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STABILIZATION OF PORT-HAMILTONIAN SYSTEMS BY
NONLINEAR BOUNDARY CONTROL IN THE PRESENCE OF
DISTURBANCES

JOCHEN SCHMID"2* AND HANS ZWART>*

Abstract. In this paper, we are concerned with the stabilization of linear port-Hamiltonian systems
of arbitrary order N € N on a bounded 1-dimensional spatial domain (a,b). In order to achieve sta-
bilization, we couple the system to a dynamic boundary controller, that is, a controller that acts on
the system only via the boundary points a,b of the spatial domain. We use a nonlinear controller in
order to capture the nonlinear behavior that realistic actuators often exhibit and, moreover, we allow
the output of the controller to be corrupted by actuator disturbances before it is fed back into the
system. What we show here is that the resulting nonlinear closed-loop system is input-to-state stable
w.r.t. square-integrable disturbance inputs. In particular, we obtain uniform input-to-state stability for
systems of order N = 1 and a special class of nonlinear controllers, and weak input-to-state stability
for systems of arbitrary order N € N and a more general class of nonlinear controllers. Also, in both
cases, we obtain convergence to 0 of all solutions as ¢ — co. Applications are given to vibrating strings
and beams.
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1. INTRODUCTION

In this paper, we consider linear port-Hamiltonian systems of arbitrary order N € N on a bounded 1-
dimensional spatial domain (a,b). Such systems are described by a linear partial differential equation of the
form

8tm(t7 <) = PNaéV<H(C)x(t’ C)) +ot PlaC(,H(C)x<t7 C)) + P0H(C)x(t’ C) (1'1)
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for t € [0,00),¢ € (a,b), and the energy of such a system in the state x(¢,-) is given by

b
Ba(t) = 5 [ a(t. )T HOa(t,0) (12)

where z(t,() € R™, H({) € R™*™ is the energy density at ¢, and Py,..., Py € R™*™ are alternately skew-
symmetric and symmetric matrices and Py is invertible. Simple examples of such systems are given by vibrating
strings or beams. Also, many of the systems of linear conservation laws considered in [3], namely those of the
special form

Oy (t,¢) = POcx(t,¢) (¢ €[0,00),C € (a,0)) (1.3)

with a (-independent invertible matrix P, fall in the above class of linear port-Hamiltonian systems. What we
are interested in here is the stabilization of such a system & by means of dynamic boundary control, that is,
by coupling the system to a dynamic controller &, that acts on the system only via the boundary points a, b
of the spatial domain (a,b). Since realistic controllers often exhibit nonlinear behavior (due to nonquadratic
potential energy or nonlinear damping terms, for instance), we want to work with nonlinear controllers — just
like [1, 28, 42, 59]. Since, moreover, realistic controllers are typically affected by external disturbances, we —
unlike [1, 28, 42, 59] — also want to incorporate such actuator disturbances which corrupt the output of the
controller before it is fed back into the system. Coupling such a controller to the system & by standard feedback
interconnection

y(O) =uct) and  —yo(t) +d(t) = u(t) (1.4)

(with u,y and u.,y. being the in- and outputs of & and &, respectively and with d being the disturbance), we
obtain a nonlinear closed-loop system & with input d and output y. A block diagram of this closed-loop system
is shown in the following figure.

d ()Y System &

U
Ye Controller &, <

In this paper, we establish the input-to-state stability for the closed-loop system S wor.t. square-integrable
disturbance inputs d. In rough terms, this means that z, := 0 is an asymptotically stable equilibrium point of the
undisturbed closed-loop system with d = 0 and that this stability property is robust w.r.t. disturbances d # 0
in the sense that small disturbances affect the asymptotic stability only slightly (see (1.5) and (1.6) below). In
more precise terms, the input-to-state stability of S w.rt. square-integrable disturbance inputs d means (i) that
é, for every initial state Zo and every square-integrable disturbance d, has a unique global (generalized) solution
Z(+,%0,d) and (ii) that for all these (generalized) solutions, the following perturbed stability and attractivity
estimates hold true:

[2(t, Zo, d)[| < a([[Zoll) + 2(lldlly) (€ [0,00)) (1.5)
and
limsup [|Z(t, Zo, d)[| <7([ld][5), (1.6)

t—o00
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where g,v,7% are monotonically increasing comparison functions that are zero at 0. According to whether the
limit relation (1.6) holds (locally) uniformly or just pointwise w.r.t. Zy and d, one speaks of uniform or weak
input-to-state stability, respectively. Also, instead of uniform input-to-state stability one usually just speaks of
input-to-state stability. In this paper, we show (i) that for a system & of order N = 1 and a special class of nonlin-
ear controllers G, the resulting closed-loop system Sis uniformly input-to-state stable w.r.t. square-integrable
disturbances d, and (ii) that for a system & of arbitrary order N € N and a more general class of nonlinear
controllers G, the resulting closed-loop system & is weakly input-to-state stable w.r.t. square-integrable dis-
turbances d. In particular, we show in both cases that unique global (generalized) solutions Z(-, Zo,d) exist for

&. Additionally, we will see that in both cases every such solution converges to zero:
Z(t,Zo,d) — 0 (t = o) (1.7)

for every initial state £y and every square-integrable disturbance d. In all these results, we have to impose
only mild assumptions on the system & to be stabilized, namely an impedance-passivity condition and an
approximate observability condition. We finally apply both our uniform and our weak input-to-state stability
result to vibrating strings and beams (modeled according to Timoshenko).

In the literature, the stabilization of port-Hamiltonian systems has been considered so far, to the best of our
knowledge, only in the case without actuator disturbances. In [1, 28, 42, 54, 59], no disturbances are considered
at all, that is, the situation depicted above is considered in the special case where d = 0. Stabilization of
port-Hamiltonian systems of various degrees of generality is achieved by means of linear dynamic boundary
controllers in [54] and by means of nonlinear dynamic boundary controllers in [1, 28, 42, 59]. In [51], sensor —
instead of actuator — disturbances are considered, that is, disturbances do occur in [51] but they corrupt the
input of the controller instead of its output. It is shown in [51] that for a port-Hamiltonian system of the special
form (1.3) with negative definite P and a linear dynamic boundary controller, the resulting closed-loop system
is uniformly input-to-state stable w.r.t. essentially bounded disturbance inputs d (meaning that the perturbed
stability and attractivity estimates (1.5) and (1.6) are satisfied with the 2-norm ||d||, replaced by the oo-norm
l|d|| o, of the disturbance).

In recent years, input-to-state stability of linear and non-linear partial differential equation systems —
parabolic and hyperbolic — has attracted a great deal of research, both in the case of distributed inputs (entering
in the domain) and in the typically more challenging case of boundary inputs (entering at the boundary of the
domain of the considered pde). See [6, 10, 16, 22-24, 27, 32, 50, 51, 56-58], for instance. So far, the works
establishing input-to-state stability of parabolic pde systems by far outnumber those on hyperbolic pde systems
(like the port-Hamiltonian systems considered here). While the aforementioned papers deal with input-to-state
stability w.r.t. a single equilibrium point of pde systems, a few papers [8, 49] also establish input-to-state sta-
bility w.r.t. attractors of such systems. Apart from the mentioned works on pde systems, also a lot of papers on
the input-to-state stability of finite or infinite networks of ordinary or partial differential equation subsystems
and on the input-to-state stability of time-delay systems have appeared in recent years. See [7, 25, 34, 35] and,
respectively, [21, 36, 40] among many others. And finally, a multitude of papers have recently been published
on fundamental characterizations and criteria for input-to-state stability [15, 17-19, 30, 31] and for versions
of input-to-state stability like local [29], integral [15], strong [37], weak [45] and input-to-state practical sta-
bility [33], for instance. A nice survey of the state of the art of input-to-state stability for infinite-dimensional
systems can be found in [36] — along with an extensive list of references on the topic.

We conclude the introduction with some remarks on the organization of the paper and on notational con-
ventions used throughout the paper. Section 2 provides a detailed description of the setting with the precise
assumptions on the system & to be stabilized and the controller &, used for that purpose. In Section 3 we
prove the solvability of the closed-loop system — first, in the classical sense for classical data (Z, d), and then in
the generalized sense for general data (Zo,d). In Section 4 we establish the main results of this paper, namely
the uniform (Sect. 4.1) and the weak (Sect. 4.2) input-to-state stability of the closed-loop system. And finally,
in Section 5 we present some applications of our general results. In order to get a quick overview of the core
results in simplified form, the reader can consult the conference paper [43].
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In the entire paper, | - | denotes the standard norm on R¥ for every k € N. As usual, K, K, £ denote the
following classes of comparison functions:

K :={y € C(]0,0),[0,00)) : 7y strictly increasing with v(0) = 0},
Koo := {7 € K : v unbounded},
L:={y € C(]0,00),[0,00)) : 7 strictly decreasing with lgn ~v(r) = 0}.

Also, C2([0,00),R*) denotes the subspace of C?([0, 00), R¥)-functions d with compact support in [0, 00), and
for d € L?([0,00),R*) we will use the following short-hand notations:

||d||2 = Hd||L2([0,oo),]Rk) ) ”dH[O,t],Z = Hd|[07t] HL2([O,t],Rk) :

And finally, for a semigroup generator A and bounded operators B, C' between appropriate spaces, the symbol
S(A, B, C) will stand for the state-linear system [5]

2’ = Az + Bu with y=Cu,
where the prime stands for the derivative w.r.t. time.

2. SETTING
2.1. Setting: the system to be stabilized

We consider a linear port-Hamiltonian system & of order N € N on a bounded interval (a,b) with control
and observation at the boundary [2, 9, 12]. Such a system evolves according to the following differential equation
with boundary control and boundary observation conditions:

o' = Av = Py (Ha) + Py 10 ' (Ha) + -+ + P (Hx) + PoHx (2.1)
u(t) = Bx(t) and y(t) = Cx(t) (2.2)

and the energy of such a system in the state x is given by

b
Bz) = - / 2(0)T (Har) (€) dC. (2.3)

In these equations, ¢ — H({) € R™*™ is a measurable matrix-valued function (the energy density) such that
for some positive constants m, 7 and almost all ¢ € (a,b)

0<m<H()<m < oo, (2.4)

and Py, P1,..., Py € R™*™ are matrices such that Py is invertible and P, ..., Py are alternately symmetric
and skew-symmetric while Py is dissipative:

P'=(-1)"*'p  (e{1,...,N}) and Pj +P,<0.

(Strictly speaking, such systems should be called port-Hamilitonian only if Py is skew-symmetric. If Py is only
dissipative, they could more precisely be called port-dissipative systems.) As the state space of & one chooses
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X := L*((a,b),R™) with norm |[|-||; given by the system energy

1

b
2l = E(x) = = / 2(0)T (M) (€) dC.

