = p(Tp)
for all 4, and thus d > min;{d;, — In(p(Tar))}.

With an exponential ISS Lyapunov function V' with either
¢ > 0ord > 0, Proposition 1 can be used to prove ISS of the
interconnection (13) for the set of solution pairs satisfying
certain average dwell-time condition. However, if both ¢ < 0
and d < 0, Proposition 1 is not applicable. In the following
section we will provide a method of modifying ISS Lyapunov
functions for the subsystems to handle this situation.

IV. MODIFICATIONS OF ISS LYAPUNOV FUNCTIONS FOR
SUBSYSTEMS

Consider the interconnection (13). For all 4 € {1,...,n},
let V; be an exponential ISS Lyapunov function for the
subsystem X; w.r.t. A; C X; with rate coefficients ¢;, d; and
linear internal gains. As mentioned in the previous section,
if there exist j,k € {1,...,n} such that ¢; < 0 and dj, <0,
then (26) implies that ¢ < 0 and d < 0 in Theorem 4 and
Proposition 1 is not applicable. In the following we will
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construct new exponential ISS Lyapunov functions for the
subsystems with rate coefficients ¢;, d; such that either ¢; > 0
for all ¢ (continuous dynamics are ISS) or d; > 0 for all ¢
(discrete dynamics are ISS). To achieve this we first restrict
the frequency of jumps and then modify the ISS Lyapunov
functions for the corresponding subsystems.

A. Making discrete dynamics ISS

In this subsection, we will construct exponential ISS
Lyapunov functions with rate coefficients d; > 0 for all i.

Define I; := {i € {1,...,n} : d; < 0}. Pick any solution
pair (z,u) of (13) and let (¢,j),(s,k) € domz. For any
i € I, we restrict the frequency of jumps of the subsystem
>.; by the average dwell-time (ADT) condition:

J—k <6t —s)+ N, Q27)

where 6;, N§ > 0.

It is shown (cf. [31, Appendix]) that a hybrid time domain
satisfies (27) if and only if it is the domain of some solution
pair to the following hybrid system of the clock 7;:

€ [0757]a Ty € [O7N(ﬂ7 (28)
’7'i+ =7—-1, 7€ [LN&}.

Define z; := x;, Z; := X, for i ¢ Ig and z, := (2, 7;),

Zi = X; x [0,N§] for i € Iy Let z := (z1,...,2,), &
modified interconnection > can be modeled as

-~z € filz,u Z,U )

Z: ' fz( ) u) € 1=1,...,n, (29)

(
ng(z u), (z,u)€
)

where fz(z u) = fi(x,u), gi(z,u) := gi(x,u) for i ¢ Iy;
F _ |filz, ) i(@,u)
fe= ] s = (2]

fori € Ij,C :==Cy x--xC,xC, and D := D; x
- x D,, x Dy, where C; = C;, D; = D; for i ¢ I, and
Ci = Ci x [0,Ng], D; = D; x [1,N{] for i € I;. Let
f=fix--Xfn, §:=0g1 X+ X gn, the interconnection
with clock (29) is fully defined by its data H := (f,3,C, D).
To study the ISS property of %, consider the following
ISS Lyapunov function candidate for the subsystem 3;:

= { Y it

eLﬂi‘/i(J?i), i€ Iy
for some constant L; > 0.
Let A; := A; fori ¢ Iy and A= A; % [0, N§] for i € I,
we will prove the following proposition:
Proposition 5: Function W; is an exponential ISS Lya-
punov function for the subsystem ¥ wrt. A;. In particular:

1) There exist 1]}“, 1@2 € K& such that

(30)

Uin(|zil4,) < Wilz) < Piallzil ) V2 € Zio B
2) For all (z,u) € C and all y; € fi(z,u),
W) > meax {2 il | G2
e

implies that

Wi(zisyi) < —EWi(zi), (33)

L;6; for i € Iy and
n are defined as
Xijs i ¢ 1g,

eLiNdxij, i€ Iy.

where ¢&; = ¢; for i ¢ Ig; ¢ = ¢; —
the new gains x; and X;;, 7 =1,...,

Xi = Xi Xij =

i ~ 34
LiNoy,, Xij =

Xii=e€

3) For all (z,u) € D and all y; € §;(z,u),

Wi(y:) < maX{ LW (24), miax Xijo(Zj)7>~<1‘|U|}7
(35)
where d; = d; for i ¢ Iy and d; = d; + L; for i € 1.
Proof: For i ¢ I, the claim is obvious. Thus, let ¢ € 1.
For all z; = (x;,7;) € Z;, (14) and (30) implies that

Wi(zi) > Vi(zi) 2 Yir(Jwi4,),
LiN§ LiN§ (36)
Wiz) < e oVi(xy) < e ohin(|zi|a,).

