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UNIFORM EXPONENTIAL STABILISATION OF SERIALLY
CONNECTED INHOMOGENEOUS EULER-BERNOULLI BEAMS*

BJORN AUGNER**

Abstract. We consider a chain of Euler-Bernoulli beams with spatial dependent mass density, mod-
ulus of elasticity and area moment which are interconnected in dissipative or conservative ways and
prove uniform exponential energy decay of the coupled system for suitable dissipative boundary condi-
tions at one end and suitable conservative boundary conditions at the other end. We thereby generalise
some results of G. Chen, M.C. Delfour, A.M. Krall and G. Payre from the 1980’s to the case of spatial
dependence of the parameters.
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1. INTRODUCTION

Beam equations became the focus of attention for mathematical modelling, analysis and numerics of complex,
multi-component systems, in particular mechanical systems for the modelling of aeroplanes, bridges, nowadays
more and more electromechanical systems and robotics, at least since the 1980’s. Several types of partial
differential equations serve as, and compete as models for such vibrating beams or strings: from the wave
equation, probably one of the most commonly and most detailed discussed models in mathematics, to the
Rayleigh beam and the Euler-Bernoulli beam, to the Timoshenko beam and even more sophisticated models. In
many cases, these equations are non-linear in principle, but for the analysis and numerics of complex systems it
is often useful, to consider the linear or linearised versions of these equations. In this article, we treat the linear
Euler-Bernoulli beam model

p(C)th(tv C) + (El(g)wCC)CC(tv C) =0, t>0,¢€ (07 l)

where p(¢) denotes the mass density times cross section area of a beam of length | > 0, and E((¢) and I(() its
modulus of elasticity and area moment of the cross section, respectively. G. Chen and several coauthors [9], [10],
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2 B. AUGNER

[11] considered three particular important situations for the Euler-Bernoulli beam:

(1) A single beam is stabilised by dissipative boundary feedback at one end of the beam and conservative
boundary conditions at the other end [10].

(2) A pair of identical beams is damped via dissipative point feedback at the joint [11].

(3) An arbitrary long, but finite chain of serially connected beams is damped at one end of the chain [9].

In all these cases, the authors assume that the beam parameters p, F and I are constant along each of the
beams. Since then for all three cases the corresponding articles inspired further mathematical research for more
general models. For example in [17] and [24], situations have been considered where for a single Euler-Bernoulli
beam the collocated feedback at the dissipative end is perturbed, i.e. the feedback input cannot be expressed
solely by (the traces of) the energy variables w; and Elw¢. and their spatial derivatives.
Other works, e.g. [2], [16], [3], [18], [1] further dealt with the problem of dissipative point feedback at the joint
between two Euler-Bernoulli beams. These works highlighted that such a feedback law is not a good choice for
exponential stabilisation (or, it is not a good model for such systems), because typically they gave the result
that the property of asymptotic and uniform exponential stability depends on whether the actuation position
¢ € (0,1), at which the damper acts, the fraction % € (0,1) lies in some subset Q of Q N[0, 1] which is still dense
in [0,1]. A very unsatisfactory result from engineering perspective.

At the same time, more general networks defining the interconnection structure of Euler-Bernoulli beams
and their stability properties have been considered, e.g. in [12], [22] and [23].

The methods used mostly for proving stability essentially break down into three more or less heavily used
methods:

(1) Construction of a suitable Lyapunov function: this method has been applied in [9], [2].

(2) Analysis of the asymptotic behaviour of the (discrete) eigenvalues A, for n — oo, see e.g. [10], [12], [15],
[16], [18], [22], [23].

(3) Frequency domain method: resolvent estimates on the imaginary axis based on the Gearhart-Priiss-Huang
Theorem, i.e.

sup H(lﬂ — A)le < 00,
BER

e.g. in [24], [3], [17].

Each of these methods has its own advantages and disadvantages. For example, the first method is suitable to
allow for non-linear perturbations in the dissipative boundary feedback, but the method seems to be restricted
to Euler-Bernoulli beams with almost homogeneous parameters p and EI, ¢f. [5], and it is not clear at all
whether all cases for which uniform exponential stabilisation is already known can be covered by this method
as well.

Even more restrictive seems the second method, which mainly can be used for homogeneous beam models,
whereas the frequency domain method in generally is suitable for non-homogeneous beams as well (and will be
applied in this article). At the same time, both the second and the third method are restricted to the case of
linear boundary feedback, and leave stability questions concerning nonlinear feedback wide open.