- |
2 2

It is clear by (2.4) that the norm |-||y is equivalent to the standard norm of L?*((a,b),R™) and that it is
induced by a scalar product which we denote by (:,:)y. As the domain of the linear differential operator
A:D(A) C X — X from (2.1) one chooses

D(A) = {z € X : Ha € WN?((a,b),R™) and Wp 1 (Hz)|s =0} (2.5)

where Wy ; € RUMN=RX2mN with k€ {1,...,mN} and where

(Hz)lo = <EZ§;||§b) . (Ha)|oc = ((Hz)(g)T,ag(Hx)(g)T,...,agv—l(Hz)(g)T)T.

In other words, the domain of A incorporates the zero boundary condition
Wg1(Hz)|s =0 (2.6)

which consists of Nm — k (scalar) equations and is linear in the boundary values of (Hz), d: (Hz), . .. ,8év_1 (Hz).
Similarly, the boundary control and boundary observation conditions (2.2) consist of k (scalar) equations each
and are again linear in (Hz)|s, that is, the boundary control and boundary observation operators B,C : D(A) —
R* from (2.2) are linear and of the form

Bz := Wga(Hz)|s and Cx :=Weo(Hz)|o (2.7)

with matrices Wp o, We € REX2mN Tn all our results, we will impose the following additional impedance-
passivity condition on &.

Condition 2.1. & is impedance-passive, that is,
(z,Az) y < (Bz)'Cx (x € D(A)). (2.8)
It follows from Condition 2.1 by virtue of [14] (Cor. 2.3) that

A= Alpa)nker B (2.9)
is a contraction semigroup generator on X and that the matrix Wp := (Wp ,, W3 ,)" € R™V>2mN has full
row rank. In particular, A and B define a boundary control system [12] (by the same arguments as for
Thm. 11.3.2 of [12] and by Lem. A.3 of [26]), so that for every initial state xg € D(A) and every control

input u € C?([0, 00), R¥) with u(0) = Bxg, the system (2.1) and (2.2) has a unique global classical solution
z(+, x0,u) € C([0,00), X). (2.10)
Also, along every such classical solution, the following energy dissipation inequality is satisfied by virtue of (2.8):
B (t) = (a(t), Az(t)) x < (Ba(t))"Cx(t) = ul(t)"y(t) (¢ €[0,00)), (2.11)

where E,(t) := E(x(t)) and z(t) := z(t, 2o, u) and y(¢t) := y(t, xo, u) := Cx(t, xg, u).
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2.2. Setting: the controller

As the controller &, to stabilize & we choose a finite-dimensional nonlinear system which evolves according
to the ordinary differential equation (with input u. and output y.)

V= (Zi) = (—VP(vl) —17{315@2) v Bcuc) (2.12)

Ye = B] Kvy + Scuc (2.13)

and whose energy in the state v = (v, v9) € R*™¢ is given by

1
E.(v) :==P(v1) + i’l};K’Ug (2.14)

(potential energy plus kinetic energy). In these equations, K € R™exme B, ¢ Rm<*k G ¢ R¥*F represent a
generalized mass matrix, an input matrix, and a direct feedthrough matrix respectively and they are such that

K>0 and Se>¢>0 (¢ :=mino(S,)). (2.15)

Additionally, the potential energy P : R™e — [0, 00) is differentiable such that VP is locally Lipschitz continuous
and P(0) = 0 and the damping function R : R™e — R™« is locally Lipschitz continuous such that R(0) = 0. As
the norm on the controller state space V := R?™¢ we choose | - |y defined by

0% = (v, 02)[} = o1 |* + vg Koy
which is obviously equivalent to the standard norm on R*™¢ and is induced by a scalar product (-, Dy Inall

our results, we will impose the following additional conditions on the controller &,.

Condition 2.2. (i) P is positive definite and radially unbounded, that is, P(v1) > 0 for all v; € R™<\ {0}
and P(vy) — o0 as |v1| — o0
(ii) R is damping, that is, vg R(v2) > 0 for all vy € R™e.

It follows from Condition 2.2 (ii) and from (2.15) that the controller system &, is passive (in fact, strictly
input-passive) w.r.t. the storage function E..

2.3. Setting: the closed-loop system
Coupling & and &, by standard feedback interconnection

y(t) = uc(t) and —y.(t) +d(t) = u(t),

we obtain the closed-loop system & described by the following evolution equation and boundary input and
output conditions:

i = Az + f(2) (2.16)
d(t)=Bi(t) and  y(t) =Ci(t). (2.17)
Its state space is the Hilbert space X := X x V = X x R*™ with norm ||-|| = ||-|| ¢ defined by

IZ)* = lI(z, 0)1” := |l + o5,
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and the energy of the closed-loop system in the state & = (z,v) € X is

- 1 1
(&) = B(z) + Ee(v) = 5 o]k +P(e1) + 505 Kva,

It follows from Condition 2.2 (i) (taking into account Lemma 2.5 of [4]) that the energy E is equivalent to the
norm ||-|| of X in the following sense: there exist ¥, € Ko such that for all z € X

v(lzl) < E@) < o(|zl). (2.18)

In the equations above, the linear and nonlinear operators A : D(A) — X and f: X — X with D(A) :=
D(A) x R?™c are given respectively by

§ Az ) 0
Az = Kuy and f(@) = 0
—v1 + B.Cx vy — VP(v1) — R(Kvs)

and the linear boundary input and output operators B,C: D(A) — R* are given by

Bi := Bz + B] Kvy + S.Cx, Ci:=Cx. (2.19)
for & = (z,v1,v2) € D(fl) In our solvability and stability results, we will need the following semigroup generation
and compact resolvent result. A version of this lemma is stated in [42] (Lem. 3), namely for the special case
N =1, but without proof and with an unnecessary full-rank condition on Wp := (W;,p W;’Z)T. Another version
of the lemma can be found in [53] (Thm. 5.8), namely for the special case of impedance-energy-preserving open-

loop systems and strictly positive real linear controllers (and, again, with an unnecessary full-rank condition on
W= (Wg, We)T).

Lemma 2.3. If Condition 2.1 and 2.2 are satisfied, then

(i) the operator A= A'D(A)ﬁkeré 18 a contraction semigroup generator on X with compact resolvent

(ii) f is Lipschitz continuous on bounded subsets of X .

Proof. Since assertion (ii) is clear by our assumptions on P and R, we have only to prove assertion (i). We do
so in three steps. As a first step, we observe that A is dissipative in X. Indeed, for every Z = (x,v) € D(A) we
have x € D(A) and B, Kvy = —Bz — S.Cx and hence

(7, A%) ¢ = (v, Az) y + v Kvg + vy K(—v; + B.Cx) < (Bz)"Ca + (B Kvy)'Cx <0,

where the last two inequalities follow from (2.8) and (2.15). Consequently, A is dissipative in X, as desired.
As a second step, we show that A — X is surjective onto X for every A € (0, 00) with

0 K

T -
A> A+ A (A= (-1 0

) € R#mex2me), (2.20)

So let A € (0,00) as in (2.20) and let § = (y,w) € X. We then have to find an & = (z,v) € D(A), that is, an
T € X with

reDA)  and  (Wpa+ S.We)(Hz)|s + Bl Kvy =0, (2.21)
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such that (A — \)# = §, that is,
0
(A=Nx=y and (Ac — Mo + <BCCx> = w. (2.22)

Since A, — A is invertible for A € (0, 00), finding an Z € X with (2.21) and (2.22) is equivalent to finding = € X
such that

zre€DA)  and Baz=B]K(0 I)A—A) 'w (2.23)
(A=XNz =y, (2.24)

where B’z := (Wg2 + GA\Wc¢)(Hz)|s and

Gri=Se + BIK (0 I)(A—A)~! (g) — S+ (EC)TLT(A ~A)7'L (12)

(L= (KS/Q K?/2>). (2.25)

(In the last equation we used that L commutes with A..) In order to find an # with (2.23) and (2.24), we will
show that the port-Hamiltonian operator A’ := A|p 4y with domain

D(A") := D(A) Nker B’
={z e X :Ha e W"?((a,b),R™), Wp1(Ha)|p = 0 and (Wp 2 + GA\Wc)(Ha)|s = 0}

generates a contraction semigroup on X. So let z € D(A’) and u := Wp o(Hz)|s and y := We(Hz)|s, then
x € D(A) and u + G,y = 0 and hence

1
(v, A'z) x = (2, Az) x < uly = —§yT(G>\ +G)y (2.26)
by virtue of (2.8). It follows from (2.15) and (2.20) that

gc)—r LT(/\ - Ac)_1(2)‘ - (Ac + A;r))()‘ - ACT)_lL <390> >0

and thus (2.26) yields the dissipativity of A’ in X. So, by the characterization of the contraction semigroup
generator property for port-Hamiltonian operators from [14] (Cor. 2.3), A’ is a contraction semigroup generator
on X and, moreover, the boundary matrix

. WB,I mN x2mN
W= (WB,z + G,\WC) €R

associated with A’ has full row rank. In particular, A and B’ define a boundary control system by the same
arguments as for Theorem 11.3.2 from [12] and by Lemma A.3 from [26], and hence there exists an operator
B’ € L(U, X) with U := R¥ such that B'U ¢ D(A) = D(B') and AB’' € L(U, X) and

B'Bu=u (uwel). (2.27)
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With these preliminary considerations about A’ we can now finally prove the existence of an x € X with (2.23)
and (2.24) and hence the surjectivity of A — \. Indeed, with the ansatz

z=12'+h (2 € D(A") and h € D(A)), (2.28)
the conditions (2.23) and (2.24) become equivalent to

Bh=BK(0 I)\—A) 'w (2.29)
(A" = N2’ =y — (A—Nh. (2.30)

And since by (2.27) B’ is surjective and A’ is a contraction semigroup generator, we really can find h € D(B') =
D(A) and 2’ € D(A’) such that (2.29) and (2.30) are satisfied, as desired.

As a third step, we show that A has compact resolvent. So let A € (0, 00) with (2.20). Also, let (§n) = (Yn, wn)
be a bounded sequence in X and write

(5””) — = (A= Nl = (A-N"? <y"> (n €N).

wy,
It then follows by (2.28), (2.29), (2.30), (2.27) that z,, = z, + h,, with

ho=B'(B/K (0 I)(\—A.) 'w,) (2.31)
o = (A=) (yn —(A=NB'(BJK (0 I)(\- AC)*lwn)) (2.32)

Since (§n) = (yn,wy) is bounded and AB’ € L(U, X), the sequences
(wy,), (vn), (yn —(A=NB'(B]K (0 I)(A—A) 'w,))
are bounded as well. It follows by the finite-dimensionality of R?™< and the compactness of (4’ —X)~! (Thm. 2.28

in [53]) that there exists a subsequence (ny) sucht that (w,,) and (vy,) converge in R*" and such that (z],, )
converges in X. Consequently, (Z,, ) is convergent as well, and we are done. O

3. SOLVABILITY OF THE CLOSED-LOOP SYSTEM

In this section, we show that under suitable conditions the initial value problem
~ (3.1)

of the closed-loop system has a global solution for suitable initial values zy and disturbance inputs d. We will
achieve this by applying the standard theory of semilinear evolution equations from [39]. As it stands, however,
the closed-loop equation (3.1) is not a semilinear evolution equation in the sense of [39] because, for one thing,
the linear part A of the differential equation is not a semigroup generator and because, for another thing, in
addition to the differential equation the side condition

d(t) = Bi(t)
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occurs. A way out of this difficulty is to impose the following extra condition, which is easily seen to be satisfied
if, for instance,

_ (Ws (mN+k)x2mN . (W1
W .= (WC> eR with Wpg = Wi o (3.2)

is a matrix of full row rank mN + k.
Condition 3.1. B is a surjective linear map from D(A) onto RF.

