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Construction of iISS Lyapunov functions for interconnected parabolic
systems

Andrii Mironchenko! and Hiroshi Ito?

Abstract— This paper develops tools to construct Lyapunov
functions establishing integral input-to-state stability (ilSS) and
input-to-state stability (ISS) for several classes of nonlinear
parabolic equations. Using these constructions and an infinite-
dimensional iISS small-gain theorem we provide a stability
criterion for interconnections of iISS parabolic systems. We
show that for interconnections of partial differential equations
it is essential to choose right state and input spaces, especially
for iISS subsystems which are not ISS.

I. INTRODUCTION

Input-to-state stability (ISS) unified into one framework
two different types of stable behavior: asymptotic stability
and input-output stability [22]. Within ISS theory an effec-
tive method for study of interconnected systems has been
developed, on the basis of Lyapunov methods and small-gain
arguments [14]. Nevertheless, saturation and limitations in
actuation and processing rates, which are often encountered
in the real-world systems, prevent these systems of being
ISS, since the state of such systems stays bounded as long
as the magnitude of the applied inputs remains below a
specific threshold, but becomes unbounded when the input
magnitude exceeds the threshold. However, these systems
often possess a weaker stability property, called integral
input-to-state stability (iISS) [21], [2]. Nowadays Lyapunov
and small-gain theory for iISS and iISS-like systems are as
powerful as its ISS counterparts [2], [8], [11], [1], [15], [9].

Recently a development of an ISS and iISS theory for
partial differential equations (PDEs) has been started. In [13],
[4], [5], [16], ISS of infinite-dimensional systems

X(t) =Ax(t) + f(x(2),u(?)), x(t) e X,u(t) eU (1)

has been studied via methods of semigroup theory [12],
[3]. Here the state space X and the space of input values
U are Banach spaces, A : D(A) — X is the generator of
a Cp-semigroup over X. Many classes of evolution PDEs,
such as parabolic and hyperbolic equations are of this kind
[71, [3]. As in the case of finite-dimensional systems [22],
existence of an ISS Lyapunov function is sufficient for
ISS of (1) (see [4]). This motivated the results in [4] on
constructions of ISS Lyapunov functions for a class of
parabolic systems belonging to (1). More direct approach
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to the construction of Lyapunov functions for some classes
of nonlinear parabolic and linear time-varying hyperbolic
systems has been proposed in [17], [20]. In [13] and [16],
systems (1) with a sector-bounded nonlinearity f have been
investigated via frequency-domain methods.

To the best of the authors’ knowledge, except for time-
delay systems, the study devoted to Lyapunov functions for
iISS of infinite-dimensional systems has been started in [18],
where equivalence of iISS and uniform global asymptotic
stability for bilinear distributed parameter systems has been
shown. The second result in [18] is an extension to bilinear
systems over Hilbert spaces of a method from [21] for
construction of iISS Lyapunov functions for bilinear ordinary
differential equations (ODEs).

The abstract small gain type theorem proposed in [15]
includes infinite-dimensional systems, but the applications of
this framework to PDEs are not addressed. In [4], [5], ISS of
large scale systems whose subsystems are in the form of (1)
has been studied and the ISS small gain theorem, already
available for finite-dimensional systems (see [14], [6]) has
been extended to the infinite-dimensional systems. However,
the method does not accommodate iISS subsystems which
are not ISS.

This paper studies stability of interconnections of two
parabolic systems, each of which is of the form

ox 9%x N
E:CW—l—f(x(l,t),%(l,t),u(l,t)), Vi>0, (2)

where [ € (0,L), x(I,#) € R. This class of systems (2) allows
more general functions f than the class considered in [4],
[18], and possesses systems, which are not ISS. The primary
goal of this paper is to accomplish an iISS small gain
theorem [11], [9], originally proved for finite-dimensional
systems, in the infinite-dimensional setting. In contrast to
the small-gain theorem from [4], we require ISS property
only from one subsystem and not from both of them; the
other subsystem may be only iISS.