Note that the papers listed above almost exclusively cover homogeneous beam equations, i.e. p and FE1 are
constant, at least on each beam. This brings up the question: Is homogeneity of the beams only a technical
restriction for the proofs? Can the general inhomogeneous case be reduced to the special homogeneous case?
Does a (sufficiently regular) inhomogeneity influence well-posedness or stability at all? As it turns out, for the
last question, which actually consists of two separate questions (well-posedness and stability), one of which
has an easy answer, the other not so. In fact, for dissipative systems well-posedness (in the sense of semigroup
generation, i.e. existence, uniqueness and continuous dependence on the initial datum for the corresponding
abstract Cauchy problem) is invariant under perturbation by a coercive and continuous operator, see e.g. Lemma
7.2.3 in [19] or the much more general results in [8]. (For a background on strongly continuous semigroups
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(Cp-semigroups), we refer to the monograph [14].) Does the same result hold if the term strongly continuous
contraction semigroup is replaced by uniformly exponentially stable, strongly continuous contraction semigroup?
Unfortunately not! Actually, there are already examples on finite dimensional Hilbert spaces which serve as
counter examples, and in the class of infinite-dimensional port-Hamiltonian systems [26], [27], [21], [19], i.e
a hyperbolic vector-valued PDE on an interval (in which form the Euler-Bernoulli beam can be rewritten) a
striking counter example is known [13]. Though this particular counter example does not belong to the class of
Euler-Bernoulli beams, yet it motivates the standpoint we take in this paper: stability of inhomogeneous beams
should be addressed additionally to the question of stability for their homogeneous counterparts. Therefore,
we generalise the results of [9] in this direction, which — to our knowledge — has not yet been achieved up to
now. G. Chen et al. [9] investigated a system of Euler-Bernoulli beams which are serially interconnected (in a
conservative or dissipative way), and which is damped at one of the two ends of the chain, e.g.

Plon(t,C) + (B Pwce)ec(t,€) =0, t>0,¢e @ L), j=1,..,m
w(t,0) =0, t>0
we(t,0) =0, t>0
wt, V=) = w(t,'+), t>0,7=1,....m—1
we(t, V=) = we(t, 1 +), t>0,j=1,....m—1
(B Pwee)(t, V=) = —(BIT T e 0) (8,19 4), t>0,j=1,....,m—1
(B Pwee)e(t,19—) = (Ej.[jo.)cc)c(t,lj-l-), j=1,....m—1
—(EMIMwee)(t, L) = t=>0
(Emlmwgc)g(t, L) = (t,L) t Z 0
w(0,¢) = (C), CeWHV),j=1,....m
wt(0,¢) = w1(¢), CeW™HV),j=1,....m

where 0 = [° < [ < ... <[I™ = L is a division of the interval (0, L) for some L > 0 and m € N, and x > 0 is
some damping parameter. Here and in the following, we write

f(¢£) == lim_f(w)

w—(t

for the one-sided limits of a function at position ¢. For the special case of a pair of beams (m = 2) of unit total
length (L = 1) and a joint at position I =1 € (0,1), this system reads as

prwi(t, Q) + (BT wee )
prwi(t, ¢) + (B IPwec)c

) =0, t>0,¢€(0,1)
) =0, t>0,¢e(l,1)
)=0 t>0
)=0 t>0
c(t,1=) = we(t, 14), t>0
—(BE'twee)(t,1-) = —(E*TPwee) (L, 14), t>0
c(t1=) = (B*Pwee)c (b, 14), t>0
) =0, t>0
) = kw(t, 1), t>0,
) ) ¢e (0, )\{i}
) <), ¢ € (0, 1)\ {l}.
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For first reading, the reader may always have this special case in mind since it already includes most of the
relevant features of a chain of Euler-Bernoulli beams. The demonstration of the results in [9] is based on an
energy multiplier method which provides a Lyapunov function for the Euler-Bernoulli beam system. For example,
in this case uniform exponential decay of the energy of the coupled system

Mﬂ:fEJK P lw(t, OF + BV I Jwee (£,Q)1 d¢ < Me"H(0), >0

for some constants M > 1 and 1 < 0 which are independent of the initial data, has been shown in [9] for a
strictly positive damping parameter x > 0 under the following additional structural constraints:

(1) On each interval (771, 17), the mass density times cross sectional area p(¢) = p’, the modulus of elasticity
E(¢) = E7 and the area moment of the cross section I({) = I’ are constant.
(2) The parameters p? > 0, E7 > 0 and I?7 > 0 satisfy the monotonicity constraints

pl <Pt B > BT =1

In this paper, we are going to remove the first of these constraints, i.e. we show the same uniform exponential
stability result for arbitrary piecewise Lipschitz-continuous and strictly positive p € Lip((I?~%,17); R) and ET €
Lip((I7=1,17); R) (note that this implies that for each junction point #, the one-sided limits p(I’—) and p(I’+)
etc. exist) replacing the constant parameters p/ and E7I7, but still satisfying a jump conditions for possible
discontinuities of p and ET at the junction points:

Assumption 1.1 (Regularity of physical parameters and jump conditions). For the stability results will assume
the following:

p, EI € Lip(IP~*,1) and uniformly positive, j=1,...,m, (R)
p('=) <p+), (EDF-) > (EN(V+), i=1...,m (M)

We prove our results within the framework of Cyp-semigroups, applying a special case (for compact resolvents)
of the Arendt-Batty-Lyubich-Vu Theorem for asymptotic stability and the Gearhart-Priiss-Huang Theorem for
uniform exponential stability of Cpy-semigroups. Moreover, we consider a slight generalisation of the situa-
tion described above by allowing dynamic boundary feedback via impedance passive finite-dimensional control
systems and which all are internally stable. For well-posedness (here, in the sense that dissipativity of the
interconnected system implies well-posedness with non-increasing energy for the system), we use abstract well-
posedness results for so-called infinite-dimensional linear port-Hamiltonian systems [20], [21], [28], [7] (which rely
on the Lumer-Phillips Theorem), and also employ the techniques used in [7] for uniform exponential stabilisa-
tion of a (single) Euler-Bernoulli beam within the port-Hamiltonian framework to show the uniform exponential
energy decay. Note that in [6] quite general interconnection structures of infinite-dimensional port-Hamiltonian
type have been considered, especially well-posedness and stability properties. The general setup considered
there, however, is not enough to cover exponential stability of serially connected Euler-Bernoulli beams except
for some very restrictive conditions on the dissipative structure of the interconnection.

This paper is organised as follows: in Section 2 we formally consider possible interconnection and boundary
conditions leading to a dissipative system of joint Euler-Bernoulli beams. More precisely, we give classes of
boundary control and observation maps leading to an open loop impedance passive system, thus leading to
a dissipative system for dissipative (linear) closure relations. Using the abstract theory of infinite-dimensional
linear port-Hamiltonian systems, this immediately implies well-posedness results in the sense that for any
sufficiently regular initial data there is a unique solution with non-increasing energy and the solution depends
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continuously on the initial data. In other words: the operator A governing the dynamics of the beam-observer-
feedback-actuator system generates a strongly continuous contraction semigroup on a suitable energy state
space X. Then, Section 3 is devoted to the discussion of stability properties. We give sufficient conditions on
the interconnection structure by means of dissipative static feedback or feedback via interconnection with an
internally stable impedance passive finite-dimensional linear controller. Here, the main results of that section and
this manuscript are Theorem 3.4 on asymptotic, i.e. strong, stability and Theorem 3.7 on uniform exponential
stability, i.e. uniform exponential energy decay. In Theorem 3.11 we reformulate the previous well-posedness
and stability results in the language of Euler-Bernoulli beam equations and show that our results cover the
inhomogeneous beam versions of the uniform exponential stability results already presented in [9], especially
including a discussion of several relevant conservative boundary conditions on the non-dissipative end of the serial
chain of Euler-Bernoulli beams, which already had been mentioned in [9], but under the standing assumption
of piecewise constant parameters p and EI. We conclude the paper with some final remarks in Section 4.