Thus (31) holds for ¥;1 := ;1 and ¥z := eLiNogh;s.
Because of (36), we know that (32) implies (15), which in

turn implies (16). From (16) and the dynamics of the clock

(28), we know that, for all (z,u) € C'and all y; = (y,y7) €

.fi (Z7 u)’

Wizi;yi) = eP ™ Viais yl) + Lie" ™ Vi () y?
< —(¢; — Lidy)Wi(2).

For all (z,u) € D and all y; = (y},42) € §i(2,u), (17)
and (30) implies that

Wily:) = e DVi(y))
< et o { Vi o)l ¥ o) vl
j
< eli(m=Y max {e*di*LmW (2), Inax XiiWi(25), Xl\u|}
Jj=

< max{ Ly (), maf(eL’ OXWW (x;), eLlNOX |u\}
J
< max{e_d'iWi(zl) I?aXXUW (x5), X1|u|}

Thus W; is an exponential ISS Lyapunov function for the
subsystem f]i W.I.t. f\i with rate coefficients éi,cii. |

Remark 6: Proposition 5 shows that we can make d; >0
by choosing large enough L;, at the cost of decreasing ¢; and
increasing the internal gains x;; (which is worse). According
to (34), an increase of the chatter bound Noi leads to the
increase of the gains Y;;, and thus for large enough N¢,
gain operator " will fail to satisfy the small-gain condition
(20) (unless the interconnection is not a cascade).

To see the consequences of this fact clearer, let us consider
for simplicity an interconnection of 2 systems, possessing ex-
ponential ISS Lyapunov functions V7, V5 with linear internal
gains. Let also ¢; > 0, d; < 0, co < 0 and dy > 0. Then
Theorem 2 is not applicable, and we perform the scheme
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developed in this section. After adding clocks to the first
subsystem, the modified gain operator I' takes the form

P ~0 Xiz | _| O el NGy .
X21 O X21 0
For n = 2 the small-gain condition (20) for I" is equivalent

to x12(x21(r)) < r for all » > 0 [7, p.108]. Applying this
fact to I' gives that I" satisfies the small-gain condition iff

—L1N;

X12X21 < € 37

For any given N3 and d;, we have the freedom to select
any L; > —dj. Thus we choose L1 = —dj +¢ fore > 0
arbitrarily small, which implies that

1
X1ox21 < e®No < 1.

Moreover, for N(} = 1 the average dwell-time condition is
resolved to the fixed dwell-time condition [19, p. 1976], and
if NJ < 1, then the jumps are not allowed at all (this can be
seen directly from (27) by taking ¢ — s small enough). Thus
if the original gains do not satisfy the condition

X12X21 < e,

the construction developed in this section cannot be applied.

Above observations hint us that one should add clocks to
as small number of subsystems as possible, and it may be
better to make all ¢; > 0 (instead of all CL > 0 as we have
in this subsection).

B. Making continuous dynamics ISS

In this subsection, we will construct exponential ISS
Lyapunov functions with rate coefficients ¢; > 0 for all 3.

Define I. := {i € {1,...,n} : ¢; < 0}. Pick any solution
pair (z,u) of (13) and let (¢,j),(s,k) € domz. For any
1 € I, we restrict the frequency of jumps of the subsystem
>.; by the reverse average dwell-time (RADT) condition:

t—s <6i(j — k) + Nobi, (38)

where §;, N§ > 0.

It is shown (cf. [31, Appendix]) that a hybrid time domain
satisfies (38) if and only if it is the domain of some solution
pair to the following hybrid system of the clock 7;:

=1, 7; € [0, N3dy],

Tt =max{0,7;, — &}, 7€ [0, Ndi).