When working with PDEs, it is crucial to choose the state
space in a right way. In particular, it is quite hard to find an
iISS parabolic system whose state and input spaces are both
L,-spaces, while such difficulties do not arise in ISS systems.
To address this issue, this paper reexamines constructions of
iISS and ISS Lyapunov functions for parabolic systems de-
veloped in [4], [18], and actively exploits Sobolev spaces as
state spaces. For interconnections of PDE systems additional
difficulties arise since we need not only to choose right state
and input spaces for every subsystem, but also to match them
with the state and input spaces for other subsystems. Last
but not least, incompatibility of spaces in the time domain,



which is crucial for interconnections of ODE systems, is
as important for PDE systems. All these issues make study
of interconnections of iISS infinite-dimensional systems a
challenging problem, which we solve here for some classes
of parabolic systems in one-dimensional spatial domain.

This paper does not contain the proofs of the presented
results and is a preliminary version of the paper [19]. For
the proofs as well as for detailed discussions of results please
consult [19].

Notation

We define R, := [0,), and the symbol N denotes the
set of natural numbers. By C(R;,Y) we denote the space
of continuous functions from R, to Y, equipped with the
standard sup-norm. We use the following function spaces:

CS(O,L) is a space of k times continuously differentiable
functions f : (0,L) — R with a support compact in (0,L).
L,(0,L), p>1is a space of p-th power integrable func-
1/p
tions f: (0,L) — R with | fll1, o) = (5 LF@)1Pat)

WP (0,L) is a Sobolev space of functions f € L,(0,L),
which have weak derivatives of order < k, all of which
belong to L,(0,L). Norm in W*P(0,L) is defined by

9 1/p
||f|\wkp0L (B Ercot |G| ar) ™
(O,L) is a closure of Ck(0,L) in the norm
of WkP(0,L). We endow WoP(0,L) with a norm

1
g, = (1850 ) v
| - HWAp 0.L) ON WP (0,L), see, [7, p.8].
HK(0,L) = W“mmjwumzmﬁmm.
To define and analyze stability properties we use so-called
comparison functions

equivalent to the norm

P ={yeCR,Ry)| 7(0)=0, y(r) >0 for r >0}

H ={ye P| yis strictly increasing }

Heo  ={y€ x| v is unbounded }

A :={y:R; — R, | 7 is continuous and strictly
decreasing with zlg?o y(t) =0}

H L ={B:Ry xR, —R,;| B is continuous,

B(-,t)e X, vt >0, B(r,-) €L, Vr>0}
II. PROBLEM FORMULATION

Consider the system (1) and assume throughout the paper
that X and U are Banach spaces and that input functions
belong to the space C(R;,U). Let also T be a semigroup
generated by A from (1). Under (weak) solutions of (1) we
understand solutions of the integral equation

() = A+/ths

belonging to C([0,7],X) for some 7 > 0.

We use the following assumption concerning nonlinearity
f throughout the paper

Assumption 1: Let f:X xU — X be Lipschitz continuous
on bounded subsets of X, uniformly with respect to the
second argument, i.e. VC > 0 3K(C) > 0, such that Vx,y:
Ix[lx <C, |lyllx <C, Vv eU, it holds that

1£v) = F e w)l[x < K(C)ly—xlx-

u(s))ds, Vr €10,7] (3)

“4)

4

Let also f(x,-) be continuous for all x € X.

Since the inputs belong to C(R;,U), Assumption 1 en-
sures that the weak solution of (1) exists and is unique, ac-
cording to a variation of a classical existence and uniqueness
theorem [3, Proposition 4.3.3].

Let ¢(z,¢0,u) denote the state of a system (1), i.e. the
solution to (1), at moment # € R associated with an initial
condition ¢ € X at t =0, and input u € C(R4,U). Next we
introduce stability properties for the system (1).