2. WELL-POSEDNESS

We start by discussing the well-posedness for systems of PDE modelling serially connected Euler-Bernoulli
beams. Slightly generalising the setup in [9], we consider a decomposition 0 = < ! < ... <I™ = L of an
interval (0, L) (L > 0) and on each subinterval (I~1,17) the Euler-Bernoulli beam equation

p(Quwe(t,¢) + (BI(Quee(t:O))ee =0, C€ (THY), j=1,...,m. (EB)

where, in contrast to the situation in [9], we allow for spatial dependence of p and EI on ¢ € (I7~1,17). For the
moment, it is enough to let p, EI € Lo (I7~1,17) be uniformly positive, i.e. there is € > 0 such that

(O, EIQ) > e, ae Ce@F),j=1,..,m

The total energy of this linear system is defined as the sum of kinetic energy and strain energy of all beams

L
1) = 5 [ (Ot OF + BIQ bt ¢

:Z::;/l (p(Q) len (2, O +EI(Q) lwee (8, Q)1 ) d¢ =: ZH]

For sufficiently regular solutions of the Euler-Bernoulli beam equations on each subinterval (I7=1,17), we formally
obtain the power balance for the corresponding beam as

I8 . .
GO =Re [ 0Ot 00 + BI(Cuce(t, Oiocat0/ ¢

& - -
=Re /l__l —(Elwee)ce(t, Qui(t, €) + BI(Quee(t, Queee(t, €) d¢

= Re [—(Efwgg)c(t, 1 =Y (61— + (Elwee) (6, 11 —)ae (1, u‘—)}

— Re {—(Efwgc)c(t, lj71—|—)wt (t, lj_1+) + (Elw“)(t, lj71+)wt< (L‘, lj_1—|—):| .
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Putting these equations together, we obtain the change of total energy of sufficiently regular solutions as

*H = %Hﬂ [—(Elw«)c(t, L—)w(t,L—) + (Elwcc)(t, L_)m}

j=1

~Re [—(Elw@)g(t, 0-+)on (6, 0) + (ETuge) (1, 0+ o (5, 0|
+ Z Re { (Elwee)e(t, =)oy (51—) + (Elwcc)(t,lﬂ'—)wtc(t,zi—)}
~ Re [~(Bluce)o(t, U4+ )n(t, U+) + (Bluge) (1 Vg (614)] - (2.1)

We see that, when aiming for interconnection of the beams in a dissipative way, the most natural way to do
so is by imposing dissipative boundary conditions (which in this context may include conservative boundary
conditions as well) at the left (¢ =% = 0) and right end ({ = {™ = L) and a dissipative interconnection at the
junction points ( =17 (j =1,...,m — 1). To achieve the latter, at every junction point I (j =1,...,m —1) we
demand continuity conditions of the type

we(t, lj*) = wy(t, ljJr) or - (EIW€€)C(ta lj*) = *(EIWCC)C(ta lj+)

and
wie(t, V=) = wie(t,U+)  or  (Blwee)(t, V=) = (Elwee)(t, U +).

(In [25], [9] it has been discussed that for dissipativity of the system, at least one of two state variables which
are dual (or complementary) to each other has to be continuous. This justifies these conditions.) We may thus
distinguish between four different cases of static interconnections:

(1) For w(t,17—) = we(t, 17+) and wye (t, 17 —) = wie (¢, 17 +):

(—(Eﬂucc)

C(t’lj_) + (EIWCC)C(talj"i_) _ _17d wt(t’lj)
(Bl )= )

7lj7> - (EIW(C)(t’lj+) wtC(t7lj)
(2) For wi(t,19—) = wy(t,19+) and (Elwee)(t, 1P —) = (Elwee)(t, 17 +):

<—(Efwcc)

¢
wic (

(t’lj_> + (EIWCC)C(t>lj+) _ 177 wt(t’lj) .
t, =) — wie(t, 7 4) ) K ((EIWCC)(@V)>.

(3) For _(EIO‘)CC)C(t’ lj—) = —(EILdgg)g(t, lj-i-) and Wi (t, lj—) = Wic (t, lj-l-):

Wt(t7lj:_) — wi (2, lj+) ) — _KJ _(EIWCC)C.(t’Zj)
((EI(J.)Cc)(tJ]—) — (E.[wgg)(t,lj-‘r)) K < wtg(t, l]) ) ’

(4) For —(Elw<<)<(t,lj—) = —(EIW(()C(t,lj—F) and (EIW(C)(t,lj—) = (Elwcc)(t,lj—F):

wi(t, V=) —wi(t, 0 4) \ _ o —(Elwee)c(t, 1)
(wtc(t,lj)wtc(t,l“r)) =k ( (Blwee)(t,19) )
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In each case K7 € K?*2 denotes a matrix with positive semidefinite symmetric part Sym K = K+TK* (At first
reading the reader might consider the special case m = 2 and the particular interconnection condition

wt(l1+) = wt(t,ll—)
wtg(h l1+) = th(t, ll—)

