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A Small Gain Condition for Interconnections of ISS
Systems With Mixed ISS Characterizations

Sergey Dashkovskiy, Michael Kosmykov, Fabian Wirth

Abstract—We consider interconnected nonlinear systems with
external inputs, where each of the subsystems is assumed to be
input-to-state stable (ISS). Sufficient conditions of small gain type
are provided guaranteeing that the interconnection is ISS with
respect to the external input. To this end we extend recently
obtained small gain theorems to a more general type of inter-
connections. The small gain theorem provided here is applicable
to situations where the ISS conditions are formulated differently
for each subsystem and are either given in the maximization or
the summation sense. Furthermore it is shown that the conditions
are compatible in the sense that it is always possible to transform
sum formulations to maximum formulations without destroying
a given small gain condition. An example shows the advantages
of our results in comparison with the known ones.

Index Terms—Control systems, nonlinear systems, large-scale
systems, stability criteria, Lyapunov methods.

I. INTRODUCTION

Stability of nonlinear systems with inputs can be described
in different ways as for example in sense of dissipativity
[23], passivity [21], [22], input-to-state stability (ISS) [18] and
others. In this paper we consider general interconnections of
nonlinear systems and assume that each subsystem satisfies
an ISS property. The main question of the paper is whether
an interconnection of several ISS systems is again ISS. As
the ISS property can be defined in several equivalent ways
we are interested in finding optimal formulations of the small
gain condition that are adapted to a particular formulation.
In particular we are interested in a possibly sharp stability
condition for the case when the ISS characterization of single
systems are different. Moreover we will provide a construction
of an ISS Lyapunov function for interconnections of such
systems.

Starting with the pioneering works [12], [11] stability of
interconnections of ISS systems has been studied by many
authors, see for example [15], [1], [3], [10]. In particular it is
known that cascades of ISS systems are ISS, while a feedback
interconnection of two ISS systems is in general unstable. The
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first result of the small gain type was proved in [12] for a
feedback interconnection of two ISS systems. The Lyapunov
version of this result is given in [11]. Here we would like to
note the difference between the small gain conditions in these
papers. One of them states in [11] that the composition of both
gains should be less then identity. The second condition in [12]
is similar but it involves the composition of both gains and
further functions of the form (id + ;). This difference is due
to the use of different definitions of ISS in both papers. Both
definitions are equivalent but the gains enter as a maximum
in the first definition, and a sum of the gains is taken in the
second one. The results of [12] and [11] were generalized for
an interconnection of n > 2 systems in [4], [6], [13], [14].
In [4], [6] it was pointed out that a difference in the small
gain conditions remains, i.e., if the gains of different inputs
enter as a maximum of gains in the ISS definition or a sum of
them is taken in the definition. Moreover, it was shown that
the auxiliary functions (id+«;) are essential in the summation
case and cannot be omitted, [4]. In the pure maximization case
the small gain condition may also be expressed as a condition
on the cycles in the gain matrix, see e.g. [20], [4], [16], [13],
[14]. A formulation of ISS in terms of monotone aggregation
functions for the case of many inputs was introduced in [16],
[5], [7]. For recent results on the small gain conditions for a
wider class of interconnections we refer to [13], [8], [14].
In [9] the authors consider necessary and sufficient small
gain conditions for interconnections of two ISS systems in
dissipative form.

In some applications it may happen that the gains of a part
of systems of an interconnection are given in maximization
terms while the gains of another part are given in a summation
formulation. In this case we speak of mixed ISS formulations.
We pose the question whether and where we need the functions
(id + ;) in the small gain condition to assure stability in
this case. In this paper we consider this case and answer this
question. Namely we consider n interconnected ISS systems,
such that in the ISS definition of some k < n systems the gains
enter additively. For the remaining systems the definition with
maximum is used. Our result contains the known small gain
conditions from [4] as a special case k =0 or k = n, i.e., if
only one type of ISS definition is assumed. An example given
in this paper shows the advantages of our results in comparison
with the known ones.

This paper is organized as follows. In Section II we present
the necessary notation and definitions. Section III discusses
properties of gain operators in the case of mixed ISS formula-
tions. In particular we show that the mixed formulation can in
principle always be reduced to the maximum formulation. A

Preprint submitted to IEEE Transactions on Automatic Control. Received: September 17, 2010 04:25:19 PST
Copyright (c) 2010 |EEE. Personal use is permitted. For any other purposes, Permission must be obtained from the | EEE by emailing pubs-permissions@ieee.org.



This article has been accepted for publication in afuture issue of this journal, but has not been fully edited. Content may change prior to final publication.

Limited circulation. For review only

new small gain condition adapted to the mixed ISS formulation
ensuring stability of the considered interconnection is proved
in Section IV. Section V provides a construction of ISS
Lyapunov functions under mixed small gain conditions. We
note some concluding remarks in Section VI.

II. PRELIMINARIES AND PROBLEM STATEMENT
A. Notation

In the following we set Ry := [0,00) and denote the
positive orthant R?! := [0,00)". The transpose of a vector
x € R™ is denoted by #7. On R"™ we use the standard partial
order induced by the positive orthant given by

TZY = T > Y,
x>y = x; > VY,

i=1,...,n,
1=1,...,n.

With this notation R} := {z € R" x > 0}. We write
x Py < Jie{l,...,n}: x; < y;. For a nonempty
index set I C {1,...,n} we denote by |I| the number of
elements of I. We write y; for the restriction y; := (y;)ier
of vectors y € R’}. Let R; be the anti-projection Rlﬂ — RY,
defined by

]

T E xre;, € R,
k=1

where {ex }x—1, ., denotes the standard basis in R” and [ =

{i1, . 0}
For a function v : Ry +— R™ we define its restriction to the
interval [sq, s2] by

v[slysQ](t) = { 8’(75)7

A function v : Ry — R is said to be of class £ if it is
continuous, strictly increasing and v(0) = 0. It is of class Koo
if, in addition, it is unbounded. Note that for any o € Ko its
inverse function a~! always exists and a~! € K. A function
0 Ry xRy — Ry is said to be of class L if, for each
fixed ¢, the function (-, ¢) is of class K and, for each fixed s,
the function ¢t — [3(s,t) is non-increasing and tends to zero
for ¢ — oco. By id we denote the identity map.