Definition 1: System (1) is globally asymptotically stable
at zero uniformly with respect to state (0-UGASs), if 3 €
JH L, such that V@g € X, Vr > 0 it holds

162, 60,0)l[x < B(llgollx1)- (5)
To study stability properties of (1) with respect to external
inputs, we use the notion of input-to-state stability [4]:
Definition 2: System (1) is called input-to-state stable
(ISS), if there exist B € L and y€ #: Vg € X, Yu €
C(R.4,U) and V¢ >0 it holds that
19, 00,u)llx < B(llgollx,1) +( p e [ut)llw)- (6
s€[0,t
If the system is not ISS, it may still have some sort of
robustness. Thus we introduce another stability property
Definition 3: System (1) is called integral input-to-state
stable (iISS) if there exist o € o, W € A and B € XL
such that the inequality
3
(19(¢.90.) ) < B(lnllx.t) + [ wllu@)llo)ds )
holds V¢ € X, Vu € C(R4,U) and Vt > 0.
The following defines a useful notion for studying iISS.
Definition 4: A continuous function V : X — R is called
an iISS Lyapunov function, if Iy, yn € Ho, A € P, 6 € K-

vi([lxllx) <V(x) <ya(llxllx), vxeX ®)
and system (1) satisfies
Viu(x) < —a([|x]|x) + o ([[u(0)[|v) ©)
for all x € X and u € C(R,,U), where
V() = Tm L(V(Q(xuw) V(). (10)

t—+0t

Furthermore, if hm a(‘c) = oo Or hmmfa( ) > lim o(7)
T—vo0

holds, V is called an ISS Lyapunov functwn

We write V instead of V,,(x) when it is clear along which
solutions the derivative is taken.

Proposition 1 (Prop. 1, [18]): If there exist an iISS (resp.
ISS) Lyapunov function for (1), then (1) is iISS (resp. ISS).

As a rule a construction of a Lyapunov function is the
only realistic way to prove ISS/AISS of finite-dimensional
systems. In the next sections we propose a method for
constructing iISS and ISS Lyapunov functions for subclasses
of a parabolic equation (2). Then we show how to construct
the Lyapunov functions for systems of PDEs from the infor-
mation about Lyapunov functions of subsystems by means
of an small-gain approach.



ITI. ISS LYAPUNOV FUNCTIONS FOR A CLASS OF
NONLINEAR PARABOLIC SYSTEMS: SOBOLEV STATE
SPACE

The purpose of this section is to develop a Lyapunov-type
characterization of ISS for PDEs in (2). In several papers
such characterizations for parabolic systems whose state
space is an L, space have been provided [17], [4]. However,
as we will see in Section VII the iISS systems in many cases
cannot have the L, space both as an input and state space.
Since our final goal is to consider interconnections of iISS
and ISS systems, we need to have the constructions of ISS
Lyapunov functions with Sobolev state spaces. This section
provides one of such constructions.

Consider a system

0 02
a—’; :"aT;C +F (1), & (11)

defined on the spatial domain (0,L) with the Dirichlet
boundary conditions

x(0,¢) =x(L,t) =0,

(Lt)) +u(l,r), V>0

vt > 0. (12)

The next theorem gives a sufficient condition for ISS of (11)
w.r.t. the state space X = WO1 ’zq(O,L), g € N and certain types
of spaces U of input values.

Theorem 2: Suppose

[ 2y ()= [n((3))a a9

holds for all twice continuously differentiable x € WO1 ’2q(O,L)
with some convex continuous function 1 : R, — R and some
€ > 0 such that

R 2 s
&s):= pz(e—e)s+Ln (Z) >0, VseR,.  (14)
Then
L ox
v = [ (50) =1, 09

is an ISS Lyapunov function of (11)-(12) with respect to the
space U = Lyy(0,L) of input values and U = W,“(0,L) N
W224(0,L) as well.

According to (9), iISS allows the decay rate of V to be
much slower for large magnitude of state variables (since
a € £ can be bounded) than ISS can allow. This indicates
that significantly different constructions for iISS Lyapunov
functions are needed. Next section is devoted to this question.