7Et,ll—) + (Elw“)g(t,llJr)) _ x5! ( w(t, 1Y) )

(—(Efwcc)
A=) = (Blwee)(t, 11 +) wie (t,11)

¢
(Elwee)(

to make the following statements easier digestible.) Reformulating this problem in a more abstract way, makes
the theory of infinite-dimensional linear port-Hamiltonian systems, cf. e.g. [21], [7], applicable, and we, therefore,
may easily deduce well-posedness from abstract theory, simply by checking dissipativity. First, we exploit that
p and ET are bounded and uniformly positive and write

e N
wo=(18) - () o

so that the Euler-Bernoulli beam equations may be equivalently expressed as

Osw0=1° VN LR0me.0), 120,ce@iy), =1
({%x 27110 a¢? L, 6)); =Y W), 9 =1,...,m.
With P, = ? _01 , this almost looks like an infinite-dimensional linear port-Hamiltonian system of order

2 as considered in [21] or [7], but due to the possible discontinuities in the junction points it is not quite yet.
However, by performing a parameter transformation and writing the resulting PDE as a system of PDE on the
unit interval (0,1),

HI() :=H(1 =P 4+ ¢, 29,8 =zt A =P +¢), ¢e(0,1),j=1,....m

H(C)
H(C) = c K2m><2m
i H™(C)
at(t, ¢)
x(t,C) := € K*™
z"™(t,C)
I [ 0 -1 }
=211 0
Py = € K2mx2m

1 0 -1
T | 1

Py = Py =0 ¢ K¥x2m
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we find that the Euler-Bernoulli equations take the port-Hamiltonian form

2

5500 = (Pags ) (HOa(1,0) = (a(0) @), ¢20,C € 0.1),

Let the energy state space X = Ly(0,1;K?™) be equipped with the energy inner product

(x]y), = / (#(0) | H(OW(O) gam dC, w2y € X

By Theorem 4.1 in [21], the operator A = 2A|p(4) defined as the restriction of 2 to any domain D(A) € D() =
{x € Ly(0,1;K®™) : Hx € H*(0,1;K?™)} of the form

DA)={zeD®): W ( ) =0} for some full rank matrix W € K2m>4m

generates a contractive Cp-semigroup on X if and only if A is dissipative. That is, the boundary (and here:
interconnection) conditions restricting D(21) to a linear subspace D(A) need to ensure that

Re (Az|z), <0, ze D(A).

Note that thanks to the uniform boundedness and positivity of p and ET, ( | ) + induces a norm on X which is
equivalent to the standard inner product on Lo (0, 1; K?™). A similar statement holds true whenever the system
of beams is interconnected by a finite dimensional linear control system X. = (A., B., C¢, D..), i.e.

— () = Aczc(t) + Beue(t), t>0

Ye(t) = Cexe(t) + Douc(t), t>0.

Here, x.(t) lies in the controller state space X., a finite dimensional Hilbert space, and the Hilbert spaces
U, and Y, are the finite dimensional control and observation spaces for the control system. To formulate this
well-posedness result rigorously, we introduce the following boundary control and observation operators for the
Euler-Bernoulli beam system in port-Hamiltonian form.

Definition 2.1 (Pointwise Control and Observation Operators). Let matrices Wg, Wé € K?*4 be given such

wi . . .
that {WE} € K*** is invertible. We define the linear operators 8%, ¢ 8™ ¢™ : D(A) — K2 by
wy(t,0)
(‘B%) _ [ Wa } ( (H'z')(0) ) _ { W } (Elwe)(t,0)
ez ) | WE |\ P(H 2t (0) ) — | W2 —(Elwee)c(t,0)
wtg(t,O)
w(t, L)
(%%) _wg } < (H™a™)(1) ) B { wn } (Elwee)(t, L)
<y )| WE —DPy(H™2™) (1) ) | W& (Elwee)e(t, L)
—wtc(t,L)
and for each junction j € {1,...,m — 1}, depending the chosen type of continuity conditions, we define linear

maps B, B7 and €7 : D(A) — K? as follows:
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174) and wye(t, 17 =) = wee(t, 17 +) are continuous in I7:
¢ ¢