Let | - | denote some norm in R™, and let in particular
|| = max |z;| be the maximum norm. The essential

K2

,,,,,

ifte [817 82],
otherwise.

max
supremum norm of a measurable function ¢ : Ry — R™
is denoted by ||¢[| . Loo is the set of measurable functions
for which this norm is finite.

B. Problem statement

Consider the system

x = f(x,u),

and assume it is forward complete, i.e., for all initial values
2(0) € R™ and all essentially bounded measurable inputs
u solutions z(t) = x(t;x(0),u) exist for all positive times.
Assume also that for any initial value x(0) and input u the
solution is unique.

The following notions of stability are used in the remainder
of the paper.

reR"”, wuweR™, (1)

Definition 2.1: System (1) is called

(1) input-to-state stable (ISS), if there exist functions
B € KL and v € K, such that for all z(0) € R",u €
Lo (R4, R™)

[z(6)] < B(1z(0)], ) + v([[ulloo) »

(ii) globally stable (GS), if there exist functions o, 4 of
class K, such that for all 2(0) € R",u € Lo (R4, R™)

[z(t)] < o(|z(0)]) +A(lull), t=0. ()

(iii) System (1) has the asymptotic gain (AG) property, if

there exists a function 5 € K, such that for all z(0) €
R™ ,u € Loo(Ry, R™)

limsup |2(t)| <7(l|ull)- )

t—o0

t>0. 2)

Remark 2.2: An equivalent definition of ISS is obtained if
instead of using summation of terms in (2) the maximum is
used as follows:

()] < max{B(|=(0)], ), (|lull )} (5)

Note that for a given system sum and maximum formulations
may lead to different comparison functions (3, ¥ in (5) than
those in (2). In a similar manner an equivalent definition can
be formulated for GS in maximization terms.

Remark 2.3: In [19] it was shown that a system (1) is ISS
if and only if it is GS and has the AG property.

We wish to consider criteria for ISS of interconnected
systems. Thus consider n interconnected control systems given
by
f1 (:Z? 1y--

jjl = -7xn7u1)

(6)

Tp = fn(zla s 7$n7un)

where z; € RY:, u; € R"™ and the functions fi
R-j=1 Nitmi . RNi are continuous and for all r € R
are locally Lipschitz continuous in = = (xlT,...,an)T
uniformly in w; for |u;| < r. This regularity condition for
fi guarantees the existence and uniqueness of solution for the
ith subsystem for a given initial condition and input ;.

The interconnection (6) can be written as (1) with =z :=
(zf,...,z)" »)" and

f(x,u):(fl(xl,.. .,fn(xl,...,xn,un)T)T.

If we consider the individual subsystems, we treat the state
xj,j # 1 as an independent input for the ith subsystem.

We now intend to formulate ISS conditions for the subsys-
tems of (6), where some conditions are in the sum formulation
as in (2) while other are given in the maximum form as in (5).
Consider the index set I := {1,...,n} partitioned into two
subsets Iy, Imax such that I, =1\ Is.

The ¢th subsystem of (6) is ISS, if there exist functions 3;
of class ICL, 7ij;, Vi € Koo U{0} such that for all initial values
x;(0) and inputs u € Loo(Ry,R™) there exists a unique
solution z;(-) satisfying for all ¢ > 0

cus=(ul,.. . ju

T
'axnvul) P

2 (8)] < Bi(l2i(O)],1) + D il ) +villull o),
j=1
(N
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i € Iy, and

i (t) | <mas{ B (|s (0)] ) max{yi; ([l 2510, ] )} i (llull o)}
(®)

if i€ [hax.

Remark 2.4: Note that without loss of generality we can
assume that Iy, = {1,...,k} and In.x = {k+1,...,n} where
k := |Is|. This can be always achieved by a permutation of
the subsystems in (6).

Since ISS implies GS and the AG property, there exist
functions o;,%;5, % € K U {0}, such that for any initial
value z;(0) and input u € Lo (R4, R™) there exists a unique
solution z;(t) and for all ¢ > 0

[2:(t)] <0 (|a: 0 +Zvu (0.1 )+4 ) i € I,
9
s () <manc (o (O)]). max {3 10,1 .0) 13 el ) -
(10)

i € Inax, which are the defining inequalities for the GS
property of the ¢-th subsystem.

The AG property is defined in the same spirit by assuming
that there exist functions 7,;;, 7; € K U {0}, such that for
any initial value z;(0) and inputs z; € Lo (R, RNi), i #£ j,
u € Loo(R4,R™) there exists a unique solution ;(¢) and

n

lim sup [z (¢ W< 5 lz5ll) +Fllwll )i € I, (1)
j=1

lim sup |5(£)] < max{max{7y;(|z;ll )} Tilllulle)}, (12)

t—oo

i € T -

We collect the gains v;; € Koo U {0} of the ISS conditions
(7), (8) in a matrix I = (7, )nxn, With the convention y;; = 0,
t=1,...,n. The operator I" : Ry — R is then defined by

T(s) = (T1(s),...,Tu(s)’ |

where the functions T'; R? — R, are given by
Ti(s) == vi(s1) + -+ + Yin(sp) for i € Iy, and T';(s) :=

(13)

max{¥;1(s1),...,Vin($n)} for i € Inax. In particular, if
Is, ={1,...,k} and Ihax = {k+1,...,n} we have
v12(82) + -+ + Yin(sn)
Ye1(51) + -+ Ven(Sn)

I(s) = (14)

maX{7k+1,1(31)7 e 77k+1,n(8n)}

) Wn,nfl (Snfl)}

In [4] small gain conditions were considered for the case
Iy =1 ={1,...,n}, respectively I;n.x = I.In [16], [7] more
general formulations of ISS are considered, which encompass
the case studied in this paper. In this paper we exploit the
special structure to obtain more specific results than available
before.