(39)

Define z; := x;, Z; := X; for i ¢ I. and z; == (x;,75),
Z; == X; x [0,N}§;] for i € I.. Let z == (21,...,2n),
a modified interconnection ¥ can be modeled as (29) with
filz,u) == fi(x,u), gi(z,u) := gi(z,u) for i ¢ I.;

e =[] e = i )

forie]c,é Cy x X - x C, x Cy and D := D; x
- x Dy, xDu,whegC:C ; = D; fori ¢ I. and
C s x [0, Nigi], Di = D; x [0, Nigi] for i € L.

To study the ISS property of ¥, consider the following
ISS Lyapunov function candidate for the subsystem 33;:

Wi = { Py L T

e LiTiVi(z,), i€ly (40)

for some constant L; > 0.
Let A; := A; fori ¢ I, and A; := A; x [0, Nio;] for
1 € I., we will prove the following proposition:
Proposition 6: Function W; is an exponential ISS Lya-
punov function for the subsystem ¥; wrt. A;. In particular:

1) There exist 1/)11, 1/J72 € Ko such that (31) holds.

2) Forall (z,u) € C and all y; € f;(z,u), (32) implies (33),
where ¢; = ¢; for i ¢ I.; ¢ = ¢; — L; for i € I and the
new gains x; and x;;, j = 1,...,n are defined as

i¢ I,

0% %45, ©€ I

Xi = Xi> Xij ‘= Xij»

(41)
— oLiN33;

Xi = Xi, Xij:
3) For all (z,u) € D and all y; € gi(z,u), (35) holds with
d; =d; fori ¢ I. and d; = d; — L;0; for i € I.
Proof: For i ¢ I. the claim is obvious. Thus, let ¢ € I.
For all z; = (x;,7;) € Z;, (14) and (40) implies that

Wi(z;) > e_LiNééiW(CEi) > €_LiN85'i1/fi1(|$i A
Wi(zi) < Vi(xs) < Yia(|wila,)-
Thus (31) holds for 1@-1 = e*LiNé‘siwﬂ and 1/32-2 = 0.
Because of (42), we know that (32) implies (15), which in
turn implies (16). From (16) and the dynamics of the clock
(39), we know that, for all (z,u) € C and all y; = (yh,v?) €
fi(z,u),
Wi(zi§yi> =
< —(a

o (42)

e V(i yp) — Lie” MV (2)y}
— L) Wi(z;).

For all (z,u) € D and all y; = (y},y?) € §i(z,u), (17)
and (40) implies that

W, (yv) _ efLi max{O,Tiféi}‘/i(yil)

S e*LimaX{O,Tif(si}maX{efdi‘/i(xi)’

ax x5 Vj(z;), Xz‘“|}

< max {e_di—Li(n—&)Vi(xi), rJnEa,f( Xijvj(xj)a X2|u|}

< max {edi“iéi Wi(z), m%fi €M% x Wi (2)), Xi|u|}
]:

< max {e(diL"‘”)Wi(zi), miax i W (), >~(i|u|} :
]:
Thus W; is an exponential ISS Lyapunov function for the
subsystem Y; w.r.t. A; with rate coefficients ¢;, d;. |

V. DISCUSSION, CONCLUSION AND DIRECTIONS FOR A
FUTURE RESEARCH

In this paper we have proved several small-gain theorems
for interconnected hybrid systems, resulting in the construc-
tion of an ISS Lyapunov function for the interconnection.
These results unify various Lyapunov-based small-gain the-
orems for hybrid [18], [15], [17] and impulsive systems [19],
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[20], [21] and pave the way to the following general scheme
of analysis of ISS for interconnected hybrid systems:

1) For all ¢ € {1,...,n}, construct an exponential ISS
Lyapunov function V; for ¥; with linear internal gains
and rate coefficients c;, d;.

2) Compute I, I..

3) Modity X; either for all i € 14 or for all i € I,.

4) Use Theorem 4 to construct an exponential ISS Lyapunov
function W for 3 with rate coefficients ¢, d.

5) Obtain the conditions on ISS of ¥ via Proposition 1.