With the help of this extra condition, we can turn (3.1) into a truly semilinear evolution equation in the
sense of [39]. In fact, Condition 3.1 implies the existence of a linear right-inverse R : R¥ — D(A) of B, that is,

BRd =d

for all d € R*. We can thus perform the transformation

§(t) = &(t) — Rd(t) (3-3)

which is well-known from linear boundary control problems [5, 11, 12]. Via this transformation, the classical
solutions ¥ of (3.1) are in one-to-one correspondence — for continuously differentiable disturbances d — with the
classical solutions & of

£ = Af + f(€+ Rd(t)) + ARd(t) — Rd'(t)  and  £(0) = & — Rd(0). (3.4)

And this is now, in view of Lemma 2.3, a truly semilinear evolution equation (with an explicitly time-dependent
nonlinearity). We can therefore apply standard semilinear theory to obtain classical solvability of (3.1) for
sufficiently regular o and d (Sect. 3.1), and, by a suitable density and approximation argument, we then also
obtain generalized solvability of (3.1) for sufficiently irregular Zo and d (Sect. 3.2).

3.1. Solvability in the classical sense

In this section, we show that for sufficiently regular initial states Zy and disturbances d, namely for
(%0,d) € D := {(%0,d) € D(A) x CZ([0,00),R¥) : d(0) = Bio} (3.5)

(set of classical data), the closed-loop equation (3.1) has a classical solution existing globally in time. A classical
solution of (3.1) is a continuously differentiable function # : J — X on an interval J C [0, 00) containing 0 such

that for every ¢ € J one has (i) that Z(¢) € D(A) and (ii) that

B(t) = AZ(t) + f(Z(t))  and  F(0) =Zo

B (3.6)
d(t) = Bz(t).
Theorem 3.2. Suppose that Conditions 2.1, 2.2, 3.1 are satisfied. Then
(i) for every (Zo,d) € D the closed-loop equation (3.1) has a unique global classical solution
j('a'iOad) € Cl([O7OO)7X) (37)

and the output y(-, %o, d) := CZ(-, o, d) is a continuous function from [0,c0) to R¥
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(ii) there exist o,y € K such that for every (Zo,d) € D

[2(t, Zo, d)|| < a([[Zol]) + 2 (lldll g, 2) (¢ €[0,00)). (3.8)

Proof. As a first step, we show that for every (Zo,d) € D the initial value problem (3.1) has a unique maximal
classical solution Z(-,Zo,d) on some half-open interval [0,T%, q). So let (Zo,d) € D. As is easily verified, a
function # is a maximal classical solution of (3.1) if and only if the function & — Rd is a maximal classical
solution of (3.4). We therefore have only to show that (3.4) has a unique maximal classical solution existing
on some half-open interval of the form [0,7). And, in view of Lemma 2.3, this immediately follows by the
standard solvability results for semilinear evolution equations in reflexive spaces (Thms. 6.1.4 and 6.1.6 in [39]).
In particular, it follows by variation of constants that for every (Zo,d) € D the corresponding maximal classical
solution & = Z(-, Zo, d) satisfies the following integral equation:

Z(t) = ey + /t eA(t_s)f(j(s)) ds + ®4(d) (3.9
0
for every t € [0,T%,,4), where
D,(d) := —e;”]%d(()) + Rd(t) + /t eA(t_s)(./IRd(s) — Rd'(s)) ds. (3.10)
0

As a second step, we show that for every (Zo,d) € D the output y(-,Zo,d) := C#(-, #o,d) is a continuous
function from [0, 7%, 4) to R¥. So let (%o, d) € D, write (z,v) := 7 := %(-, %o, d), and let

1y = (15 + A 152

denote the graph norm of A. Since % is a classical solution of (3.1), the functions t — z(t) and ¢ — Ax(t) = 2'(t)
are continuous from [0, T%, 4) to X and therefore

[0, T3y.a) 3 t = x(t) € (D(A), [I-l.a) (3.11)
is continuous. Since, moreover,
cl[Hellyno < Ell4 <ClHEllywno  (§ € D(A) (3.12)
for some positive constants ¢, ¢ (Lem. 3.2.3 in [2]), the map
D(A) 3 € CE = We(HE)|o € RF (3.13)

is continuous as well. Combining now (3.12) and (3.13), the second step follows.
As a third step, we show that there exist ¢,y € K such that for every (Zo,d) € D

[Z(t, o, d)|| < a([[Zoll) + A ([l f0,4,2) (3.14)

for all t € [0,T%,.4)- So let (Zo,d) € D and write (x,v) := Z(-, %o, d) and y := y(-, Zo,d) = Cx. Since Z(-, To, d) is
a classical solution by the first step, the function

s Eals) i= B(is,70,d) = 5 [o(3) s + Ploa(s) + 50a(s) T Kva(s)



12 J. SCHMID AND H. ZWART

is continuously differentiable and its derivative satisfies

Bj(s) = (2(s), Az(5)) x — (Kva(5)) TR(Kvs(s)) + (B Kva(s)) "y(s)
= (2(s), Az(s)) x — (Kva(s)) "R(Kva(s)) +d(s) "y(s) — (Bx(s)) Ty(s) — y(s) " Sey(s) (3.15)

for all s € [0,T%,,4). With the help of Condition 2.1 and 2.2 we therefore get that

&y
ST
—

v
S~—

AN

< 1d(3)lly(s)| = (Kva(s)) TR (K vals)) = cly(s)
)P + 5 lyls) = sly()? = (Kva(s)) TR(Kvs(s) < S1d(s)]? +

IN

S <y (316)

for all s € [0,T%,,4) and arbitrary a € (0,00), where ¢ as in (2.15) is the smallest eigenvalue of S.. Choosing
now « := 1/(2¢), we see from (3.16) by integration that

o . 1 )
E(Z(t,20,d)) < E(Z0) + I lldlljo,e,2 (3.17)
for every t € [0,T%,.4)- Since FE is equivalent to the norm of X by (2.18), we further conclude that

_ 1 _ 1
(¢, 7o, )| < " (@lzol) + ™ ldllfy .0 ) < 07 (@B(1Fl)) + 7" (27 i}z )

for every t € [0,T%,,4). So, (3.14) follows because ¢, defined by

o(r) =97 (20(r)  and  y(r) =9 (2%7«2) (3.18)
obviously belong to the class K.

As a fourth and last step, we show that the maximal existence time T3, ¢ = co. Combined with the previous
steps, this proves the theorem. So let (Zg,d) € D and assume that T, 4 < oo, that is, the existence interval
[0,T%,.q4) of the maximal classical solution (-, Zo,d) — Rd of (3.4) is bounded. It then follows by the standard
blow-up result for semilinear evolution equations (Thm. 6.1.4 of [39]) that the solution &(-, Zo,d) — Rd of (3.4)
blows up. And therefore Z(-, Zo, d) blows up as well:

swp  #(t, 70, )| = sup|#(t, 7o, d) — R(®)|| ~ IRl Idlp1,, 00 = (3.19)
t€[0,T50,4) t€[0,T50,a) o
(recall that d is continuous with compact support). Contradiction to the estimate from the third step! O

It can be shown that for (Zg,d) € X x V[/lif([(), o), R¥), the initial value problem (3.1) still has a (unique)
global mild solution, that is, a continuous function Z : [0,00) — X satisfying the variation-of-constants for-
mula (3.9). In order to see this — especially the global existence — one can make a density and approximation
argument similar to the one from the next section: one first trivially extends ®; to a bounded linear operator
on W12([0,00), R¥) and then uses the same arguments as in Theorem 3.4. Since we will not need mild solutions
in the sequel, however, we omit the details.

3.2. Solvability in the generalized sense

In this section, we show that for sufficiently irregular initial states o and disturbances d, namely for

(Zo,d) € X x LE_([0,00), R¥) (3.20)
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(set of generalized data), the closed-loop equation (3.1) still has a generalized solution existing globally in time

and arising as a suitable limit of classical solutions. In showing the existence of such limits we will make use of
the integral equation

: t_ ~
i(t, Zo,d) = eEo + / A=) f(z(s, 2o, d)) ds + By (d) (3.21)
0

for classical solutions Z(-, o, d) with (Zo,d) € D from (3.21) above. In order to extend this equation to arbitrary
(%g,d) € X x L2 ([0,00), RF), we first extend the linear operators ®; from (3.10).

loc

Lemma 3.3. Suppose that Conditions 2.1, 2.2, 3.1 are satisfied. Then the linear operator ®; : C2([0,00), RF) —
X defined by (3.10) can be (uniquely) extended to a bounded linear operator ®; : L*([0,00), R¥) — X for every
t €[0,00) and

sup [|&| < [[@-|] (7 €0,00)). (3.22)
t€[0,7]

Proof. In the entire proof, we use the short-hand notation

p(Zo, d) = a([[Zoll) + 7 (Ildll5) (3.23)
for #o € X and d € L?([0,00),R¥), where ¢,y € K are chosen as in Theorem 3.2. We also denote by L(p) for
p € [0,00) a Lipschitz constant of f|5 (0) Such that p — L(p) is continuous and monotonically increasing. Such
a choice of Lipschitz constants exists because

p > Lo(p) :=min {L € [0,00) : L is a Lipschitz constant of f‘ﬁp(o)}

is monotonically increasing and therefore obviously has a continuous monotonically increasing majorant. (See
Lem. 2.5 of [4].)
As a first step, we show that the restriction ®; ¢ of ®; to

C24([0,00), R¥) := {d € CZ([0,00),R") : d(0) = 0}

can be (uniquely) extended to a bounded linear operator @, : L?([0,00), R*) — X for every t € [0,00) and
that

sup ||5t’0” < HET’OH (3.24)
€[0,7]
for every T € [0,00). So let t € [0,00). We see by (3.21) that

Oyo(d) = #(t,0,d) — /Ot eA=9) f(3(s,0,d)) ds (3.25)

for every d € CZ ([0, 00), R¥) (because for such d one has (0,d) € D). It follows by Theorem 3.2 (ii) that

12, 0, )| < 3 (lldll 0,4 2) (3.26)
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for all d € C2 ([0, 00),R¥). It also follows by Theorem 3.2 (ii) that

for all d € C2 ([0, 00),R¥). Combining now (3.25), (3.26) and (3.27) we see that

/t eA(t_s)f(:%(s, 0,d))ds

) < L(P(Oad))l(HdH[o,t},z)t (3.27)

[®:0(d)]| < (14 L(p(0,d))t) v(lldll1g.4.2) (3.28)
for all d € C2([0,00),R¥). It follows that
Dy C24([0,00),RF) — X

is a linear operator that is bounded w.r.t. the norm of L?([0, 00), R¥) and thus, by the density of CZ ([0, o0), R*)

in L2([0, 00), R¥), can be uniquely extended to a bounded linear operator ®; o : L?([0,00), R*) — X. Since for
every T > t one has the elementary relation

Dy 0(d) = Pr0(0&,—d)  (d € C2y([0,00),RF)) (3.29)
(called composition property in [55]), it further follows that

sup H6KOH = sup sup{||P:o(d)| : d € Cio([O, oo),Rk) with ||d||, < 1}
te[0,7] t€[0,7]

< Sl[lp]sup{H(I)T,o(O&T_t d)|| :d e CE,O([O,OO),RIC) with ||d||, < 1} < H6770||'
telo,T

In the relations above, u &, v denotes the concatenation of two functions w,v : [0, 00) — R¥ at time 7, that is,
(u&; v)(s) :=u(s) for s € [0,7) and (u &, v)(s) :=v(s — 1) for s € [T, 00).