Our main question is whether the interconnection (6) is ISS
from u to . To motivate the approach we briefly recall the

max{y,1(s1), ...

small gain conditions for the cases Iy, = I, resp. Iax = I,
which imply ISS of the interconnection, [4]. If Iy = I, we
need to assume that there exists a D := diag,,(id + a), a €
Ko such that

I'oD(s) 2 5, Vs € R7\{0}, (15)
and if I, = I, then the small gain condition
D(s) # s, ¥s € RT\{0} (16)

is sufficient. In case that both Iy, and I,,,,« are not empty we
can use

n

X {z;} < sz <n x| {z:}

=1

a7)

to pass to the situation with I, = () or I, = ). But this leads
to more conservative gains. To avoid this conservativeness we
are going to obtain a new small gain condition for the case
Iy # I # Inhax- As we will see there are two essentially
equivalent approaches to do this. We may use the weak triangle
inequality

a+b<max{(id+n)oa,id+n"t)ob},  (18)

which is valid for all functions a,b,n € K, as discussed
in Section III-A to pass to a pure maximum formulation of
ISS. However, this method involves the right choice of a large
number of weights in the weak triangular inequality which
can be a nontrivial problem. Alternatively tailor-made small
gain conditions can be derived. The expressions in (15), (16)
prompt us to consider the following small gain condition. For
a given o € K let the diagonal operator D, : R} — R’} be
defined by

Dy (s) :=(D1(s1),..., Dn(sn))T,

where D;(s;) := (id + a)(s;) for i € Ix and D;(s;) := s;
for ¢ € Iax. The small gain condition on the operator I’
corresponding to a partition I = Iy U I}« is then

I'oDy(s) 2 s, Vs € RE\{0}.

scR™,  (19)

JdJaekKs (20)

We will abbreviate this condition as ' o D, ? id. In this
paper we will prove that this small gain condition guarantees
the ISS property of the interconnection (6) and show how an
ISS-Lyapunov function can be constructed if this condition is
satisfied in the case of a Lyapunov formulation of ISS.

Before developing the theory we discuss an example to
highlight the advantage of the new small gain condition (20),
cf. Theorem 4.4. In order not to cloud the issue we keep the
example as simple as possible.

Example 2.5: We consider an interconnection of n = 3
systems given by

1 =—z1 +ms(|zs|) + 71(uw)
Ty = — 2o + max{yo1(|z1]), y23(|73])}
i3 = — x5 + max{ys2(|zal), y3(u)}

2n

where the +;; and ~; are given K. functions. Using the
variation of constants method and the weak triangle inequality
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(18) we see that the trajectories can be estimated by:

21 ()] <B1(|21(0)],2) +y13(l|300,11]lo0) + 11 ([[ull o)

|22(t)] <max{B2(|z2(0)],1), (id+77)0'721(|i$1[0,t]||00)a
(id +n) o ya3([|z3(0, |0 ) }

|23(t)] < max{B3(|z3(0)],t), (ld+77) o v32(||z2(0,1 |00 )
(id +mn) ova(llull )},

(22)

where the (3; are appropriate JCL functions and n € K is
arbitrary.
This shows that each subsystem is ISS. In this case we have

0 0 713
I' = (id + ?7) 0 Y21 0 (id + 77) 0 Y23
0 (id +1n) o 32 0

Then the small gain condition (20) requires that there exists
an « € K4 such that

713(53) Sy
max{(id+n)oryzi0(id+a)(s1),(id+n)oyes(ss) | Z | s2
(id + 1) o v32(s2) 83

(23)

for all s € R3\{0}. If (23) holds then considering s” (r) :=

(v130 (1d+17) 0y32(7), 7, (id +1) 0y32(r))T, r > 0 we obtain
that the following two inequalities are satisfied

(id + a) oy1z 0 (id +n) 0 y32 0 (id + 7)) 0 Y1 (1) < 7,
(id +n) o ya3 0 (id + 1) 0 y32(r) < 7.

(24)
(25)

It can be shown by contradiction that (24) and (25) imply (23).
To give a simple example assume the that the gains are
linear and given by v13 := 721 1= 723 = 732(r) = 0.97,
r > 0. Choosing o = n = 1/10 we see that the inequalities
(24) and (25)) are satisfied. So by Theorem 4.4 we conclude
that system (1) is ISS. In this simple example we also see that
a transformation to the pure maximum case would have been
equally simple. An application of the weak triangle inequality
for the first row with 7 = « would have led to the pure
maximization case. In this case the small gain condition may
be expressed as a cycle condition [20], [4], [16], [13], [14],
which just yields the conditions (24) and (25).
We would like to note that application of the small gain
condition from [4] will not help us to prove stability for this
example, as can be seen from the following example.
Example 2.6: In order to apply results from [4] we could
(e.g. by using (17)) obtain estimates of the form

lza(®)] < Bi(lz1(0)],1) + ys(ll2sj0,0]l0) + 71 (llullo)

lz2(t)] < Ba(lz2(0)],2) + 21 ([|z1(0,400) (26)
+ v23([|300, | 00)

lza(t)] < B3(|z3(0)], 1) 4+ y32(||z2p0,9le0) + 30l ) -

With the gains from the previous example the corresponding
gain matrix is

0 0 09
r=(09 o 09},
0 09 0

and in the summation case with linear gains the small gain
condition is r(I') < 1, [4]. In our example r(I') > 1.19,
so that using this criterion we cannot conclude ISS of the
interconnection.

The previous examples motivate the use of the refined
small gain condition developed in this paper for the case
of different ISS characterizations. In the next section we
study properties of the gain operators and show that mixed
ISS formulations can in theory always be transformed to a
maximum formulation without losing information on the small
gain condition.

III. GAIN OPERATORS

In this section we prove some auxiliary results for the
operators satisfying small gain condition (20). In particular,
it will be shown that a mixed (or pure sum) ISS condition
can always be reformulated as a maximum condition in such
a way that the small gain property is preserved.'

The following lemma recalls a fact, that was already noted
in [4].

Lemma 3.1: For any a € K the small gain condition D0
I 2 1id is equivalent to I' o D, % id.

Proof: Note that D,, is a homeomorphism with inverse

v — D;Y(v) == (Dy'(v1),.. .7D;1(vn))T. By monotonic-
ity of D, and D! we have D, o I'(v) # v if and only if
I'(v) ? D3 (v). For any w € R define v = Dy (w). Then

I'o D,(w) Z w. This proves the equivalence. ]
For convenience let us introduce p : R} x R} — R%
defined by

M(U/,U) = (Ml(whvl)a e 7Mn(wnavn))T , W E Ria (S R:L»>
27
where p; : RZ — Ry is such that p,;(w;,v;) = w; + v,

for i € Iy, and p;(w;,v;) := max{w;,v;} for ¢ € I ax. The
following counterpart of Lemma 13 in [4] provides the main
technical step in the proof of the main results.