(1) For the case where wy(t,17—)

o (Hi2) (@) = (1 T(0) wi(t, 17 =) —wi (£, +)
Por = (( Hix 1)’(1) (] af Tty (0)> B <wt<(t>l1—)—wt<(t,lﬂ+))
‘ —(Hba3) (1) + (HJ+1 5 1)'(0) —(Blwee)e(t, =) + (Elwee)e (17 +)
<%7fv) o (H3a)) (1) — (M ] )(0) _ | (Blwe)(t, V=) = (Elwee) (8,1 +)
ey S(Ha) (1) + (R 2] (0)) w(t, 1)
S(H) (1) + (H 2 T1)(0)) wic(t,19)

where for any spatial dependent quantity f we write f({) := f((+) = f({—) whenever the two one-sided

limits exist and coincide.
(2) For the case wi(t,l9—) = wi(t,17+) and (Elwee)(t, 19—) = (Elwee)(t, 17 +)

) ( wi(t, =) = wi(t, 1 +) )

(Hi=])(1) — (H 20 _
(Blwee)(t, V=) — (Elwee)(t, ¢7+)

i : )
Dot (( zxz)(l)—(’H”l £)(0)
)

| —(H) (1) + (" ) (0) —(Blwee)c(t, V=) + (Blweo)c(t,19+)
(%73?) _| *H 11‘1) (1) - (H3*™ JH) ) | _ wic (t,19 =) — wic(t, 17 +)
Gz (H]a) (M) + (=2 T)(0)) wi(t,17)
3 (Hb3)(1) + (5™ 2511)(0)) (Blwee)(t, V)
(3) For 7(EIw<<)4(t,lj7) = 7(E.[w<<)<(t, lj+) and wtg(t,ljf) = wtc(t,lj+)
Jo o (—(H5e3) (1) — (M3 2y (0) —(Blwe)¢(t, V=) = (Elwee )¢ (U +)
o2 '_< (Hia}) (1) = (M1 ™) (0) ) ( wic (t, V=) — wie(t,17+) )
| () (1) + (] )0) ot U) — I 1)
()| o M) | | (Brec) (60-) — (Bl (1, 1+)
T )| —5(Hap)' (1) + (fH]Jrl 57)(0)) —(Elwee)c(t,17)
S(Hix])' (1) + (M ad i )'(0)) wig(t, 1)

(4) For —(Elwee)c(t, 1 =) = =(Elwee)c(t, 1 4) and (Elwee)(t, 7 =) = (Elwee)(t, 1V +)

je = ("4 - OO0 (Bl - (Bl )
0 (Hya3)(1) — (5 a3 ™)(0) (Elwee)(t,17 =) = (Elwee)(t, 1 +)
' (Hjlccjl)(l) (’}—[J+1 J+1)( 0) wt(t,lj:—) _Wt(tvlj"_"‘)
() = | i pd o | [t -
'z —35((Haa3)' (1) + (””"VJrl 25)(0)) —(Elwee)c(t, 1)
s (H3xd) (1) + (M3 2 ™)(0)) (Elwee)(t,17)

When interconnecting with a control system, or closing the system via dissipative boundary feedback and
interconnection at the junction points, it is convenient to have an impedance passive system. We define the

linear operators %Ay, B and € by

Q[O = Ql|ker%o = Q[‘m;n:—ll ker‘Bg : D(Q[O) g X 5 X
B= (D) D) CX —U =K+
C=(¢)y: D) C X =Y = KD,
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For this choice, the power balance (2.1) then implies that for sufficiently regular solutions of x¢(t,¢) = Aoz (¢, ()
the energy changes as &1 ||x||X = Re (Aoz | z) ., where

e Aoz | x) Z (Bz | ¢z) + Re (—Po(H'z")(0) | (H'2")(0))

+Re (Py(H™a™) (1) | (H™a™)(1)), = € D).

0

m
B } and [ %’f’n } may lead to impedance passivity of the system
c

From here, conditions on the matrices { o
c

So = (2o, B, €).
Lemma 2.2. The triplet (2o,B, €) is impedance passive, i.e.

S D(Q[o),

Re (%oz | ) < Re (B | Qfx)U = ZRe (B | Qﬁjx)Kz,
§=0

if and only if
w9 1" [0 I Wl [0 17, Wzl 7o 1 wgl [0 1],
we I 0 we I 0|=7 wa 10 wa I 0|~
are both positive semidefinite.