As a second step, we will show that also the non-restricted operator ®; can be (uniquely) extended to a
bounded linear operator @, : L*([0,00), R¥) — X and that ®; = ®; ¢ for every ¢ € [0, 00), which in conjunction
with (3.24) proves the lemma. In order to do so, we have only to show that

@1 0(d) = Py(d) (3.30)

for every d € C%([0,00),R¥). So let ¢ € (0,00) and d € C?(]0, o0), R¥) be fixed (for ¢t = 0 the claim is obvious).
Choose a sequence (dy,) in C2([0,00),R¥) such that

nlisnoe) = Uiijnooy  #0d igg‘ o j0,0/m) L S (3.31)
It then follows that d,, — d in L2(]0, 00), R¥). So, on the one hand
Dy 0(dn) — Pro(d)  (n— o0) (3.32)

and on the other hand

B 5 t/n s B t _ s
®y0(dy) = Rd, (t) + e/ / /=9 (ARd,(s) — Rd,(s)) ds + / e =) (ARd(s) — Rd'(s)) ds
0 t/n
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= Rd,,(t) + eAt=t/m) (@t Jno(dn) — Rdn(t/n)) + / t A=) (ARd(s) — Rd'(s)) ds
— ®y(d) (n — 00), (3.33)

where we used (3.28) to get ®;/,, o(d,) — 0 asn — oo. Combining now (3.32) and (3.33) we finally obtain (3.30),
as desired. 0

It should be noticed that the above lemma means nothing but the (finite-time) admissibility of the linear
boundary control system

=A% with  d(t) = Bi(t) (3.34)

w.r.t. inputs d € L?([0, 00), R¥). With the lemma at hand, we can now prove the following approximation result.

Theorem 3.4. Suppose that Conditions 2.1, 2.2, 3.1 are satisfied. Then for every (Zo,d) € X x L3 ([0, 00), RF)
one has:

(i) there exists a sequence (Zon,d,) in D converging to (Zo,d) in the locally convex topology of X X
L2 ([0,00), RF)

loc
(i) for every such approximating sequence (Zop,dy) in D, the corresponding sequence (Z(-, Zon, dy,)) of classical

solutions of (3.1) is a Cauchy sequence in the locally convex space C([0,00), X) and its limit is independent
of the particular choice of the approzimating sequence (Zon, dy).

Proof. (i) Since D(A) is dense in X (Lem. 2.3) and since C2°((0,00),R¥) is dense in L2 ([0, 00), R¥), we see
that

D(A) x C=((0,00), R¥)

is dense in X x L2 ([0, 00), R¥). Since, moreover,

loc

D(A) x C=((0,00),RF) ¢ D ¢ X x L ([0, 0), R¥),

10c([0, 00)7Rk)' ~
(ii) As in the proof of Lemma 3.3, choose Lipschitz constants L(p) of f |§p(0) such that p — L(p) is continuous

we see that D is a fortiori dense in X x L2

and monotonically increasing. We show that for arbitrary (Zo1,d1), (Zo2,d2) € D and 7 € [0,00) one has the
estimate

12(-, Zov, di) = Z(-, Toz, d2) [l [,7),00 < <||5£01 — Zoall + || @+ || ldr — d2||[0,T]72)~
- exp (L(Pr(5017d1,53027d2))7), (3.35)
where pr(Zo1,d1, Zo2, d2) := pr(To1,d1) + pr(To2,d2) and
1) == (70l + 2 (Il 1) (3.36)

for (Zo,d) € X x L2 ([0, 00), R¥) with ¢,v as in Theorem 3.2. So let (Zo1,d1), (Z02,ds) € D and 7 € [0, 00). It

loc

then follows from (3.21) using Lemma 2.3, Theorem 3.2 and Lemma 3.3 that

|Z(t, Fo1, d1) — &(t, Zoa, do)|| < [|Zor — ozl + || @+ || |d1 — dallj0,,2
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t
+ L(pr(Zo1, d1, oz, d2)) / 1Z(s, o1, d1) — (s, Toz,d2)| ds (3.37)
0

for every t € [0,7]. So, by Gronwall’s lemma, the claimed estimate (3.35) follows. And from this, in turn,
assertion (ii) immediately follows because (f( X leoc([O,oo),]Rk))2 > (Zo1,d1, o2, d2) = pr(Zo1,d1, Zo2,d2) is
continuous. O

As a consequence of the above theorem, for every generalized datum (Zo,d) € X x L3 _([0,00),R), the
assignment

i(-, &0, d) == lim Z(-, &on,dyn) € C(]0,00), X) (3.38)

n— oo

with (Zon,d,) being an arbitrary approximating sequence in D for (Zg, d), yields a well-defined function. We
call this function — following [52] — the generalized solution of the closed-loop system (3.1) corresponding to
(Zo,d) because it obviously coincides with the classical solution for (Zg,d) € D (and with the mild solution for
(Zo,d) € X x Wlif ([0, 00), R¥)) and because, by the next corollary, it shares many important properties with
classical solutions. In particular, the generalized solutions of our closed-loop system satisfy the axioms from [30]
(Def. 1).

Corollary 3.5. Suppose that Conditions 2.1, 3.1, 2.2 are satisfied. Then

(i) the generalized solution map (Zo,d) — Z(-, Zo,d) satisfies the cocycle (or flow) property, that is,
Z(t + s,%0,d) = T(t, Z(s, To, d),d(s + -))

for all s,t € [0,00) and all (Zg,d) € X x L2 ([0, 00), R¥)

loc -
(i1) the generalized solution map (Zg,d) — Z(-, Zo,d) € C([0,00),X) is continuous and causal.

Proof. Assertion (i) and the causality part of assertion (ii) easily follow by approximation from the cocycle prop-
erty and the causality of classical solutions. Similarly, the continuity part of assertion (ii) follows by extending
the estimate (3.35) to generalized solutions. O

It can be shown that the closed-loop system, in addition to having a generalized solution, also has a generalized
output y(-, &g, d) € L2 ([0, 00), RF) for every (Zo,d) € X x L ([0, 00), R¥) and that the generalized output map

loc loc

X x L},

([0’00)7Rk) > ('%Oad) = y('v'i‘()vd) € LIQOC([O,OO),Rk)

is continuous in the respective locally convex topology. In particular, the closed-loop system is well-posed in the
spirit of [52] — but we will not need this in the sequel. See [46, 47] for proofs and general well-posedness results.

4. STABILITY OF THE CLOSED-LOOP SYSTEM

After having established the global solvability of the closed-loop system, we can now move on to stability. A
first very simple result is the following uniform global stability theorem. We recall from [30] that the system &
is called uniformly globally stable iff there exist comparison functions ¢,~ € K such that for every o € X and
d € L?([0,00),R¥)

12(, Zo, )| < a(llZoll) +(lldlly) (¢ € [0, 00)). (4.1)

Theorem 4.1. Suppose that the assumptions (Conditions 2.1, 2.2, 3.1) of the solvability theorems are satisfied.
Then the closed-loop system S is uniformly globally stable.
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Proof. An immediate consequence of Theorem 3.2 (ii) and (3.38). O

We are now going to improve this result to a (uniform) input-to-state stability result (Sect. 4.1) and to a
weak input-to-state stability result (Sect. 4.2), respectively. In particular, we prove that the generalized solutions
Z(t, Zo, d) of the closed-loop system converge to 0 as t — oo for every initial state &y and every square-integrable
disturbance d. In the case of finite-dimensional systems, such a convergence result has been proved in [20] under
a strict output passivity and a zero-state detectability assumption. We point out, however, that the theory
from [20] cannot be applied in our situation. Indeed, the finite-dimensionality of the systems considered in [20]
is essentially used in the proof from [20] (namely to get the relative compactness of orbits needed for the
invariance principle).

4.1. Input-to-state stability of the closed-loop system

In this section we show that, for systems & of order N = 1 and for a special class of controllers &, the
closed-loop system & is (uniformly) input-to-state stable. We recall that S is (uniformly) input-to-state stable
w.r.t. inputs from L2([0, 00), R¥) iff it is uniformly globally stable and of uniform asymptotic gain. See [30] for
this and other characterizations of input-to-state stability. In this context, the uniform asymptotic gain property
by definition means the following: there is a function ¥ € K U {0} such that for every ,r > 0 there is a time
7 = 7(e,r) such that for every Zo € X with ||Zo| < r and every d € L?([0, 00), R¥)

2t Zo, )| < e +7(dllp) (¢ =7). (4.2)

A function 7 as above is called a uniform (asymptotic) gain (function) for &.

Lemma 4.2. If the assumptions (Conditions 2.1, 2.2, 3.1) of the solvability results are satisfied and S s
uniformly input-to-state stable w.r.t. inputs from L?([0,00),RK), then for every (Zo,d) € X x L%([0,00),R¥)
one has

#(t,@0,d) — 0 (t — 00). (4.3)

Proof. Choose € > 0 and (Zo,d) € X x L2([0,00),R¥). Since & is uniformly globally stable and of uniform
asymptotic gain, there exist o,7 € K as in (4.1) and a uniform gain function 7 € K U {0} along with a time
7o = To(g, a([|Toll) + y(l|d]|5)) such that

12t o, d)|| < & +7(lldll,) (4.4)

for every & € X with ||&l < a(/|Zo]) + 7(||d|l,) and every t > 7. Since moreover d € L?([0,00),R¥), there
exists a time ¢y = to(e, d) such that

F(lld(to +)ll,) <e. (4.5)

Setting now 7 := T(e, ||| ,d) := To + to, we see by the cocycle property and by (4.1), (4.4), (4.5) that
|Z(t, Zo,d)|| < 2¢ for all ' > 7. And so (4.3) ensues. O

In order to achieve input-to-state stability, we add the following conditions on the system & and the controller
S, to the assumptions from the solvability results.