Lemma 3.2: Assume that there exists an o € K, such that
the operator I" as defined in (13) satisfies I' o D, % id for a
diagonal operator D, as defined in (19). Then there exists a
¢ € Ko such that for all w,v € R7,

w < p(T'(w), v)

implies [lwl] < o(|lo]).

Proof: Without loss of generality we assume Iy =
{1,...,k} and I,ax = I'\ I, see Remark 2.4, and hence T" is
as in (14). Fix any v € R’} Note that for v = 0 there is nothing
to show, as then w # 0 yields an immediate contradiction to
the small gain condition. So assume v # 0.

We first show, that for those w € R} satisfying (28) at least
some components of w have to be bounded. To this end let
D : R} — R’ be defined by

(28)

_ _ T
D(s) := (31+a Ys1),...,sn + 1(s;€),sk+1,...,sn)

'We would like to thank one of the anonymous reviewers for posing the
question whether this is possible.
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for s € R} and let s* := D(v). Assume there exists w =
(wi,... ,wn)T satisfying (28) and such that w; > s}, i =
1,...,n. In particular, for ¢ € Is; we have

57 <wi < vir(wi) + . A Yin(wn) +v; (29)
and hence from the definition of s* it follows that

st =w+a  (v) <y (wr) + .o A Yin(wn) + v
And so v; < a(yi1(w1)+. ..+ 7in(wy)). From (29) it follows

w, < yi(w) 4oy (we) o
< (id+a)o (yir(wi) + ...+ Yin(wn)).

Similarly, by the construction of w and the definition of s*
we have for ¢ € [«

(30)

v; =57 < w; < max{yi(wi),...,Yin(wn),vi}, (3D

and hence

From (30), (32) we get w < D, o I'(w). By Lemma 3.1
this contradicts the assumption I' o D, # id. Hence some
components of w are bounded by the respective components
of s! := s*. Iteratively we will prove that all components of
w are bounded.

Fix a w satisfying (28). Then w % s' and so there exists an
index set I; C I, possibly depending on w, such that w; > s},
i € I; and w; < s, for i € If = I\ I. Note that by the
first step I{ is nonempty. We now renumber the coordinates
so that

w; < max{vy;1(w1),...

w; > s; and wi < 37 vij(wy) + iy (33)
j=1
i=1,... .k,
w; > s; and  w; < max{maxy;;(w;),v;}, 34)
J
i=ki+1,...,nq,
wi <spoand w; <30 v (wy) + i (35)
j=1
i=n1+1,...,n1+k2
w; < s} and  w; < max{max~y;;(w;),v;}, (36)
j

i=ni+ko+1,...,n,

where ny = |I|, k1 + k2 = k. Using (35), (36) in (33), (34)
we get
w; < > vig(wy) + 30 yii(sy) +vi (37)
j=1 j=n1+1
i=1,...k,
w; < max{ max vij (w;),
j=1,...,n1

(sY). v
o max i), vi}, (38)

i=ki+1,...,n1.

Define v' € R)}' by

U'Ll = Z ,yij(s])—’_v’bv izla"'vklv
Jj=ni+1

v} = max{ max ’yij(s;),vi}, i=ki+1,...,n.
j=ni+1,....n

Now (37), (38) take the form:

ni
w; < > yij(wy) + o} i=1,...,k, (39)
j=1

w; < max{ max Yij(wy), v} i =k +1,...,n1.(40)
J=4...,m

r Ty e
Il NIT ) and define the maps
Urer, Trgre

F[ljl . Ril — Ril, F[ljf . R17n1 — R:L_I, FIfh . Ril —
R ™™ and T'eze : RNT™ — R analogous to I'. Let

Dy, (s) = ((id+ a@)(s1), ..., (id + @) (Sky ), Sky+15 -+ » Sny

From I" o D,(s) # s for all s # 0, s € R} it follows by

considering s = (27,0)T that T'y,1, o Dy, (2) # =z for all

z # 0, z € R}, Using the same approach as for w € R} it

can be proved that some components of w' = (w1, ..., wy, )

are bounded by the respective components of s? := Dy, (v!).
We proceed inductively, defining

Let us represent I' = (

)T

Ly G, Lp={ielj:w>s"}, @D
with I¢,, ==\ ;41 and
P 5[.7. o (‘uj(FIjI;(SJI.;),UIj))a 42)

where 131j is defined analogously to D, the map 'y, Ie -

RY™™ — R’ acts analogously to I' on vectors of the

corresponding dimension, s}. = (s])c re is the restriction
i .

defined in the preliminaries and y/ is appropriately defined
similar to the definition of u.

The nesting (41), (42) will end after at most n — 1 steps: there
exists a maximal [ < n, such that

I20L2...20#0
and all components of wy, are bounded by the corresponding

max{s*, Ry, (s%),..., Ry, (sl+1)}
max{(s*)1, (R, (s*))1, - -, (R, (™)1}

s¢ =

masx{(s%)ns (Br, (5%))ms - -+ (Rr, (1))}

where R;; denotes the anti-projection Rl_ijl — R? defined
above.
By the definition of p for all v € R it holds

0 < v < (T,id)(v) = p(0(v),v).

Let the n-fold composition of a map M : R} — R7 of the
form M o...o M be denoted by [M]". Applying D we have

0 < v < D) < Do(u(T,id))(v) < --- < [D o p(T,id)]"(v).
(43)

From (42) and (43) for w satisfying (28) we have w <
S¢ < [D o u(T,id)]"(v). The term on the right-hand side
does not depend on any particular choice of nesting of
the index sets. Hence every w satisfying (28) also satisfies
w < [Do M(I‘,id)]n(|v|max, ooy |v]ay)” and taking the
maximum-norm on both sides yields |w| . < &(|v],..) for
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some function ¢ of class K.,. For example, ¢ can be chosen
as

¢(T) = maX{([EOM(F,Id)] (T7'~-aT))17- ;
([Dou(T,id)] (r,...,7))n}-
This completes the proof of the lemma. ]

We also introduce the important notion of €2-paths [7]. This
concept is useful in the construction of Lyapunov functions
and will also be instrumental in obtaining a better understand-
ing of the relation between max and sum small gain conditions.