6) Obtain the conditions on ISS of the original system .

As we know from Section IV, the modification of Lya-
punov functions (step 3) leads to the substantial increase of
internal gains. Therefore a considerable improvement of the
above scheme in compare to the method described in [18] lies
in the fact that only subsystems with the indices in I; or I,
should be modified instead of all subsystems from I;U 1., as
it is in [18]. If either I; = & or I, = @, then subsystems do
not have to be modified at all. Moreover, the above method
is valid for arbitrary interconnections of n > 2 systems.

In the above scheme it is assumed that all V; are expo-
nential ISS Lyapunov functions with linear gains. However,
the modification method works without any changes for
exponential Lyapunov functions with nonlinear gains, and
Theorem 2 has been proved for arbitrary ISS Lyapunov
functions with nonlinear internal gains. Having generalized
Proposition 1 to the case of non-exponential Lyapunov func-
tions one can use the above scheme also for the Lyapunov
functions with nonlinear gains. Such a theorem has been
proved in [28] for impulsive systems and we believe, that it
can be generalized to the hybrid systems. This is one of the
possible directions for future research.

More challenging is the question whether one can get rid
of the modifications of Lyapunov functions at all. At the time
this question remains completely open.

REFERENCES

[1] C. A. Desoer and M. Vidyasagar, Feedback Systems: Input-Output
Properties. Society for Industrial and Applied Mathematics, 2009.
D. J. Hill, “A Generalization of the Small-Gain Theorem for Nonlinear
Feedback Systems,” Automatica, vol. 27, pp. 1043-1045, 1991.

[3] I. M. Y. Mareels and D. J. Hill, “Monotone Stability of Nonlinear
Feedback Systems,” Journal of Mathematical Systems, Estimation, and
Control, vol. 2, pp. 275-291, 1992.

[4] E. D. Sontag, “Smooth stabilization implies coprime factorization,”

IEEE Transactions on Automatic Control, vol. 34, no. 4, pp. 435443,

1989.

Z.-P. Jiang, A. R. Teel, and L. Praly, “Small-gain theorem for ISS

systems and applications,” Mathematics of Control, Signals, and

Systems, vol. 7, no. 2, pp. 95-120, 1994.

Z.-P. Jiang, I. M. Y. Mareels, and Y. Wang, “A Lyapunov formulation

of the nonlinear small-gain theorem for interconnected ISS systems,”

Automatica, vol. 32, no. 8, pp. 1211-1215, 1996.

[7]1 S. Dashkovskiy, B. S. Riiffer, and F. R. Wirth, “An ISS small gain
theorem for general networks,” Mathematics of Control, Signals, and
Systems, vol. 19, no. 2, pp. 93-122, 2007.

[8] S. N. Dashkovskiy, B. S. Riiffer, and F. R. Wirth, “Small gain
theorems for large scale systems and construction of ISS Lyapunov
functions,” SIAM Journal on Control and Optimization, vol. 48,
no. 6, pp. 4089-4118, 2010.

[2

—

[5

=

[6

=

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

(17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

(30]

(31]

1008

S. N. Dashkovskiy, D. V. Efimov, and E. D. Sontag, “Input to
state stability and allied system properties,” Automation and Remote
Control, vol. 72, no. 8, pp. 1579-1614, Aug. 2011.

W. M. Haddad, V. S. Chellaboina, and S. G. Nersesov, Impulsive and
hybrid dynamical systems, ser. Princeton Series in Applied Mathemat-
ics. Princeton, NJ: Princeton University Press, 2006.

R. Goebel, R. Sanfelice, and A. R. Teel, Hybrid Dynamical Systems:
Modeling, Stability, and Robustness. Princeton University Press,
2012.

C. Cai and A. Teel, “Characterizations of input-to-state stability for
hybrid systems,” Systems & Control Letters, vol. 58, no. 1, pp.
47-53, 2009.

D. Nesi¢ and D. Liberzon, “A Small-Gain Approach to Stability
Analysis of Hybrid Systems,” in Proc. 44th IEEE Conference on
Decision and Control, 2005, pp. 5409-5414.