Condition 4.3. & is of order N = 1 and ¢ — H(() is absolutely continuous. Additionally, there exists a
constant k > 0 such that for 7 = a or n = b one has

|Bx|* + [Cal? > k|(Ha)(n)|*  (x € D(A)). (4.6)
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Condition 4.4. (i) P is quasi-quadratic in the sense that for some constants ¢;,¢ > 0
Gv] VP(v1) > P(v1) > ¢ |or]? (v € R™e)
(ii) R is quasi-linear in the sense that for some constants ¢,,¢2 > 0
vy R(v2) > [va]? > e[ R(wa)[* (v2 € R™).
Condition 4.3 can be viewed as an approximate observability condition on our system & by virtue of

Lemma 4.16 below.

Theorem 4.5. Suppose that the assumptions (Conditions 2.1, 2.2, 3.1) of the solvability theorems are satisfied
along with Conditions 4.3 and 4.4. Then the closed-loop system & is input-to-state stable and the function 7,
given by F(r) = ¥~ (2Cr?) with arbitrary C > 1/(4s) and with s, Y as in (2.15) and (2.18), is a uniform

asymptotic gain for S. In particular,
Z(t, &g, d) — 0 (t — 00) (4.7)

for every &g € X and d € L?(]0, c0), R¥).

We now turn to the proof of the theorem and we begin by recording some central ingredients.

4.1.1. Central ingredients of the proof

A first important ingredient is the following estimate for the energy along solutions which essentially uses
our assumption that & be of order N = 1. It is a perturbed version of the respective sideways energy estimate
from [42].

Lemma 4.6. Under the assumptions of the above theorem, there exists a function co € L and a tg > 0 such
that for n = a and n = b one has

E(f(t,iovd»s%(t)( / (Her(s)) () s + / Ec<v<s>>ds>+ / 1d(s)]ly(s)] ds

for every (Z9,d) € D and for every t > to, where (x,v) := Z(-,Zo,d) and y := y(-, To, d).

Proof. As a first step, we show that there exist constants o, ko € (0, 00) such that for every (Zo,d) € D one has

FHQ) < FH®e®™  and  FI(() < Fr (a)er®— (48)

T

for every ¢ € (a,b) and every 7 > 2vy(b — a), where

T—0(b—C)

Q) = Fla(O) = [ 2(5,0) TH(O)a(s,¢) s
Yo(b=C)
T—v0(¢—a)

Fr Q)= F (O = [ o OTHEs O ds

and where z(s, ) denotes the continuous representative of z(s) and, as usual, (z,v) := Z(-, Zo, d). Indeed, set

doim [P /m and i (2| P74 ) (49)
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where m,m are as in (2.4) and m’ := f [I1H' ()| d8)/(b — a). Also, choose and fix (Zg,d) € D. Since x is a
classical solution of

and H is absolutely continuous, it follows by Lemma 3.2 of [44] that F* for every T > 270(b — a) is absolutely
continuous and hence differentiable almost everywhere with derivative given by

(FEY () = 2(s,0) T (£ 2%H () + P H)a(s,Q) +2(s,0) T (E7HE) — P Y)a(s,Q)

s=t%(0)

()
= [ # 0T (T RO H Q)+ RO Ja(s ) (110)

s=r(¢)

for a.e. ¢ € (a,b), where r(¢) == y0(b— (), t7(¢) == 7 —70(b— () and r~(¢) == (¢ —a), 7 (¢) =7 —(C—a).
In view of (4.9) it follows from (4.10) that

t+(¢)
(F Q2 =(0) [ (6.0 mats 0ds 2 s(OFHQ (@.11)
(0
FYQ <80 [ ot 0Tmats, 05 < KOF () (1.12)

for all 7 > 299(b — a) and a.e. ¢ € (a,b), where
K(¢) = (2[|PT Rl + [H' (O ) /m

Since FF is absolutely continuous, the differential inequalities (4.11) and (4.12) imply that

b ¢
Fr exp(— x(9)deo and F- exp(— x(6)do
¢ FH(Q) p</c<>> ¢ F(0) p(/a(”

are monotonically increasing or decreasing, respectively. And from this, in turn, (4.8) follows in a straightforward
manner.

As a second step, we show the assertion of the lemma. Choose 7y, ko as in (4.9) and let (Zg,d) € D. In view
of the first line of (3.16) we see that

Balt) < Baltr) + / d(s) ly(s)] ds (4.13)

for all ¢; < ty. It follows from (4.13) that, for every 7 > 27y,(b — a),

T—y0(b—a) _

(=200~ @) sl ol —a) = [ Bt ol e

T=0(b—a) [ _ T—70(b—a)
< / Ea(t) + / d(s)ly(s)] ds | dt
Yo (b—a) t

T—70(b—a) T—v0(b—a)
/ / (6,0 HQ)a(t. O dedc + E.(v(t)) dt

o(b—a) Yo(b—a)
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T—y0(b—a) pr—70(b—a)
+ / / 1d(s)ly(s)] ds dt
Y t

o(b—a)

and therefore (increase the intervals of integration!)

b T
(r =200 = @) B = 00— a)) < 3 [ FEQaC+ [ B

T—"0(b—a)
Hr=2o0-a) [ )l ds
Yo(b—a)
It further follows from (4.13) that, for every 7 > 2v¢(b — a),
Bo(r) < Balr b - o)+ [ ()l ds.
T—70(b—a)

Combining (4.15) with (4.14) and (4.8), we conclude that

. 1
E(z(1,&0,d)) < 2(1 — 270(b — a))

1 T T

min{F;" (b), F; (a)}e™ (b~ a)

for every 7 > 2v9(b — a). Choosing now ¢ := 2y9(b — a) + 1 and ¢ € L such that

1

ey e (T (0~ )/ (2m). 1)

co(T) =

for all T > ¢y, we obtain the assertion of the lemma from (4.16).

(4.14)

(4.15)

(4.16)

(4.17)

O

A second important ingredient is the following estimate for the integrated controller energy which shows up

in the previous lemma.

Lemma 4.7. Under the assumptions of the above theorem, there exists a constant Cy > 0 such that for every

(Zo,d) € D

/Ot Ec(v(s))ds < Co <E(fﬁo) + /Ot Iy(8)|2d8>

for all t € [0,00), where (z,v) := Z(-, Zo,d) and y := y(-, To,d).

Proof. As a first step, we show that E. is equivalent to the auxiliary functions V, defined by

V,(v) := Ee(v) + VU1T1)2 (v=(vi,v2) € R?7)

for all sufficiently small v > 0. In fact, we show that there is a 79 > 0 such that for all v € (0, 7] and v € R?™

one has

%Vv(”) < Ec(v) <2V4(v).

(4.18)
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In essence, this is Lemma 16 of [42], but in contrast to that lemma our equivalence constants in (4.18) are
independent of vy and our proof is a bit more direct. In order to see (4.18), just observe that by Condition 4.4
one has for all v € R?™me

'U2 v
|’l)1 2|<|;|_|_|2|

TKUQ

<o 'P(ur) + || K| 2 < C1E.(v) (4.19)

D) <

for Cy := max{c; !, | K|} So, with o := 1/(2C}) the equivalence relation (4.18) follows.
As a second step, we observe that there exists a constant Cp > 0 and a v € (0,70] such that for every

(Zo,d) € D one has
/Ot Vi(0(s)) ds < CoV; () / (o) ds ) (4.20)

for all ¢ € [0, o), where (z,v) := Z(-, Zo,d) and y :
(4

y(+, Zo,d). Since this follows in the same way as Lemma 17
of [42], we omit the proof. In conjunction with ),

.18), the estimate (4.20) proves the lemma. O
4.1.2. Conclusion of the proof

With the above lemmas at hand, we can now conclude the proof of our input-to-state stability result in two
steps. Since we already know that the closed-loop system is uniformly globally stable (Thm. 4.1), we have only
to show that it is of uniform asymptotic gain 7 := ¢~ (2C -?) for every C > 1/(4<).

As a first step, we show that for every C' > 1/(4s) there exist a constant 3 € (0,1) and a time 7 € (0, 00)
such that for every (Zg,d) € D

E(i(r, %0, d)) < BE(F0) + Cl|d[} 1.2 (4.21)

So let C' > 1/(4s) and let n be the endpoint of (a,b) for which (4.6) is satisfied. Also, let (Zg,d) € D and, as
usual, write (x,v) := (-, Zo,d) and u := Bz, y := Cx. We know from the first line of (3.16) that

t t t t
Bo(t) < BG@o) + [ do)ly(o)lds - " [ |Kua(o)Pds—<(1-2) [ P ds = [pe)Pds  (122)
0 0 0 0
for all t € [0,00) and ¢ € (0,1), where Condition 4.4 and (2.15) have been used. Also, from (4.6) it follows that

“ly()* < —kl(Ha() ) + |u(s)* = =kl (Ha(s))(m)* + |d(s) — B, Kva(s) — Sey(s)|®
—|(Ha(s) ()| + 4ld(s)* + 4| Be|* [Kva () + 4 1Sl ly(s)[? (4.23)

for all s € [0,00). And from Lemma 4.6 and 4.7 it follows that

t ) 1
~ [ It P as < —

.(8) + CoE(@0) + Co / \y<s>|2ds+00% / d(s)lly(s) ds  (4.24)

for all t € [to, 00), where Cy, o, co are the constants and the function from the above lemmas. Inserting now (4.23)
and (4.24) in the last integral on the right-hand side of (4.22), we obtain

Bat) < B(io /\d Jlly(s)) ds — 25 /|K112 () S—<1—8/|y )2 ds

ek
co(t)

Bx(0) +<enCob(0) +senCh [ (o) ds+ 2 [ aGouts)as
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t t t
1 e / d(s)[? ds + dce || B / K ua(s)[2 ds + 4se |15, / y(s)[2 ds
0 0 0

for all ¢ € [tg, 00). So, by regrouping terms, we see that

(1 + CT(IZ))E}(??) < (1+5ekCo) E(#o) + (4se || B —551)/0 |Kva(s)|? ds

1 t
+ ((1 + £ )204 + cerCo + 4se || Se||> — (1 — 5)) / ly(s)|? ds
0

co(t)
t
SER \ & 9
+ {1+ -+ 4(5) / d(s)|”ds 4.25
(a2 ree) [ 42
for all t € [to, 00) and arbitrary o € (0,00). In particular, this holds true for « chosen such that
1 <a<2C (4.26)
% o .