IV. iISS OF A CLASS OF NONLINEAR PARABOLIC
SYSTEMS: L, STATE SPACE

Consider a system

ox 2%x

il + f(x(L,2),u(l,1)), Vr>0 (16)
defined on the spatial domain (0,L) with
dx dx
x(0,1) = 3 (0,1) =x(L,t) = 3 (L,t)=0, Vt>0 17)

which represents boundary conditions of Dirichlet, Neumann
or mixed type. The state space for (16) we choose as X =

L,(0,L) for some ¢ € N and input space we take as U =
L.(0,L) and HJ(0,L).
Define the following ODE associated with (16) given by

¥() = f(y(0),u(r)), y(1),ult) €R. (18)

The next theorem provides a construction of an ilSS Lya-
punov function for systems of the form (16).
Theorem 3: Suppose that W : y — y*¢ satisfies

W(y) :=2gy"" f(y,u) < —a(W () + W ()0 (|ul)

for some o € #,U{0}, o0 € # . Let any of the following
conditions hold:
1) x(0,¢) =0 for all t >0 or x(L,7) =
2) o is convex and .
Then an iISS Lyapunov function of (16) with (17) with
respect to the spaces of input values U = Lo,(0,L) as well as
U = H}(0,L) is given by

19)

0 for all £ > 0.

V(x) =In(1+Z(x)), (20)
where Z is defined as
2= [ W= g @D
Furthermore, if o is convex and satisfies
timinf 2 — o, 22)
s—ye0 g

then V given above is an ISS Lyapunov system of (16) with
(17) with respect to U = L(0,L) as well as U = H}(0,L).
The term W(y)o(|u|) in (19) allows to analyze PDEs (16)
with bilinear or generalized bilinear terms which do not
possess ISS property.

Remark 4: One should choose an input space carefully.
First we verified iISS of the system (23) for the input
space L.(0,L). For many applications this choice of input
space is reasonable and sufficient. However, in intercon-
nected systems the input to one system is a state of another
system. Thus, having L.(0,L) as an input space of the first
subsystem automatically means that it is a state space of
another subsystem, which complicates the proof of its ISS,
since the constructions of Lyapunov functions for this choice
of state space are hard to find (e.g. how to differentiate
such Lyapunov functions?), if possible. As we have seen
in Section III, the choice of H}(0,L) instead of L..(0,L)
resolves the problem.

V. iISS OF A CLASS OF NONLINEAR PARABOLIC
SYSTEMS: SOBOLEV STATE SPACE

Instead of the L), state space we used for characterizing
iISS in Section IV, in this section Sobolev state spaces are
used to establish iISS. We consider

X Z.X
g 2(00) + 2 0.0t

= =C=5 + It
FTRRRFTE it )
(0,L) x (0,0) with the Dirichlet boundary

(23)

defined for (I,1) €
conditions

x(0,) =x(L,t) =0, V>0, (24)



Taking X = WO1 ’2"(0,L), q € N we can verify the following.
Theorem 5: Suppose that (13) holds for all x € X with

some convex continuous function 11 : Ry — R and some € €

R4 s. t. (14) holds. If € > 0, then the function V given by

V(x) =In(14+Z(x)), (25)
- L 8x 2q B 2g
2= ["(57) d= I, @O

is an iISS Lyapunov function of (23)-(24) w.r.t. the space
U = L..(0,L) of input values and U = H}(0,L) as well.

VI. INTERCONNECTIONS OF iISS SYSTEMS

Consider the following interconnected system:

Xi(t) = Apxi(t) + filx1,x2,u), i=1,2

xi(t) €X;, u€C(Ry,U), (27)

where X; is a state space of the i-th subsystem, A4;: D(4;) —
X; is a generator of a strongly continuous semigroup over X;.
Let X = X; x X, which is the space of x = (x1,x;), and the
norm in X is defined as ||-||x = || ||x, +1| - ||x,- In this section,
we assume that there exist continuous functions V; : X; — R,
Vi, Wi € Koo, 04 € P, 0; € X and K; € # U{0} fori=1,2
such that

Vi ([lxillx,) < Vilxi) < wia([lxillx,)
and system (27) satisfies
Vi(xi) < —oi([lxillx,) + oi[lxs-illx; ) + i ([[u(0)[[v)  (29)

for all x; € X;, x3—; € X3_; and u € C(R;,U), where the Lie
derivative of V; corresponding to the inputs u € C(R;,U)
and v € PC(Ry,X3_;) with v(0) =x3_; is defined by

Vx; € X; (28)