Definition 3.3: A continuous path o € K7 is called an -

path with respect to I' if

! is locally Lipschitz con-

(i) for each i, the function o,
tinuous on (0, 00);

(ii) for every compact set P C (0,00) there are finite
constants 0 < ¢ < C such that for all points of

differentiability of o; Land i = 1,...,n we have

0<c<(o;Y)(r)<C, VYreP (44)

(iii) for all » > 0 it holds that I'(c(r)) < o (7).

By [7, Theorem 8.11] the existence of an 2-path o follows
from the small gain condition (16) provided an irreducibility
condition is satisfied. To define this notion we consider the
directed graph G(V, E) corresponding to I' with nodes V =
{1,...,n}. A pair (¢,j) € V x V is an edge in the graph if
vij 7 0. Then I is called irreducible if the graph is strongly
connected, see e.g. the appendix in [4] for further discussions
on this topic.

We note that if ' is reducible, then it may be brought into
upper block triangular form by a permutation of the indices

Tii Ti2 Tia
0 Yo Toq

I'= ) . (45)
0 .. 0 Yy

where each block Tj; € (Koo U {0})% %% j = 1,...,d, is
either irreducible or 0.
The following is an immediate corollary to [7, Theo-
rem 8.11], where the result is only implicitly contained.
Corollary 3.4: Assume that I" defined in (13) is irreducible.
Then T satisfies the small gain condition if and only if an Q-
path o exists for Do I
Proof: The hard part is the implication that the small gain
condition guarantees the existence of an (2-path, see [7]. For
the converse direction assume that an 2-path exists for D oI’
and that for a certain s € R”}, s # 0 we have DoI'(s) > s. By
continuity and unboundedness of 0 we may choose a 7 > 0
such that o(7) > s but o(7) # s. Then s < D oTI(s) <
DoT(o(1)) < o(7). This contradiction proves the statement.
|

A. From Summation to Maximization

We now use the previous consideration to show that an
alternative approach is possible for the treatment of the mixed
ISS formulation, which consists of transforming the complete

formulation in a maximum formulation. Using the weak tri-
angle inequality (18) iteratively the conditions in (7) may be
transformed into conditions of the form (8) with

|lz:(t)| < Bi(l:(0)], 1) + Z%j(||xj[0,t]||oo) +7i(llull)

. (46)

< max{f;(|zi(0)], 1), max{7i; (|20, 1l )} Fi(llull o)}
@7)
for 7 € Is. To get a general formulation we let j1,..., j,

denote the indices j for which v;; # 0. Choose auxiliary
functions 70, ...,Mik, € Koo and define x;o := (id + 7;0)
and x; = (id +njg') o ... 0 (id + 771‘7(1171)) o (id +ny), | =
L. kg, and Xk, 41) = (id—i—n;ol) 0---0 (id—i—n{é), Choose
a permutation 7; : {0,1,...,k;+1} — {0,1,...,k; + 1} and
define

Bi = Xim;(0) © Bis  Vijy = Ximi(1) © Visy »
F=1,.. . ki % = Ximi(kit1) © Vi

(48)

and of course 7;; = 0, j ¢ {j1,-..,Jk, }- In this manner the
inequalities (46) are valid and a maximum ISS formulation
is obtained. Performing this for every ¢ € Iy, we obtain an
operator I' : R — R defined by

(Fa(s)... .,ms))T , (49)

where the functions I R? — R, are given by
Di(s) := max{7i1(s1), ..., Yin(sn)} for i € Ir and T;(s) :=
max{7i1(s1),...,%in(sn)} for i € Iynax. Here the 7;;’s are
given by (48), whereas the 7;;’s are the original gains.

As it turns out the permutation is not really necessary and it
is sufficient to peel off the summands one after the other. We
will now show that given a gain operator I' with a mixed or
pure sum formulation which satisfies the small gain condition
D oT % id, it is always possible to switch to a maximum
formulation which also satisfies the corresponding small gain
condition I' ¥ id. In the following statement k; is to be
understood as defined just after (47).

Proposition 3.5: Consider a gain operator I' of the form
(13). Then the following two statements are equivalent

(1) the small gain condition (20) is satisfied,
(ii) for each i € Is there exist 10, -, i (ki+1) € Koos
such that the corresponding small gain operator I satisfies

the small gain condition (16).

Remark 3.6: We note that in the case that a system (6)
satisfies a mixed ISS condition with operator I', then the
construction in (46) shows that the ISS condition is also
satisfied in the maximum sense with the operator I. On the
other hand the construction in the proof does not guarantee
that if the ISS condition is satisfied for the operator T then it
will also be satisfied for the original T'.

Proof: “=": We will show the statement under the
condition that I' is irreducible. In the reducible case we may
assume that I' is in upper block triangular form (45). In each
of the diagonal blocks we can perform the transformation
described below and the gains in the off-diagonal blocks are
of no importance for the small gain condition.
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In the irreducible case we may apply Corollary 3.4 to obtain
a continuous map o : [0,00) — R, where 0; € K for every

component function of ¢ and so that
DoToo(r) <o(r), 7> 0.

Define the homeomorphism 7' : R} — R}, T : s
(01(81)y---,0n(5,)). Then T"Y o DoT o T % id and we
have by (50) for e = Y, e;, that

T(re)=0(r) > Dol oo(r)

for all 50)

=DoloT(re),
so that for all 7 > 0

T 'oDoToT(re) < Te. (51)

We will show that T=! o T o T'(7e) < Te for an appropriate
choice of the functions 7;;. By the converse direction of
Corollary 3.4 this shows that 7-! o T o T" # id and hence
I #id as desired.

Consider now a row corresponding to ¢ € Iy and let
Jis--.,Jjr, be the indices for which ~;; # 0. For this row
(51) implies

cri o(id+ «a)o Z’yw oj(r <r, Vr>0, (52
J#i

or equivalently
(id+a)o Z’yuoa]oa ooi(r) <oi(r), Vr>0.