(which choice is possible because C' > 1/(4¢)). We choose now 7 € [tg, 00) so large that

1

e Co (4.27)

which is possible because ¢y € £. We also choose € € (0,1) so small that

4
4se | Be|)? < &5t and S <C
T
0 (4.28)
(L ko s e1) <
% " ° co(T) 2 0 ¢ =°

which last two choices are possible because of (4.26). Combining now (4.25) with (4.28), we conclude that

E(i(r, %0, d)) < BE(F0) + C|ld|[} ;.5 (4.29)
where by virtue of (4.27) the constant f is smaller than 1, as desired:

1+ cerCy
= 1+ CEK

co(T)

B: <1 (4.30)

As a second step, we show that for every C' > 1/(4¢) and for every constant 8 and time 7 as in the first step
one has

- 1 e
B(#(t,30, ) < 587 B(o) +C . (4.31)

for every ¢ € [0,00) and every (Zg,d) € D. So let C' > 1/(4s) and let § and 7 be as in the first step. It then
follows from (4.21) by the cocycle property and induction that

E@#(nr,&0.d)) < 8" B(@o) + C dl, .0 (4.32)
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for every n € Ny and every (Zg,d) € D. If now ¢ € [0,00) is arbitrary, then
t=nT+t—nt and t—nre€l0,7)
for a unique n = n; € Ny and thus it follows by the cocycle property and by (4.32) and (3.17) that
E(i(t, %0, d)) < B"E(&(t — n7, Z0,d)) + C d(- +t = n7) |G s

e 1
< B"E(@0) + 1 1l e-nri2 + Cllli—nr (4.33)

every (Zo,d) € D, from which (4.31) and hence the second step follows. We conclude by density and continuity
that for every C' > 1/(4c) there is a constant 8 € (0,1) and a time 7 € (0, 00) such that (4.31) also holds for
arbitrary data (Z,d) € X x L?([0,00),RF) and t € [0, 00). So, by (2.18)

9
Jott, o, ) < w7 (3570(001) ) + 720l ) (439

for every ¢t € [0,00) and every (Zo,d) € X x L?([0,00),R¥). In particular, S is of uniform asymptotic gain
7 := 1120 2) for every C > 1/(4s), as desired.

4.2. Weak input-to-state stability of the closed-loop system

In this section we show that for systems & of arbitrary order N € N and for a general class of controllers &,
the closed-loop system Sis weakly input-to-state stable. We call S weakly input-to-state stable w.r.t. inputs from
L?([0, 00), R¥) iff it is uniformly globally stable and of weak asymptotic gain. See [45] for other characterizations
of weak input-to-state stability. In this context, the weak asymptotic gain property by definition means the
following: there is a function 7 € K U {0} such that for every ¢ > 0 and every &, € X and d € L?([0, c0), R¥)
there is a time 7 = 7 (e, Zo, d) such that

2t Zo, d)| < e +7(dllp) (¢ =7). (4.35)

A function 7 as above is called a weak (asymptotic) gain (function) for &. We observe that the only differ-
ence to the uniform asymptotic gain property is that the time 7 is allowed to depend on the initial state z(
(instead of only on its norm) and on the disturbance d. In [30] the weak asymptotic gain property is called just
asymptotic gain property. Also, the weak asymptotic gain property with weak gain 0 is often just termed global
attractivity [30, 31].

Lemma 4.8. If the assumptions (Conditions 2.1, 2.2, 3.1) of the solvability results are satisfied and S is weakly
input-to-state stable w.r.t. inputs from L?([0,00),R¥), then for every (%o,d) € X x L?([0,00), R¥) one has

Z(t, &9, d) — 0 (t = 00). (4.36)
Proof. Completely analogous to the proof of Lemma 4.2, the only difference being that there the conver-
gence (4.3) was even locally uniform w.r.t. Zg. O

In order to achieve weak input-to-state stability, we add the following conditions on the system & and the
controller &, to the assumptions from the solvability results.

Condition 4.9. G is classically approximately observable in infinite time, that is, for non-zero initial state
0 # xg € D(A)Nker B = D(A) and zero input v = 0, the corresponding classical output y(+, zg,0) := Cz(+, 2o, 0)
of & cannot vanish identically on [0, c0).
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Condition 4.10. (i) R is strictly damping, that is, for some constants ¢, ¢, d > 0,
W R@s) 2 clus? (] £8)  and W R() 2T (ual > 9)

(ii) Be, the input operator of the controller, is injective.

Theorem 4.11. Suppose that the assumptions (Conditions 2.1, 2.2, 3.1) of the solvability theorems are satisfied
along with Conditions 4.9 and 4.10. Suppose further that the only equilibrium point T, of the undisturbed system

P =Az+ f(2) with  0=Bi(t) (4.37)

is the point T. = 0. Then the closed-loop system S is weakly input-to-state stable and the function ¥ =0 is a
weak asymptotic gain for &. In particular,

Bt d0,d) — 0 (t — 00) (4.38)

for every Zo € X and d € L?([0, 00), R¥).

We now turn to the proof of the theorem and, for that purpose, it will be most helpful to write the nonlinear
part of (3.1) as

f(&) = Bg(B*%) + Bh(C%),
where B : R™ — X, C': X — R™ and g, h : R™ — R are such that

Buy == (0,0, v9), Ci =,
g(va) := =R(va) and h(vy) :=v; — VP(v1).

In particular, B*Z = Kvy for every & = (z,v1,v2) € X. We begin by rewriting the closed-loop equation (3.1) as

i’ = (A—=\BB*)Z + B(A\B*% + g(B*%)) + Bh(CZ)  and  (0) = %o

- (4.39)
d(t) = Bx(t),
that is, as a perturbation of the respective linear boundary control system
i’ = (A-\BB")z with d(t) = Ba(t), (4.40)

where A > 0. It follows from (4.39) by the transformation (3.3) and variation of constants that classical solutions
of (3.1) satisfy the following integral equation:

t
i(t, &g, d) = eAABB )z, +/ (A=ABBY)(=9) B(AB*i(s, &0, d) + g(B*&(s, #0, d))) ds
0
t e ™ ~ ~
+ / A-ABB )9 BR(Ci(s, o, d)) ds + D(d) (4.41)
0

for every (Zo,d) € D, where

dNd) == —eAABBIRA(0) + Rd(t) + / (AABE) (1 ) ((A = ABB*)Rd(s) — Rd'(s)) ds. (4.42)
0



STABILIZATION OF PORT-HAMILTONIAN SYSTEMS 25

4.2.1. Central ingredients of the proof

A first important ingredient to proceed from (4.41) is the following approximate observability result for the
collocated linear system & (A, B, B*).

Lemma 4.12. Under the assumptions of the above theorem, the linear system G(A,B,B*) is approximately
observable in infinite time.

Proof. Suppose that for some o € X we have
Bretip =0  (te0,00)). (4.43)

We then have to show that £y = 0. Setting

(n0s V1n0, V2n0) = Tpo = n/ol/n e‘z‘sjo ds
for n € N, we have of course that
Fno€D(A)  (meN) and  F,0— 20 (n— o0) (4.44)
and in view of (4.43) we also have that
Van(t) = B*eMing =0  (neN,te(0,00)), (4.45)

where we used the notation (z,,(t), vin(t), van(t)) := Zn(t) := e*F,0. We will also use the abbreviations

un(t) = an(t) and yn(t) = an(t)

in the following. Choose and fix now n € N. We know from (4.44.a) that &, = e A Zpo is continuously differentiable
with

(1) [ ma(t) Az (t)
)= (v, )] =A[va(t) ]| = Kuvap(t) (4.46)
Uén(t) V2n (t) —Vin (t) + chn(t)

for all ¢ € [0,00). So, by (4.45) it follows that vy, = v1,0 is constant and that
0 = vh,(t) = —v1no + Beyn (1) (t € [0,00)). (4.47)
And from this, in turn, it follows by the injectivity of B. (Condition 4.10 (ii)) that

yn(t) = chan = Yno (t S [O, OO)), (448)

where L is an arbitrary left-inverse of B.. We also know from (4.44.a) that Z,(t) = eA*#,o € D(A) C ker B for
all ¢ and so by (4.45) and (4.48) it follows that

0 = Bi, (t) = Br,(t) + B Kvop (t) + ScCp (t) = tn (t) 4+ Seyno (t €10, 00)). (4.49)
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Since & is impedance-passive (Condition 2.1) and since x,, = (-, Zp0, un) by the uniqueness statement made
around (2.10), it further follows using (4.48) and (4.49) that

0< E(en(t)) < E(ano) + /O tn(5) Tyn () ds = E@no) — (97Seymo)t

for all ¢ € [0,00). So, by the positive definiteness of S., we see that y,o = 0 and thus by (4.48), (4.47), (4.49)
that

yn(t) =0 and Vino =0 and un(t) =0 (4.50)

for all t € [0, 00). Since now & is classically approximately observable in infinite time (Condition 4.9) and since
Yn = Y(+, Tno, Un), we conclude by (4.50.a) and (4.50.c) that

o = 0. (4.51)
Combining (4.45), (4.50.b), (4.51) with (4.44.b), we finally get Zo = 0 as desired. O

A second important ingredient is the following stabilization result for the collocated linear system
&(A, B, B*), which hinges on the approximate observability property just established (Lem. 4.12) and on the
compactness of the resolvent of A (Lem. 2.3).

Lemma 4.13. Under the assumptions of the above theorem, one has for every A € (0,00):

(i) the linear operator
o0 - oo - -
L%([0,00), R™) 5 u / eAABBEIs By (s)ds € X
0

is well-defined and bounded with operator norm less than or equal to 1
(ii) the semigroup eA=2BB) js strongly stable and (A — ABB*)~! is a compact operator in X
(iii) for every u € L?([0,00), R™<),

o _
/ e(A=ABB)(t=9) By (5) ds —s 0 (t — o00)
0

(iv) for every u € AC)c([0,00), R™) N L°([0,00), R™c) with v € L?([0,00),R™) and every sequence (t,)
with t, — oo, there is a subsequence (t,,) such that the following limits exist and conincide:

tn

lim [ eAABE)En=9) By(s)ds = — lim (A — ABB*)~'Bu(ty,).

l—o0 Jg =00

Proof. Since &(A, B, B*) is approximately observable in infinite time (Lem. 4.12), assertion (i), the strong

stability part of assertion (ii), and assertion (iii) follow by a well-known stability result for collocated systems.
See [5] or [38] (Lem. 2.2.6 and 2.1.3) or [48] (Sect. 3.1), for instance. Also, by the strong stability of e(A=*BE"):

and the compactness of the resolvent of A and hence A — A\BB* (Lem. 2.3), we have

0¢ 0,(A—ABB*) = g(A— \BB").
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So, (A — ABB*)~! exists and is compact. And finally, assertion (iv) follows by partial integration:

~ s=tn

tn -~ ~ -~
/ e(A—)\BB*)(tn—s)Bu(S) ds = —(A _ )\BB ) 1 (A ABB* )(t"_é)B’U/( ) .
0 s—=

tn 1 ™ ~
+ (A= \BB*)™! / eATABEN) tn=3) By// (5) ds
0

and by then exploiting assertions (ii) and (iii). O
Lemma 4.14. Under the assumptions of the above theorem, one has for every %o € X and d € L?([0, ), R¥):

(i) B*i(:,%0,d) and go (B*i(:,%0,d)) belong to L*([0,00), R™e). ]
(ii) ho (Ci(-,Zo,d)) belongs to ACioc([0,00), R™<) N L¥([0,00), R™) and the derivative (ho (Ci(-,Zo,d)))’
belongs to L2([0, 00), R™<).