Vi) = Tm S (Vi(@u(r,xv,0)) — Vi),

30
t—+0 1 (30

To present a small-gain criterion for the interconnected
system (27) whose components are not necessarily ISS, we
make use of a generalized expression of inverse mappings
on the set of extended non-negative numbers R, = [0,00].
For € %, define the function “: R, — R, as ®°(s) =
sup{v € Ry : s > @(v)}. Notice that ®“(s) = e holds for
s > lim; . ®(7), and @ (s) = ®~'(s) holds elsewhere. A
function @ € # is extended to ®: Ry — Ry as o(s) :=
SUPyefyeR, :y<s} @(V). These notations are useful for present-
ing the following result succinctly.

Theorem 6: Suppose that

S11_>I£1005i(5) = oo Or S11_>r£1063,,-(s)1<,'(1) < oo 31
is satisfied for i = 1,2. If there exists ¢ > 1 such that
v oynoayocoioyy oymoas ocoa(s) <5 (32)

holds for all s € R, then system (27) is iISS. Moreover, if
additionally o; € . for i = 1,2, then system (27) is ISS.
Furthermore,

Vi) V()
w@:A’IM@m+AZQM@w (33)

4P

is an iISS (ISS) Lyapunov function for (27), where A; € ¢
is given for i = 1,2 by

Ai(s) = lea(yi (Vo315 DIV Vs €Ry - (34)
with an arbitrary y > 0 satisfying

v=0 Jdf e >2

- c .
YoVl < 7‘I/+1 <1 ,otherwise.
It is straightforward to see that there always exists y > 0
satisfying (35). It is also worth mentioning that the Lyapunov
function (33) is not in the maximization form, employed in
[4] for establishing ISS. The use of the summation form (33)
for systems which are not necessarily ISS is motivated by
the limitation of the maximization form and clarified in [10]

for finite-dimensional systems.

(35)

VII. EXAMPLES

This section exploits obtained results to analyze two
reaction-diffusion systems.

A. Example 1

Consider a nonlinear interconnected parabolic system

0 92
%(171‘) = a;;l (l7t)+xl(lvt)x§(lat)a

)C](O,I) le(ﬂ?,t) =0;
)+ ()

2
% = %—!—axz—bxz(
)Q(O,t) Z)C2(7'E7t) =0.
defined on the region (I,¢) € (0,7) x (0,e0). To fully define
the system we should choose the state spaces of subsystems.
We take X; := L,(0,7) for xi(-,¢) and X, := H}(0,7) for
x2(+,t) as in Table I (a). We are going to analyze UGASs
of (36). We divide the analysis into three parts. We omit
technical details of the argument. They can be found in [18].
1) The first subsystem is ilISS: First we invoke Item 1 of
Theorem 3 with ¢ =1 to see that V| defined by

(36)
g

1 +x%

Jx

dl

- =

Vi(x) 3:1n(1+||x1”%2(0,n)) 37
is an iISS Lyapunov function for x;-subsystem. According
to the proof of Theorem 3 (see [19]), it holds that

2/l%1117, 0,2

—— s (33)
L+ |xg ||%2(0,ﬂ)

4
1 < +2[lx2l7.0,7)-

To replace Lo.(0,7) with X, = H}(0,7) for the input space
used in (38), we recall Agmon’s inequality which results in

2||x1 2
Ly(0.7) +8hﬂ%wm’ >

NI

)

Vi(x) <

and x;-subsystem is iISS w.r.t. the state space X; = L»(0,7)
and the input space X, = H} (0, 7).



2) The second subsystem is ISS provided a <0 and b > 0:
We invoke Theorem 2 with g = 1. As in (15), let

VQ()CQ) = /OE (%)2611

Notice that x,- subsystem is of the form (11) with ¢ =1,
S (x2, aal )=axy — b)Cz( 2)2, To arrive at (13), we obtain by
integration by parts

[ s (22

Due to x2(0,1) = x3(7,1) =

e G == [ (o G+ () )

which implies that
8xZ
dl.
34 G

T 82)(2
o
Define Vs € Ry
_ bo oy b
n(s) = —as+ 35 o(s)=(1—a—¢g)s+ FP)
For b > 0 1 is convex and satisfies (13). The inequality in
(14) is achieved for € =1 —a > 0 provided a < 1.