J#i
(53)

This shows that
(id+a)o Z'ywoajoo <id, on (0,00). (54)

J#

Note that this implies that (id — Zj# Yij 0 0j 0 0;1) € Ko
because o € K. We may therefore choose 4;; > ;5 00; 0
a;l,j = J1,...,Jk; in such a manner that

ki
d=> Fiji €K
=1

Now define for I =1,...,k;

= | id =" A,

k<l

A1
°%, € K-

It is straightforward to check that

(id + na1) <ld Z%]k> o ’Ym )

k<l
-1

o= (0T ) (- S
k<l k<l

With x;; := (id+n;,")o...0
that

(id+77;(1171) )o(id+mn;;) it follows

Xil ©Yij, © 05, oai_l = (id—l—ni_ll)o o(id+n;ll_l)o(id—|—ml)

-1 _ -1 -1 _ .
0%ij, © 05, ©0; © =75, ©%ij 005 00, <id.

This shows that it is possible to choose 7;;,7 € Iy, such that
all the entries in T~ !oIl'oT are smaller than the identity. This

shows the assertion.

“«<": To show the converse direction let the small gain
condition (16) be satisfied for the operator I. Consider i € I.

We consider the following two cases for the permuta-
tion 7 used in (48). Define p := min{n(0),w(k; + 1)}.
In the first case {w(0),nm(k; + 1)} {ki,k; + 1}, ie.,
w(l) < p,V 1 € {1,...,k;}. Alternatively, the second case
is3e{l,....k}:w() >p.

We define «; € K, by

-1

Ny © > Vi © Z%‘j) ,
m(1)>p
= if 3je{l,... k}: 7r()>p, (55)
Mip—1° Y45, —1(, 1) ° (Z%g) )
if Vj € {1,...,]51-} w(j) <p.
Consider the ith row of Dol and the case 35 € {1,...,k;}:

7(j) > p. (Note that forno [ € {1, ..., k;} we have () = p).

(id+ai) Z%] +0410271]

= 271] + nzp Z ’Y’L]L
w(l)>p

—1
o <Z 'Yij) o Z%‘j
J J
= >+ My © 2 Vi
J

w(l)>p .
> Yij T (id+m, ) o
m(l)<p

J

> gt -
w(l)>p
(56)
Applying the weak triangle inequality (18) first to the right-
most sum in the last line of (56) and then to the remaining
sum we obtain

D vt ldno D0
w(l)<p w(l)>p
Z Yig, + max{(id + 7i,p—1) © Vix-1(p-1)

w(l)<p—1
(id 4+ m; p_y) o (id + ;') max {(id + Nipp1) ©

o(id + ’7;,71(1)71) o (id + niry) © Viji }} < - -

< mlaX{Xm(z) °Yij - (57)
The last expression is the defining equation for
Li(s1,---580) = ,Jnax, {Xizr@) © iz (s5)}. Thus from

ERRRELAY’

(56), (57) we obtain I'; > (D oT);.
Consider now the case VI € {1,...,k;} =(l) < p. A
similar approach shows that I'; > (D o I');. Following the
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same steps as in the first case we obtain

Z’yu Z'yz] +771p 10’713 7=1(p—1)
Z Vi

w(l)<p—1
D v+ max{(id + mip-2) 0 %ij_1(, s
w(l)<p—2
(id + 771’_,17172) o (id + n;,(p—1)) © %‘,j,,_l(p_l)}
<... < mlaX{Xiﬂ(l) © Yiji } -

(id + o)

ld+n1p 1)071

Fr=1(p-1)

(58)

Again from (58) I'; > (D o T),. N
_ Taking o = mina; € Koo it holds that I' > D o I'. Thus if
[ #id, then Dol % id. m

IV. SMALL GAIN THEOREM

We now turn back to the question of stability. In order to
prove ISS of (6) we use the same approach as in [4]. The main
idea is to prove that the interconnection is GS and AG and
then to use the result of [19] by which AG and GS systems
are ISS.

So, let us first prove small gain theorems for GS and AG.

Theorem 4.1: Assume that each subsystem of (6) is GS and
a gain matrix is given by I' = (§;;)nxn. If there exists D as
in (19) such that T o D(s) # s for all s # 0,5 > 0, then the
system (1) is GS.

Proof: Let us take the supremum over 7 € [0,¢] on both
sides of (9), (10). For ¢ € Iz] we have

_ < ai(lz(0 o) T Ailllull)
(59
and for i € I, it follows
20,1l < max{o;(|x;(0)]), max{Fs;( o)
J (60)

Yilllull o)}
T
Let us denote w = ([[z1j0,¢ll _,-- - [#njo.all )"

pa (o (|1 (0)]), 31 (llullo))

<
Il

b (0 (2 (O)]), 3o ()
(o (lz(0)]); (llulloo)),

where we use notation x and p; defined in (27). From (59),
(60) we obtain w < pu(I'(w),v). Then by Lemma 3.2 there
exists ¢ € Koo such that

¢l (|z(0)]), 3 (llull 1)
¢(llo([z(0)]) + A(llull o)1)
¢l (2NN + oI Hull )1

for all £ > 0. Hence for every initial condition and essentially
bounded input u the solution of the system (1) exists for all
t > 0 and is uniformly bounded, since the right-hand side of
(61) does not depend on ¢. The estimate for GS is then given
by (61). ]

Theorem 4.2: Assume that each subsystem of (6) has the
AG property and that solutions of system (1) exist for all

0.4l
(61)

ININAIA

positive times and are uniformly bounded. Let a gain matrix
' be given by I' = (7;;)nxn- If there exists a D as in (19)
such that T" o D(s) # s for all s # 0,s > 0, then system (1)
satisfies the AG property.

Remark 4.3: The existence of solutions for all times is
essential, otherwise the assertion is not true. See Example 14
in [4].