Proof. In the entire proof, we adopt the short-hand notation p(Zo,d) for Zo € X and d € L?([0, c0), R¥) from
the proof of Lemma 3.3. We also denote by Ly(p) and Ly (p) for p € [0,00) Lipschitz constants of g|§p(0) and
h|§p(0) such that p — Ly(p), L (p) are continuous and monotonically increasing.

(i) We first show that for every (i,d) € X x L?([0,00),R¥) and every t € [0,00) one has the following
estimates:

|Bataal (1/C+HKszo, 7 /2) (BG@w) + -1l ) @52)

Hg o (B*.i(-,.i'o,d)) H2

oz < LalIEN oo, >)2(1/c+|K|p<azo,d>2/c)(ﬁ<fo>+4lgd||?o,ﬂ,2)- (4.53)

Since both sides of (4.52) and (4.53) are continuous w.r.t. (Zo,d) € X x L2([0,00),R¥) by Corollary 3.5, it is
sufficient to prove these estimates only for all classical data (Zo,d) € D. So let (Zo,d) € D and ¢ € [0,00) and
write (z,v1,v2) := & := Z(+, Zo, d), so that B*Z(-, Zo,d) = Kwvs. It follows by Condition 4.10 (i) that

- 2 t
HB*ﬁs(-,;ﬁo,d)H[O ]2:/ \Kv2(3)|2dt:/ \Kv2(3)|2dt+/ Kva(s) 2 dt
)t 0 t t

Jts Jts
< (Ve 1K oo,y fc) / (Kua(9) TR (s)) ds (4.54)
for every t € [0, 00), where we used the abbreviations
JLs:={s€[0,1] : |[Kva(s)| <6} and Jsi={s€0,1] : |[Kva(s)| > 6}
as well as the fact that

sup |Kv(s)]* < K|l sup [[(s,&0,d)* < | K] p(Fo, d)? (4.55)

s€[0,00 s€[0,00
(Thm. 3.2 (ii)). It further follows from (3.16) with o := 1/(2¢) that

/O (Kua(s)) TR (Kua(s)) ds < (o) + (4.56)
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for every t € [0, 00). Combining (4.54) and (4.56) we obtain (4.52). And since g(0) = 0 we we also obtain (4.53)
using (4.55). Assertion (i) now follows by letting ¢ — oo in (4.52) and (4.53).

(ii) Choose and fix & € X and d € L*([0,00),R¥) and write (z,v1,v) := & := &(-,Z0,d), so that
Ci(-,&9,d) = vy. Since i(-,Zo,d) is the locally uniform limit of classical solutions by definition (3.38), we
see that

o1 () = v,(0) + /0 Kus(s) ds (4.57)

for all t € [0,00) and hence v; is locally Lipschitz continuous (even continuously differentiable). So, since h is
locally Lipschitz continuous as well and since

sup |vi(s)| < sup ||Z(s, Zo, d)| < p(Zo,d) (4.58)
s€[0,00) s€[0,00)

by Theorem 4.1, it follows that the composition howv; is locally Lipschitz continuous and bounded. In particular,
ho (CZ(-,Zg,d)) = howv; belongs to AC)o:([0,00),R™e) N L>(]0,00),R™) and thus is differentiable almost
everywhere. In view of (4.58) and (4.57) its derivative satisfies

h(v1(s+ 7)) — h(v1(s)) vi(s+7) —v1(s)

[(howvy)'(s)] = lim < Lp(p(Zo,d)) lim

T—0 T T7—0 T
= Lu(p(&0, d))| B*E(s, &0, d)|
for almost every s € [0, 00). So,
(o (Catao, @)y | = lhovn) iy < Lalp(Eo, ) | Ba( 70, ) (4.59)

[O,t],Q [07t]12

for every t € [0,00). In particular, (ho (CE(-,#o,d)))’ = (howy) belongs to L([0,00),R™<) by assertion (i),
which concludes the proof of assertion (ii). O

A third important ingredient is the following lemma which says that the linear boundary control system
i’ = (A-\BB*)# with d(t) = Bi(t) (4.60)

for A > 0 is infinite-time admissible w.r.t. inputs d € L?([0,c0), R¥).

Lemma 4.15. Under the assumptions of the above theorem, the linear operator ®} : C2([0, 00), R¥) — X defined

by (4.42) can be (uniquely) extended to a bounded linear operator 5? : L2([0,00),R¥) = X for every t € [0, 00)
and A € (0,00) and

< o0. (4.61)

sup Héj
t€[0,00)

Proof. Choose and fix A € (0,00). We adopt the short-hand notations p(Zg, d) and Ly(p), L1(p) from the proof

of Lemma 4.14.
As a first step, we show that the restriction ¢>f‘70 of ®) to

C24([0,00), R¥) := {d € C2(]0,00),R*) : d(0) = 0}
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. . =\ S
can be (uniquely) extended to a bounded linear operator @, : L*([0,00),R¥) — X for every t € [0, 00) and

=X
sup H@t 0
te[0,00) ’

’ < . (4.62)

So let t € [0,00). We see by (4.41) that

t e 5 B ~ ~ ~
D} o(d) = 2(t,0,d) —/ eAABEN(=) B(XB*i(s,0,d) + g(B*i(s,0,d))) ds
0

t e s ~ ~
- / oA=XBE)t=3) B (Ci(s, 0, d)) ds (4.63)
0

for every d € CZ ([0, 00), R¥). It follows by Theorem 3.2 (ii) that
[Z(¢,0,d)[| < y(lldllp 4,2) (4.64)

for all d € C2([0,00),R¥). Also, it follows by Lemma 4.13 (i) together with (4.52), (4.53) that

t e aasd ~ ~ ~
/ SANBEN9) B(AB*5(5,0,d) + g(B*#(s,0,d))) ds
0

<AHB*~-,o,dH H B*3(-,0,d H
< ( ) [O7t]’2+ go (B*i( ) 0.

< (3 Ly (1512 900, 0) ) (1 + 1K1 p0,0%7) (1) el (4.65)

for all d € C2([0,00),R¥). And finally, it follows by integration by parts (which is allowed by Lem. 4.14 (ii))
and by Lemma 4.13 (i) together with (4.59), (4.52) that

t L ~ . .
/ el ABE0 Bl (s,0,d)) ds|| < (4~ ABBY)* Bh(C(1,0,d))

0

/

+ H(A —ABB*)™! /t eAABEN=9) B (1o (Ci(-,0,d))) (s) ds

0

< [~ 285 2atot0. ) (1B1 Al . + (17 + 11 00.0272) " (52) o ) (460

< |[d = amBy | (181 2atot0.0) late. 0.1 + e CC,0.0))

for all d € C2 ([0, 00),R¥). Combining now (4.63) and (4.64), (4.65), (4.66) we see that

1F20(@)]| < (0, ) (g0 + ¥l 0..)) (4.67)

for all d € C2,([0,00), R¥), where [0,00) 3 p — Cx(p) is a continuous monotonically increasing function. It
follows that

D} C24([0,00), RF) — X

c
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is a linear operator that is bounded w.r.t. the norm of L?([0, 00), R¥) and thus, by the density of CZ ([0, o0), R*)

in L%([0,00),R¥), can be uniquely extended to a bounded linear operator 520 : L?(]0,00), R*) — X. Tt further
follows that

sup HEQOH = sup sup{”@io(d)H id € C’io([O,oo),Rk) with [|d|], < 1}
te[0,00) te[0,00)

< Ca(p(0,1)) (1 +~(1)) < oo. (4.68)

As a second step, we observe that also the non-restricted operator ®} can be (uniquely) extended to a

bounded linear operator 5? : L2([0,00), R*) — X and that 5? = 620 for every t € [0, 00). In order to do so, we
have only to show that

T, o(d) = ®)(d)

for every d € C%(]0,00),R¥). And this, in turn, can be achieved in the same way as in the second step of the
proof of Lemma 3.3. (Instead of (3.28) the essential ingredient now is the estimate (4.67), for it again allows us
to conclude (I)Z\/n,o(dn) — 0 as n — oo for every sequence (dy,) as in (3.31).)

In conjunction with (4.62) the second step proves the lemma. We finally remark that the mere bounded extend-
ability of ®} (without the finiteness condition (4.61)) could alternatively also be concluded from Lemma 3.3

by a perturbation argument (for which the approximate observability of &(A, B*, B) would not be needed).
See [48] for a collection of positive and negative perturbation results for (infinite-time) admissibility. O

4.2.2. Conclusion of the proof

With the above lemmas at hand, we can now conclude the proof of weak input-to-state stability with weak
asymptotic gain 7 = 0 in three simple steps. Since we already know that the closed-loop system is uniformly
globally stable (Thm. 4.1), we have only to show that

Z(t, &g, d) — 0 (t — o0) (4.69)

for every & € X and d € L?([0,00),R). So let (Zo,d) € X x L?([0,00), R*). It then follows from (4.41) by a
simple approximation argument (using (3.38) and Lemma 4.15) that

- -~ t ~ ~ ~ ~ ~ ~
(0. d) = APy [ AP BB 3 (s, G0, d) + 9(B"5 (5,70, ) d
0
t e ol o ~ ~ —
+ / APBEN=) Biy(Ci(s, o, d)) ds + B, (d) (4.70)
0

for all ¢ € [0,00) and A € (0, 00). We now show in three steps that all four terms on the right-hand side of (4.70)
converge to 0 as t — oo.

As a first step, we observe from Lemma 4.13 (ii) and from Lemma 4.13 (iii) in conjunction with Lemma 4.14 (i)
that the first term and the second term (the first integral) on the right-hand side of (4.70) converge to 0 as
t — oo for every A € (0, 00).

As a second step, we observe from Lemma 4.15 that the last term on the right-hand side of (4.70) converges
to 0 as t — oo for every A € (0,00). Indeed, for dy € C2([0, ), R¥) the convergence ®;(dg) — 0 as t — oo

immediately follows from (4.42) by virtue of Lemma 4.13 (ii). And from this, in turn, the desired convergence

5;\ (d) — 0 follows by density and Lemma 4.15.
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As a third and last step, we show that also the third term (the second integral) on the right-hand side
of (4.70) converges to 0 as t — oo for every A € (0,00). Choose an arbitrary sequence (t,) with ¢, — oo as
n — oo. Then by Lemma 4.13 (iv) in conjunction with Lemma 4.14 (ii) there exists a subsequence (t,,) such
that for both A =1 and A = 2 one has:

tn ~ o _ ~ ~ o ~ _
lim [ lAAE =) Biy(C(s, T, d)) ds = — lim (A= \BB") ™' BR(Ci(t, G0, ). (4.71)
—00

=00 J

Combining now (4.70) with the first and second step and with (4.71), we see that T, = lim; oo Z(tn,, %o, d)
exists in X and that

i, = —(A— ABB*)"'Bh(C%,) (4.72)

for both A =1 and A = 2. So, &, € D(A) and

(A - BB")#, = —Bh(C#,) = (A — 2BB")i,. (4.73)
It follows from this that on the one hand
BB*i, = hence  B*i, = (4.74)
and on the other hand
A%z, + f(&.) = A%, + Bg(B*%,) + Bh(Ci,) = A&, + Bh(C%,) = 0. (4.75)

In other words, (4.74) and (4.75) say that Z. is an equilibrium point of (4.37) and thus Z, = 0 by assumption.
So, summarizing we have shown that for every sequence (t,) with ¢, — oo there exists a subsequence (t,)
such that

Wm &(ty,, %o, d) = &, = 0. (4.76)

l—o0

And from this, in turn, the asserted convergence (4.69) follows (and therefore, in view of the first two steps,
also the third step follows).