Hence, if a <1 and » > 0 hold, Theorem 2 with g =1
shows that for @ € (0,2(1 — a)], the function V, satisfies
(with € =1 —a, see [19])

Vs < —2(1-a— )W) — 22va ()24

- 2 3r
where we denote uy := (x}/(1+1x3))

Since s — s/(1+s) is a concave function of s € Ry,
Jensen’s inequality yields

/,, q oen (1/m) %117, 0.
o T+t = T/ mnllon

Using this property in (42) we have

= Hx2||;{1 0m)° (40)

0 for all t € R, we have

(8)62 (41)

2

1
ualiE 0 42)

1/2.

711z, 0.1

1+ [xy ||i2(077;) .

2b

. ® 2 4
Va < =21 —a— )kl 0.~ 5 12l 0.0

x x ||%2(07n) (43)

o1+ Hxl||%/z(07n_) ’

Therefore, V; is an ISS Lyapunov function of x;-subsystem
with respect to the state space X, = H{ (0,7) for x,(-,t) and
the input space X; = L,(0,7) for x;(-,1).

Although property (43) is satisfactory for establishing
UGASSs of the overall system (36), one can obtain another
estimate for Vs, see [19].

3) Interconnection is UGASs: Now we collect the findings
of two previous subsections. Assume that a < 1 and b >
0. For the space X = L,(0,7) x H}(0,7), the Lyapunov
functions defined as (37) and (40) for both subsystems satisfy
(28) with the %, -functions wi; = w12 : s +— In(1 +s?) and
Yo =Y iS> s2. Due to (39) and (43), we have (29) for

2s? 4
al(s):1+s oi(s) =8s", xi(s)=0
(0] 2b T s
(Xz(s) =2 17075)5‘2*'“ §S4, 0-2(5') = 61—‘,—77 KZ(S) =0

4

&~ ))dl——an %) b/ 3;2 z(aax;)dl

TABLE I
USEFUL SPACES FOR INTERCONNECTIONS WITH AN iISS SUBSYSTEM.

(a) Choice #1
State values X;
1) L,(0,L)
2)  HNoL)
(b) Choice #2
State values X;

Input values U;
HI(0,L)
L (OvL)

iISS subsystem (i
ISS subsystem (i

Input values U;

iISS subsystem (i=1) H}(0,L) H(0,L)
ISS subsystem (i=2)  HI(0,L) Hi(0,L)
TABLE II

STANDARD SPACES FOR INTERCONNECTIONS OF ISS SUBSYSTEMS.

State values X;
=2) L,01)

Input values U;
L‘{(OvL)
L,(0,L)

ISS subsystem (i
ISS subsystem (i

defined with @ € (0,2(1 —a)]. For these functions, condition
(32) holds for all s € R} if and only if

s2 < 252
14+s2) = 1452’

is satisfied. Thus, there exists ¢ > 1 such that (32) holds
if and only if 67?/b < ® holds. Combining this with @ €
(0,2(1—a)], a< 1 and b >0, Theorem 6 establishes UGASs
of x =0 for the whole system (36) when

12c2 2
bw

VseR, (a4)

+ 3 <1
a4 =

b )
Note that (31) is satisfied. Due to the boundary condi-

tions of xp, Friedrichs’ inequality ensures ||x2(-,7)|z,(0,%) <

b>0. (45)

[le2 (-, 2) ] H(0.1)" Thus, the UGASs guarantees the existence

of B € # L st forall ¢g€X =L(0,7) x H}(0,7) and all
t € R, it holds that

16(:00.0) 11, 0,712 0.0 < 1612 90,0)lx <B(1Idully .1). (46)

B. Example 2

Consider

dxi . ale dxi 4

W(lvt) - 012 (l7t)+W(lat)x2(l7t)a

);(O,t) ;le (77:7t) =0; ) l (47)
X2 X2 X2 i 2

5= g ten—be(G] )+ (i)

X2(O t) —)C2(7E,t) =0.

defined on the region (I,¢) € (0,7) x (0,). For (47), we

take X; := HJ (0,7) and X, := H} (0, 7) as in Table I (b).
1) The first subsystem is ilISS: apply Theorem 5 to xi-
subsystem on X; = H} (0,7) by taking ¢ = 1. Let V;(x;) be
Vi(xy) := ln<1+||x1H?1(§(0,n)) (48)

We can use nn =0, which is convex on R;. Let e=c=1.
Then Property (14) holds with & = 0.