Proof: Let T be an arbitrary initial time. From the
definition of the AG property we have for ¢ € Iy

Z

lim sup |x;(t)
t—o0

(1200l ) +7illlulle)  (62)

and for ¢ € I ax

B Tilllulloo)}-

(63)
Since all solutions of (6) are bounded we obtain by [4,
Lemma 7] that

lim sup |5 (£)] < max{max{7y; ([|j{r.c0

t—o0o

lim sup |2;(¢)| = lim sup(||2;[r,00]loo) =: li(24), = 1,...,n.
t—o0 T—00

By this property from (62), (63) and [19, Lemma II.1] it
follows that

< Z%J

) +7:(llullo)

for i € Iy, and
li(zi) < max{maX{%g( (25)) s (lulloo) }

for i € I,,x. Using Lemma 3.2 we conclude

limsup (1) | < o(]1u].) (64
for some ¢ of class K, which is the desired AG property. H
Theorem 4.4: Assume that each subsystem of (6) is ISS and
let T' be defined by (13). If there exists a D as in (19) such
that T'o D(s) # s for all s # 0, s > 0, then system (1) is ISS.
Proof: Since each subsystem is ISS it follows in particular
that it is GS with gains 4;; < ~;;. By Theorem 4.1 the whole
interconnection (1) is then GS. This implies that solutions of
(1) exists for all times.

Another consequence of ISS property of each subsystem
is that each of them has the AG property with gains 7,; <
7vij- Applying Theorem 4.2 the whole system (1) has the AG
property.

This implies that (1) is ISS by Theorem 1 in [19]. [ ]

Remark 4.5: Note that applying Theorem 1 in [19] we lose
information about the gains. The gains can be explicitly found
using the framework of Lyapunov theory, see Theorem 5.3
in [7]. As well for the case of maximization of gains some
estimates for the resulting gain of an interconnection were
derived in [14].

Remark 4.6: In [17] it was shown for the cases [ = Ix;, [ =
Inax that small gain conditions (15) and (16) are equivalent to
ISS of the discrete system s = u(T'(s), v) with corresponding
w and I'. We expect that following argumentation as in the
proof of Theorem IV.1 in [17] and using Lemma 3.2 and
Corollary 3.4 it can be shown that the small gain condition
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(20) is equivalent to the ISS property of the corresponding
discrete system s = p(T'(s),v).

Remark 4.7: A more general formulation of ISS conditions
for interconnected systems can be given in terms of so-
called monotone aggregation functions (MAFs, introduced in
[16], [7]). In this general setting small gain conditions also
involve a scaling operator D. Since our construction relies
on Lemma 3.2 a generalization of the results in this paper
could be obtained if sums are replaced by general MAFs and
maximization is retained. We expect that the assertion of the
Theorem 4.4 remains valid in the more general case, at least
if the MAFs are subadditive.

The following section gives a Lyapunov type counterpart of
the small gain theorem obtained in this section and shows
an explicit construction of an ISS Lyapunov function for
interconnections of ISS systems.

V. CONSTRUCTION OF ISS LYAPUNOV FUNCTIONS

Again we consider an interconnection of n subsystems in
form of (6) where each subsystem is assumed to be ISS and
hence there is a smooth ISS Lyapunov function for each
subsystem. We will impose a small gain condition on the
Lyapunov gains to prove the ISS property of the whole system
(1) and we will look for an explicit construction of an ISS
Lyapunov function for it. For our purpose it is sufficient to
work with not necessarily smooth Lyapunov functions defined
as follows.

A continuous function o : Ry — R4, where «o(r) = 0 if
and only if » = 0, is called positive definite.

A function V : R™ — R, is called proper and positive
definite if there are 1,12 € K, such that

r(llzl]) < V() < ¢a(ll2)

Definition 5.1: A continuous function V' : R" — R, is
called an ISS Lyapunov function for the system (1) if

1) it is proper, positive definite and locally Lipschitz con-
tinuous on R™\{0}

2) there exists 7 € I, and a positive definite function «
such that in all points of differentiability of V' we have

Vr € R".

Vi(z) = y([ull) = VV(2) f(z,u) < —a(llz]).  (65)

Note that we do not require an ISS Lyapunov function to be
smooth. However as a locally Lipschitz continuous function it
is differentiable almost everywhere.

Remark 5.2: In Theorem 2.3 in [7] it was proved that the
system (1) is ISS if and only if it admits an (not necessarily
smooth) ISS Lyapunov function.

ISS Lyapunov function for subsystems can be defined in the
following way.

Definition 5.3: A continuous function V; : RV — R, is
called an ISS Lyapunov function for the subsystem i in (6) if

1) it is proper and positive definite and locally Lipschitz
continuous on RYi\{0}

2) there exist v;; € Koo U{0}, j=1,...,n,i#j, v €K
and a positive definite function «; such that in all points of
differentiability of V; we have

for i € Iy,
Vi(zi) > via(Vi(z1)) + - o+ Yin(Va(2n)) + vi(([u]]) =
VVi(z:) fi(z,u) < —ay(]|2]]) (66)
and for ¢ € Lnax

Vl('rt) 2 maX{’Yil(Vl(xl))v ce a7i7L(VrL(x’rL))’ '71(””“)} =
VVi(w:) fi(z, u) < —os([Jo])- (67)

Let the matrix I' be obtained from matrix ' by adding
external gains ~; as the last column and let the map I :
R’ — R” be defined by:

f(sv 7“) = {Fl (Sa ’I"), e 7Fn(87 T)} (68)

for s € R? and r € Ry, where T; : R — R, is given by
E(s,r) i=vi1(s1) + -+ + Yin(Sn) + 7:i(r) for i € I and by
Ti(s,r) := max{v;1(81), ..., Vin($n),7i(r)} for i € I,
Before we proceed to the main result of this section let us
recall a related result from [7] adapted to our situation:
Theorem 5.4: Consider the interconnection given by (6)
where each subsystem ¢ has an ISS Lyapunov function V; with
the corresponding Lyapunov gains ~;;, v;, 4,j = 1,...,n as
in (66) and (67). Let T be defined as in (68). Assume that
there is an 2-path o with respect to I" and a function ¢ € K,
such that
Vr > 0.

L(a(r), ¢(r)) < o(r), (69)

Then an ISS Lyapunov function for the overall system is given
by
V(z) =

max g7 (Vi(24)).

i=1,...,n

We note that this theorem is a special case of [7, Theorem 5.3]
that was stated for a more general I' than here. Moreover it
was shown that an )-path needed for the above construction
always exists if I' is irreducible and I 2 id in R"}. The pure
cases Iy = I and I,,x = I are already treated in [7], where
the existence of ¢ that makes Theorem 5.4 applicable was
shown under the condition D o I" % id for the case Iy = [
and I' % id for the case I = 1.