Proof. This can easily be proved using the energy balance (2.1). O

Assumption 2.3 (Impedance-passivity). The triplet &y = (o, B, €) is impedance passive.

The class of control systems we consider for linear closing of the open loop system (2,8, ¢) is always
assumed to be a linear finite dimensional controller.

Assumption 2.4 (Finite-dimensional, linear control system). Let X. be any finite dimensional K-Hilbert
space (including the possible choice X, = {0} leading to static boundary feedback) and (w.l.o.g.) let U, =Y, =
K2(m+1) and A, € B(X.), B. € B(U., X,), C. € B(X.,Y.) and D, € B(U,,Y,) be bounded linear operators,
defining the finite dimensional linear control system ¥, = (A, B, C., D..) with dynamics

d

Ewc(ﬂ xc(t) + Bcuc(t)

=A
Ye(t) = Cee(t) + Doue(t), t>0.

We consider the standard feedback interconnection between the chain of Euler-Bernoulli beams and the
controller which is given by

Br(t) = —yc(t), uc(t) = Cx(t), t>0.

The dynamics of the interconnected system is then described by the abstract Cauchy problem

Lz, we)(t) = Az, 2)(t), t=>0
{($7m0)(0) = (20, Zc,0) (ACP)
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for some given initial data (zg,zc0) € X := X x X.. Here, the product Hilbert space X is equipped with the
inner product

((z,zc) | (z,2¢) = (] 2)  + (zc | ZC)XC7 (x,2¢),(2,2.) € X = X x X,

and the linear operator A : D(A) C X — X is defined by

D(A) ={(z,z.) e D) x X.: Bozr =0, Bx = —(Cexc+ D.Cx)}
{(z,2.) € DAy) X X.: Bz =—(Cexe+ D.Cx)}

where By : D(By) = D() € X — K2(m=1 is defined by

Bor = (%fﬂj)?:jl.

Proposition 2.5 (Well-posedness of the abstract Cauchy problem). The operator A generates a contractive
Co-semigroup (T (t))i>0 on X if and only if A is dissipative, i.e.

Re (A(z,z.) | ($,$c))X <0, (z,z.)€ D(A) x X..

Moreover, in that case the operator A has compact resolvent. In particular, this is the case if Sg = (o, B, €)
and . = (A., Be, Ce, D) are impedance passive, i.e.

Re (Aoz | z) , < Re (B | Ew)U, x € D(p)
Re (Acxc + B.u | IC)XC < Re (C’cxc + D.u. | uC)UC, Te € Te, Ue € Ul.
Proof. See Theorem 3.1 in [7]. O

In other words, for every linear closure via static feedback or a dynamic linear, finite dimensional control
system such that the resulting interconnected system is dissipative, and for any initial data (xg,zc0) € X x X,
there is a unique strong solution (z,z.) € C(R4; X x X.) of the abstract Cauchy problem with non-increasing
energy

1 2 1 2
(0 = Ll + S0l 120

3. STABILITY PROPERTIES

Having established well-posedness for every set of dissipative interconnection and boundary conditions, in this
section we investigate stability properties under a slightly more restrictive condition on the finite dimensional
control system. Namely, we assume that Y. has block diagonal form in the following sense: there are control
systems %4 = (A7, BJ,CJ, DY), j =0,1,...,m, defined on finite-dimensional controller state spaces X7 such that
X, = [1;%y X/ and input and output spaces U7 = Y = K? such that U, = [[}", U = [[\_, Y/ = Y, and linear
operators Al € B(X]), B] € B(U?,X}), C1 € B(X];Y?) and DI € B(U2;Y/?) such that A, = diag(AZ);=o,...m,
B, = diag(Bg)jzo,wm etc. are block-diagonal linear operators. The standard feedback interconnection then
reads as

Big=—yl, Sr=ul, j=01,....m
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|+ B | |

‘ Box Bly By B
beamnj 1 beam [2
0=1° 1! 12 ™ =1
0 Cox 1 ¢ly 2 2z m ¢y
Ye — 0 Ye — Ye o Ye —

FIGURE 1. At each junction point vlj the beam ends meeting there are interconnected via a
finite dimensional control system 7.

with the dynamics of the finite dimensional controllers being modelled by

d . o ,
Ty e(t) = Agae(t) + Beug(t)

see Figure 1.