The proof of Theorem 5 and Agmon’s inequality lead to

”le?—Id(O,ﬂ)

Vi< ————077
1+ ||)C1 H?{d (0,7)

+4llx2l 0.z (49)

Hence, inequality (29) is obtained for i = 1, and the V; in (48)
is an iISS Lyapunov function of x;-subsystem with respect
to the input space X, = H} (0, 7).

2) The second subsystem is ISS: Since x;-subsystem of
(47) is identical with that of (36), if a < 1 and » > 0 holds,
the function V, defined by (40) is an ISS Lyapunov function
for xp-subsystem of (47) and satisfies

s [[x2 ”Hé (0,7)

2
x Wlgen  OY

. w 2
Vo< -2(1—a— E)Hm”Hg(o,n) N

This can be obtained from (43) since |x HH(; 01 =
1|z, 0,7y due to Friedrich’s inequality and s +— i is
strictly increasing for s > 0. This shows ISS of x,-subsystem
of (47) with respect to the state space X, = H} (0, 7) and the
input space X; = H} (0, 7).

3) Interconnection is UGASs: The above analysis for
system (47) yields (28) and (29) for i = 1,2, with functions
which are the same as those for (36) except for

s2

R
Again, condition (32) holds for all s € R if and only if (44)
is satisfied. Hence, Theorem 6 establishes UGASs of x =0
for the whole system (47) if (45) holds. The UGASs ensures
the existence of € . satisfying (46) for all ¢y € X and
all t € Ry in terms of X = HJ (0,7) x HL(0, 7).

ai(s) o1 (s) = 4s. (51)

VIII. CONCLUSION

For interconnected nonlinear parabolic systems a small-
gain criterion has been proposed together with a method to
construct Lyapunov functions of interconnected systems. We
emphasized the importance of a correct choice of state spaces
for iISS subsystems which are not ISS. In ISS literature
about parabolic systems [4], [17] the systems over L,-spaces
(which is the simplest possible case) have been studied most
extensively. However, as indicated in [18], the presence of
a bilinear term in a PDE makes the L, setting break down.
Indeed, pointwise multiplication of state and input variables
in PDEs defined on L; state space cannot be bounded by the
product of the spatial L,-norm of the state and the spatial L,-
norm of the input, while this is true for norms in Euclidean
space in case of ODEs. Importantly, when two systems are
connected to each other, a choice of state and input and
spaces of one system affects the pair of the other systems.
Thus, the bilinearity makes the choice in Table II useless,
while the choice is often satisfactory for interconnections of
ISS subsystems. To be able to formulate interconnections
involving iISS subsystems as in Table I, this paper proposed
constructions of Lyapunov functions characterizing iISS of
parabolic systems with Sobolev state spaces, which are not

covered by ISS Lyapunov functions. It is worth mentioning
that different choices of input spaces leading to different
properties of a single system are demonstrated through an
example in [19].

REFERENCES

[1] D. Angeli and A. Astolfi. A tight small gain theorem for not
necessarily ISS systems. Syst. Control Lett., 56:87-91, 2007.

[2] D. Angeli, E. D. Sontag, and Y. Wang. A characterization of integral
input-to-state stability. IEEE Transactions on Automatic Control,
45(6):1082-1097, 2000.

[3] T. Cazenave and A. Haraux. An Introduction To Semilinear Evolution
Equations, volume 13 of Oxford Lecture Series in Mathematics and
its Applications. Oxford University Press, New York, 1998.

[4] S. Dashkovskiy and A. Mironchenko. Input-to-state stability of
infinite-dimensional control systems. Mathematics of Control, Signals,
and Systems, 25(1):1-35, 2013.