The next result gives a counterpart of [7, Corollaries 5.5
and 5.6] specified for the situation where both Iy, and I .x
can be nonempty.

Theorem 5.5: Assume that each subsystem of (6) has an
ISS Lyapunov function V; and the corresponding gain matrix
is given by (68). If I is irreducible and if there exists D, as in
(19) such that I'o D, (s) # s for all s # 0,s > 0 is satisfied,
then the system (1) is ISS and an ISS Lyapunov function is
given by
Ui_ ! (‘/Z(xl))a

V(z) = max (70)

i=1,...,n
where o € K7, is an arbitrary (2-path with respect to D oI
Proof: From the structure of D,, it follows that
o; > (id+a«a)oT;(o),
g, > Fz (CT),

1 E IE,
1 € Inax-

The irreducibility of I' ensures that I'(c) is unbounded
in all components. Let ¢ € K, be such that for all
r > 0 the inequality a(T;(o(r))) > _Iax ~i(o(r))
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holds for ¢ € Iy and T;(o(r)) > . nax ~i(o(r)) for

i € Inax. Note that such a ¢ always exists and can be
chosen as follows. For any v; € K we choose ¥; € K
such that 4; > ~;. Then ¢ can be taken as ¢(r) :=
ymin{ min 57 (a(Ti(o(r)),_min 577 (Ti(o(r)))}-
Note that ¢ is a K, function since the minimum over K,
functions is again of class K. Then we have for all

r > 0,1 € I, that
oi(r) > Dioli(a(r)) =Ti(a(r)) + a(li(o(r)))
> Ti(a(r)) +7i(¢(r)) = Ti(o(r), ¢(r))

and for all » > 0,7 € L.y
oi(r) > Djol'i(a(r)) = I'i(o(r)) = max{Ti(c(r)),vi(é(r))}
(o(r), o(r)).

=T,

Thus o(r) > T(o(r),¢(r)) and the assertion follows from
Theorem 5.4. ]

The irreducibility assumption on I' means in particular that
the graph representing the interconnection structure of the
whole system is strongly connected. To treat the reducible case
we consider an approach using the irreducible components of
I'. If a matrix is reducible it can be transformed to an upper
block triangular form via a permutation of the indices, [2].

The following result is based on [7, Corollaries 6.3 and 6.4].

Theorem 5.6: Assume that each subsystem of (6) has an
ISS Lyapunov function V; and the corresponding gain matrix
is given by (68). If there exists D, as in (19) such that I" o
D, (s) 2 s for all s # 0,s > 0 is satisfied, then the system
(1) is ISS, moreover there exists an (2-path ¢ and ¢ € K
satisfying T'(o(r), ¢(r)) < o(r),¥ r > 0 and an ISS Lyapunov
function for the whole system (1) is given by

Vi@) = max o7 (Vi(a).

Proof: After a renumbering of subsystems we can assume
that T is of the form (45). Let D be the corresponding diagonal
operator that contains id or id 4 « on the diagonal depending
on the new enumeration of the subsystems. Let the state x
be partitioned into z; € R% where d; is the size of the ith
diagonal block T;;, ¢ = 1,...,d. And consider the subsystems
>J; of the whole system (1) with these states
T )T

7:E¢IJ‘+1 ’

(T T
zj = (Tg, 41, Tg 420 - -

where ¢; = Y2/_!d;, with the convention that ¢, = O.
So the subsystems 3J; correspond exactly to the strongly
connected components of the interconnection graph. Note that
each T;;,7 = 1,...,d satisfies a small gain condition of
the form Y;; o D; # id where D; : R4 — R% is the
corresponding part of D,,.

For each X; with the gain operator Y;;,7 = 1,...,d and
external inputs z;41, ..., 24, v Theorem 5.5 implies that there

is an ISS Lyapunov function W; = max G, (Vi)
1=q;+1,...,q541

for 33, where (04, 11,...,04,,,)" is an arbitrary Q-path with
respect to Y;; o D;. We will show by induction over the
number of blocks that an ISS Lyapunov function for the whole

system (1) of the form V() = max o; '(V;(x;)) exists, for

i=1,...,n

an appropriate o.

For one irreducible bock there is nothing to show. Assume
that for the system corresponding to the first & — 1 blocks
an ISS Lyapunov function exists and is given by Vi_; =

state (Zx—1,2k), where Zp_1 := (z1,..
have the implication

., 2k—1)T. Then we

Vio1(Gro1) > V1.6 (We(zk)) + Ve—1.(Jul) =

Vi1 Geo) fo1 Gty 2k u) < —a1 (| Zaall)

where Y_1 k, Vk—1,. are the corresponding gains, fk,l, Qp_1
are the right hand side and dissipation rate of the first k£ — 1
blocks.

The gain matrix corresponding to the block & then has the

form
= (0 Y1k Ve-tu
F’“(O 0w )

For T';, by [7, Lemma 6.1] there exist an Q-path 7% =
(oF,55)T € K2, and ¢ € K such that Ty(c*, ¢) < GF
holds. Applying Theorem 5.4 an ISS Lyapunov function for
the whole system exists and is given by

Ve = max{(@})" (Vi) (35) " (Wi)}

A simple inductive argument shows that the final Lyapunov
function is of the form V(z) = kH}aXd(Uk_l(Wk(zk))7 where

for k=1,...,d — 1 we have (setting o9 = id)
_ g1y -1 =1 1y —1
op = (617") eo(ar) e(az)

and o4 = 537", This completes the proof. u

VI. CONCLUSION

We have considered large-scale interconnections of ISS
systems. The mutual influence of the subsystems on each
other may either be expressed in terms of summation or
maximization of the corresponding gains. We have shown
that such a formulation may always be reduced to a pure
maximization formulation, however the presented procedure
requires the knowledge of an (2-path of the gain matrix, which
amounts to having solved the problem. Also an equivalent
small gain condition has been derived which is adapted to the
particular problem. A simple example shows the effectiveness
and advantage of this condition in comparison to known
results. Furthermore, the Lyapunov version of the small gain
theorem provides an explicit construction of ISS Lyapunov
function for the interconnection.
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