I. Karafyllis and Z.-P. Jiang, “A Small-Gain Theorem for a Wide
Class of Feedback Systems with Control Applications,” SIAM Journal
on Control and Optimization, vol. 46, no. 4, pp. 1483-1517, 2007.
S. Dashkovskiy and M. Kosmykov, “Input-to-state stability of
interconnected hybrid systems,” Automatica, vol. 49, no. 4, pp.
1068-1074, 2013.

D. Liberzon and D. Nesi¢, “Stability Analysis of Hybrid Systems Via
Small-Gain Theorems,” in Proc. 9th Int. Workshop on Hybrid Systems:
Computation and Control, 2006, pp. 421-435.

D. Nesic and A. R. Teel, “A Lyapunov-based small-gain theorem for
hybrid ISS systems,” in Proceedings of the 47th IEEE Conference on
Decision and Control, Cancun, Mexico, Dec. 9-11, 2008, 2008, pp.
3380-3385.

D. Liberzon, D. Nesic, and A. Teel, “Lyapunov-based small-gain the-
orems for hybrid systems,” IEEE Transactions on Automatic Control,
to appear.

S. Dashkovskiy and A. Mironchenko, “Input-to-State Stability of
Nonlinear Impulsive Systems,” SIAM Journal on Control and
Optimization, vol. 51, no. 3, pp. 1962-1987, 2013.

, “Constructions of ISS-Lyapunov functions for interconnected
impulsive systems,” in IEEE 51st Annual Conference on Decision
and Control (CDC), 2012. 1EEE, Dec. 2012, pp. 6831-6836.

S. Dashkovskiy, M. Kosmykov, A. Mironchenko, and L. Naujok,
“Stability of interconnected impulsive systems with and without
time delays, using Lyapunov methods,” Nonlinear Analysis: Hybrid
Systems, vol. 6, no. 3, pp. 899-915, 2012.

C. Cai, A. R. Teel, and R. Goebel, “Smooth Lyapunov Functions for
Hybrid Systems, Part I: Existence Is Equivalent to Robustness,” IEEE
Transactions on Automatic Control, vol. 52, no. 7, pp. 1264-1277,
Jul. 2007.

Z.-P. Jiang and Y. Wang, “Input-to-state stability for discrete-time
nonlinear systems,” Automatica, vol. 37, no. 6, pp. 857-869, 2001.
J. P. Hespanha and A. S. Morse, “Stability of switched systems with
average dwell-time,” Decision and Control, 1999. Proceedings of the
38th IEEE Conference on, vol. 3, pp. 2655-2660 vol.3, 1999.

J. P. Hespanha, D. Liberzon, and A. R. Teel, “Lyapunov conditions
for input-to-state stability of impulsive systems,” Automatica, vol. 44,
no. 11, pp. 2735-2744, 2008.

I. Karafyllis and Z.-P. Jiang, “A vector small-gain theorem for
general non-linear control systems,” IMA Journal of Mathematical
Control and Information, vol. 28, pp. 309-344, 2011.

L. Griine, “Input-to-state dynamical stability and its Lyapunov
function characterization,” IEEE Transactions on Automatic Control,
vol. 47, no. 9, pp. 1499-1504, 2002.

S. Dashkovskiy and A. Mironchenko, “Input-to-state stability
of infinite-dimensional control systems,” Mathematics of Control,
Signals, and Systems, vol. 25, no. 1, pp. 1-35, 2013.

S. Dashkovskiy, B. S. Riiffer, and F. R. Wirth, “On the construction of
ISS Lyapunov functions for networks of ISS systems,” in Proceedings
of the 17th Int. Symposium on Mathematical Theory of Networks and
Systems, Kyoto, Japan, 2006, pp. 77-82.

A. Berman and R. J. Plemmons, Nonnegative Matrices in the Mathe-
matical Sciences, ser. Classics in Applied Mathematics. Society for
Industrial and Applied Mathematics, 1994.

C. Cai, R. Goebel, and A. R. Teel, “Smooth Lyapunov Functions
for Hybrid Systems Part II: (Pre)Asymptotically Stable Compact
Sets,” IEEE Transactions on Automatic Control, vol. 53, no. 3, pp.
734-748, Apr. 2008.