4.3. Some remarks on the assumptions

In this section, we discuss specializations and generalizations of the assumptions from the weak input-to-state
stability result (Thm. 4.11). In particular, we clarify their relation to the assumptions from the uniform input-
to-state stability result (Thm. 4.5). As the following two lemmas show, the assumption on & from Theorem 4.5
(Condition 4.3) is more or less — apart from some minor extra conditions which are often satisfied in applications —
a sufficient condition both for the approximate observability assumption (Condition 4.9) and for the equilibrium
point assumption from Theorem 4.11. See the conference paper [43] for versions of the stability theorems above
that are simplified accordingly. In our applied examples (Sect. 5), we will make ample use of this.

Lemma 4.16. Suppose that the assumptions (Conditions 2.1, 2.2, 3.1) of the solvability theorems are satisfied
and, in addition, that & is even impedance-energy-preserving meaning that (2.8) holds with equality. If then
Condition 4.3 is satisfied, then so is Condition 4.9.

Proof. Suppose that Condition 4.3 is satisfied and that z¢ € D(A) is such that

y(t,20,0) = Cx(t, 29,0) =0 (t € [0,00)). (4.77)
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Since x(-, 79, 0) = e?t'zq is a classical solution of 2’ = Az with t s ||2(t, 0, 0)|| y being monotonically decreasing

and since Condition 4.3 is satisfied, there exist positive constants Cy,tg such that

(¢, 20,0)|% < Co / |(Ha(s, 20, 0)) ()2 ds
< Co/s / (Ber(s, w0, 0)) ()2 + (C(s, 20, 0)) () s (4.78)

for all t € [tg,00) (Lem. 9.1.2 of [12] or, more precisely, the third step in the proof of Thm. 3.5 of [44]). So, as
Bx(-,x0,0) =0 and Cx(-,x0,0) = 0 by (4.77), we conclude that

x(t,29,0) =0 (4.79)

at least for all ¢ € [tg, 00). Since by the assumed impedance-energy-preservation of & and by (4.77) the energy
t—1/2 Hx(t,xo,O)H%( is constant on the whole of [0, 00), it follows from (4.79) that zo = 0 as desired. O

Lemma 4.17. Suppose that the assumptions (Conditions 2.1, 2.2, 3.1) of the solvability theorems are satisfied
and, in addition, that 0 is the only critical point of the potential energy P of &.. If then Condition 4.3 is
satisfied, then the only equilibrium point Z. of (4.37) is 0.

Proof. Suppose that Condition 4.3 is satisfied and that Z, = (24, v«1,Vs2) is an equilibrium point of (4.37).

Then z,. € D(A) with

3 . Az, Az,
B.Cxy — VP(vi1) — R(Kvy2) B.Cxy — VP(vi1)
and
0 = Bi, = Bz, + Bl Kv.y + S.Cx, = Bz, + S.Cx.. (4.81)

It follows from (4.80) and (4.81) using the impedance-passivity of & (Condition 2.1) that
0= (24, Az,) y < (Bzi) Cas = —(C2.) " S.Cxi < 0. (4.82)
So, by (2.15) and (4.81) we see that
Cx, =0 and Bz, = 0. (4.83)

In view of (4.80) and our extra assumption on the critical points of P, this implies that v,; = 0 and it remains to
show that z, = 0 as well. Since by (4.80) the constant function ¢ — x(t) := z, is a classical solution of 2’ = Ax
and since Condition 4.3 is satisfied, there exist positive constants Cy, ty such that

t t
leal% = ()] < Co / |(Ha(s)) () ds < Co/m / B [? + |Ca [ ds (4.84)

for all ¢ € [tg,00) (Lem. 9.1.2 of [12] or, more precisely, the third step in the proof of Thm. 3.5 of [44]). In view
of (4.83), this implies that x, = 0 as desired. O
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An inspection of the proof of Theorem 4.11 reveals that Condition 4.9 and Condition 4.10 (ii) are needed only
to obtain the approximate observability of &(A, B, B*) (Lem. 4.12) — for all the other lemmas and arguments,
the following Condition 4.18 and Condition 4.10 (i) (along with Conditions 2.1, 2.2, 3.1, of course) are sufficient.

Condition 4.18. G(/I,B,B*) is approximately observable in infinite time or approximately controllable in
infinite time.

Consequently, the assertions of Theorem 4.11 remain true if we replace Condition 4.9 by the more general
Condition 4.18 and omit Condition 4.10 (ii) (while leaving all other assumptions of the theorem unchanged).
Yet, the thus modified assumptions are not much more general. In fact, by the following lemma, the modified
assumptions entail all the original assumptions except, possibly, the not very restrictive injectivity assumption
on B, (Condition 4.10 (ii)).

Lemma 4.19. Suppose that the assumptions (Conditions 2.1, 2.2, 3.1) of the solvability theorems are satisfied
and that G(A, B, B*) is approximately observable in infinite time. Then Condition 4.9 is satisfied as well.

Proof. Suppose zg € D(A) is such that the output y(t, zo,0) = Cz(t,,0) = 0 for all £ € [0, c0). We have to show
that 29 = 0. Set &y := (20,0,0) € X and #(t) := (x(t,x0,0),0,0) = (eA*x(,0,0) € X, then 7 is continuously
differentiable and, by the zero-output assumption,

i(t) e D(A)NkerB=D(A) and  #(t) = Ai(t)

A

for all ¢ € [0, 00). Consequently, Z(t) = e*Z, and thus

Breliio = B*i(t) =0  (t € [0,00)).
Since G(A, B, B*) is approximately observable in infinite time, we obtain g = 0 as desired. O

5. SOME APPLICATIONS

In this section, we apply the uniform and the weak input-to-state stability results to a vibrating string and
a Timoshenko beam.

Example 5.1. Consider a vibrating string [2, 12, 53], that is, the transverse displacement w(t, () of the string
at position ¢ € (a,b) evolves according to the partial differential equation

p(Q)07w(t,¢) = O (T(Q)Icw(t, ¢)) (5.1)
for t € [0,00),¢ € (a,b) (vibrating string equation) and the energy F,(t) of the string at time ¢ is given by

1

b
B0 =5 [ PO0m(t.0))* + 7€) (Bcu(t.0))* &

In these equations, p, T are the mass density and the Young modulus of the string and they are assumed to be

absolutely continuous and to be bounded below and above by positive finite constants. Also, assume that the
string is clamped at its left end, that is,

Orw(t,a) =0 (t €[0,00)) (5.2)
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and that the control input u(¢) and observation output y(¢) are given respectively by the force and by the
velocity at the right end of the string, that is,

u(t) = T(B)dcw(t,b)  and  y(t) = dyw(t,b) (5.3)

for all ¢ € [0, 00). With the choices

2(0)(C) = (P(gﬁta(z,)()) H(Q) = (1/%(4) T(()C))’ P ((i (1))

and Py := 0 € R?*2 the pde (5.1) takes the form (2.1) of a port-Hamiltonian system of order N = 1 and,
moreover, the boundary condition (5.2) and the in- and output conditions (5.3) take the desired form (2.6)
and (2.2), (2.7) with matrices Wp 1, Wp 2, We € RY4. 1t is straightforward to verify that this system & is
impedance-energy-preserving, that the matrix W € R3** from (3.2) has full rank, and that H is absolutely
continuous and (4.6) holds true. In particular, Conditions 2.1, 3.1, 4.3 are satisfied. So, as soon as the controller
S, is chosen such that

e Conditions 2.2 and 4.4 are satisfied, or
e Conditions 2.2 and 4.10 are satisfied and 0 is the only critical point of P,

respectively, the resulting closed-loop system & is input-to-state stable or weakly input-to-state stable,
respectively (Lem. 4.16 and 4.17).

Example 5.2. Consider a beam modelled according to Timoshenko [2, 12, 53], that is, the transverse displace-
ment w(t,¢) and the rotation angle ¢(t,() of the beam at position ¢ € (a,b) evolve according to the partial
differential equations

PO (t, ) = O (K(Q) (Bcw(t. €)= (t.))) (5.4)
1.(QOR(t,¢) = D (BI(Q)2eip(t, Q) + K () (cw(t, ) — ¢(t,0)) (5.5)

for t € [0,00),¢ € (a,b) (Timoshenko beam equations) and the energy E,, ,(t) of the beam at time ¢ is given by

1

b
Buolt) =5 [ #(O@0(t.0)" + K(O0cu(t.0) = 9(t,0))” + 1) @up(t,0)” + BIC) Ge(t.6))° &

In these equations, p, F, I, I, K are respectively the mass density, the Young modulus, the moment of inertia,
the rotatory moment of inertia, and the shear modulus of the beam and they are assumed to be absolutely
continuous and to be bounded below and above by positive finite constants. Also, assume that the beam is
clamped at its left end, that is,

Ow(t,a) =0 and Opp(t,a) =0 (t € [0,00)) (5.6)
(velocity and angular velocity at the left endpoint a are zero), and that the control input u(t) is given by the

force and the torsional moment at the right end of the beam and the observation output y(t) is given by the
velocity and angular velocity at the right end of the beam, that is,

_ (KE®(0cw(t,b) —o(t,b) _ (Bww(t,b)
“(”‘( (*Eﬁb)aw(t,f) ))’ y(’f)—(atgo(t,b)) (5.7)
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for all ¢ € [0, 00). With the choices

&%gglw%O K(¢) /i) 0 0
z(t)(C) := Pacw(uc) . HO= % Bl o |
1(C)0ep(t, C) 0 0 0 1/L.(¢)

and an appropriate choice of P, Py € R¥*4 the pde (5.4) take the form (2.1) of a port-Hamiltonian system
of order N = 1 and, moreover, the boundary condition (5.6) and the in- and output conditions (5.7) take the
desired form (2.6) and (2.2), (2.7) with matrices Wp 1, Wp.2, We € R?*8. It is straightforward to verify that
this system & is impedance-energy-preserving, that the matrix W € R%*® from (3.2) has full rank, and that H
is absolutely continuous and (4.6) holds true. In particular, Conditions 2.1, 3.1, 4.3 are satisfied. So, as soon as
the controller &, is chosen such that

e Conditions 2.2 and 4.4 are satisfied, or
e Conditions 2.2 and 4.10 are satisfied and 0 is the only critical point of P,

respectively, the resulting closed-loop system & is input-to-state stable or weakly input-to-state stable,
respectively (Lem. 4.16 and 4.17).
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