[5] S. Dashkovskiy and A. Mironchenko. Input-to-State Stability of Non-
linear Impulsive Systems. SIAM Journal on Control and Optimization,
51(3):1962-1987, 2013.

[6] S. Dashkovskiy, B. Riiffer, and F. Wirth. Small gain theorems for
large scale systems and construction of ISS Lyapunov functions. SIAM
Journal on Control and Optimization, 48(6):4089-4118, 2010.

[7]1 D. Henry. Geometric Theory of Semilinear Parabolic Equations,
volume 840 of Lecture Notes in Mathematics. Springer-Verlag, Berlin,
1981.

[8] H. Ito. State-dependent scaling problems and stability of intercon-
nected iISS and ISS systems. IEEE Trans. Automat. Contr., 51:1626—
1643, 2006.

[9] H. Ito. Utility of iISS in composing Lyapunov functions. In 9th IFAC
Symposium on Nonlinear Control Systems, pages 723-730, 2013.

[10] H. Ito, S. Dashkovskiy, and F. Wirth. Capability and limitation of
max- and sum-type construction of Lyapunov functions for networks
of iISS systems. Automatica J. IFAC, 48(6):1197-1204, 2012.

[11] H. Ito and Z.-P. Jiang. Necessary and Sufficient Small Gain Conditions
for Integral Input-to-State Stable Systems: A Lyapunov Perspective.
IEEE Transactions on Automatic Control, 54(10):2389-2404, 2009.

[12] B.Jacob and H. J. Zwart. Linear Port-Hamiltonian Systems on Infinite-
dimensional Spaces. Springer Basel, Basel, 2012.

[13] B. Jayawardhana, H. Logemann, and E. P. Ryan. Infinite-dimensional
feedback systems: the circle criterion and input-to-state stability.
Communications in Information and Systems, 8(4):413-444, 2008.

[14] Z.-P. Jiang, I. M. Y. Mareels, and Y. Wang. A Lyapunov formulation
of the nonlinear small-gain theorem for interconnected ISS systems.
Automatica, 32(8):1211-1215, 1996.

[15] I. Karafyllis and Z.-P. Jiang. A new small-gain theorem with an
application to the stabilization of the chemostat. Int. J. Robust.
Nonlinear Control, 22(14):1602-1630, 2012.

[16] H. Logemann. Stabilization of Well-Posed Infinite-Dimensional Sys-
tems by Dynamic Sampled-Data Feedback. SIAM Journal on Control
and Optimization, 51(2):1203-1231, 2013.

[17] F. Mazenc and C. Prieur. Strict Lyapunov functions for semilinear
parabolic partial differential equations. Mathematical Control and
Related Fields, 1(2):231-250, 2011.

[18] A. Mironchenko and H. Ito. Characterizations of integral input-
to-state stability for bilinear systems in infinite dimensions. Sub-
mitted to Mathematical Control and Related Fields, available at
http://arxiv.org/abs/1406.2458. (A shortened preliminary version is
published in Proc. of the 53th IEEE Conference on Decision and
Control (CDC 2014), Los-Angeles, USA, pp. 3155-3160), 2014.

[19] A. Mironchenko and H. Ito. Construction of Lyapunov functions
for interconnected parabolic systems: an iISS approach. Submit-
ted to SIAM Journal on Control and Optimization, available at
http://arxiv.org/abs/1410.3058, 2014.

[20] C. Prieur and F. Mazenc. ISS-Lyapunov functions for time-varying
hyperbolic systems of balance laws. Mathematics of Control, Signals,
and Systems, 24(1-2):111-134, 2012.

[21] E. D. Sontag. Comments on integral variants of ISS. Systems &
Control Letters, 34(1-2):93-100, 1998.

[22] E. D. Sontag. Input to State Stability: Basic Concepts and Results.
In P. Nistri and G. Stefani, editors, Nonlinear and Optimal Control
Theory, volume 1932 of Lecture Notes in Mathematics, chapter 3,
pages 163-220. Springer, Berlin, Heidelberg, 2008.