Assumption 3.1 (Passive and internally stable controllers). All control systems %4 = (A4, B, CJ, DJ) are
impedance passive and for j = 0,1, ..., m the following conditions hold:

(1) There is x; > 0 such that

Re (Alz] + Blu] | xﬁ)Xz < Re (Clzl + Diul | uf:)Ug — Kj |Dgu§ , xle Xl ul eUl.

(2) ker DI C ker BY. _
(3) AJ has spectrum (A7) C Cy := {\ € C: Re A < 0}, i.c. the semigroup (e*4¢);>¢ is exponentially stable.
Remark 3.2 (Collocated input and output). If BJ = (C2)* for all j = 0,1,...,m, i.e. collocated input and

output, and each D is either a diagonal matrix with non-negative entries or the symmetric part Sym (D7) is
positive definite, then Assumption 3.1is satisfied. Namely, impedance passivity implies that each A? is dissipative,

and in either case one has Re (Diuj | u({')U_Z: = ’(Sym Dg’)l/?ug]; > K |Dgug|2 for some k > 0.

Remark 3.3. Using standard feedback interconnection between the impedance passive systems %, and & in
the definition of the operator A, in connection with Assumption 3.1 gives that

Re (A(z,zc) | (z,2.)) , = Re (Uz | 2)  +Re (Acwe + BeCx | —Ba)
<Re (Bz | €x), + Re (€x | —Bz), — Zlij ’Dg@jx|2
=0

m
S 2
= —an |Di¢z|”,  (x,3.) € D(A).
j=0
Under this structural assumption and some slight regularity conditions on p and EI, we are able to formulate

the following asymptotic stability result for linear boundary damping feedback at one of the two ends of the
chain of Euler-Bernoulli beams.
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Theorem 3.4 (Asymptotic Stability). Assume that p and EI have regularity (R), the control systems satisfy
Assumption 3.1 and for the operator A defined in Section 2 it holds

Re (A(z,z.) | (z,20)), < —k \%xﬁ@ , x € D(A) (3.1)

where k> 0 and R : D(A) — K* is one of the functions

(H}a})(0) (H}a}) (0) (H}a})(0) (M1 (0)
iy || odalyo) || edebo) || oo
(HL3) (0) (H3r1) (0) (ko) (0) (Hir1) (0)
agapyy)  \ogep)  \ogerym)  \¢gamo)

Then the Cy-semigroup (T (t))i>0 generated by A is asymptotically stable on X, i.e. for every initial value
(x0,%c0) € X one has

T(t) (.1‘0, xc)o) — 0.

In particular, o(A) = 0,(A) C Cy.

Proof. Since the operator A has compact resolvent and generates a strongly continuous contraction semigroup on
X, by the Arendt-Batty-Lyubich-Vu Theorem, see e.g. Theorem V.2.21 in [14], the semigroup is asymptotically
stable if and only if

op(A) N iR = ().
Therefore, let (Z, 8) € D(A) X R be such that i8% = Az. Then, in particular
0=Re (B2 | 2), = Re (At | &), < —r|Ra|f. <0,

i.e. Rx = 0. Then at least three of the four components of ((H'z!)(0), (H'x!)’(0)) are zero. Moreover, since the
systems & = (y,B,¢) and X, = (A, B., C., D..) are both impedance passive and interconnected by standard
feedback interconnection, it follows from Remark 3.3 that

0=Re (ifz | ), < —Zﬂj |Dg¢j$|[2]g ;
=0

which means that DI¢7z = 0 for j = 0,1,...,m as well. Since ker DJ C ker B, this implies that B{¢7z = 0 for
ji=0,1,...,m as well and, therefore,

iBrl = Alxd + Bidle = a2l =(if— A)"'Bitiz =0.

Then again, B/x = —Clxl — DI€iz =0 for j = 0,1,...m follows at once. By definition of 87, this means
that (H727)(1) = (H/T129+1)(0) and (H727)'(1) = (R 12dT1)(0) for every junction j =1,...,m — 1.

First, assume that 3 ;é 0. After possible multiplication of & by some scalar « € C\ {0}, we may and will
assume that (Hiz1)(0) >0, (Hiz1)(0) >0, i3(Hizd)(0) > 0 and iB(Hixl) (0) > 0 (since three of these terms
equal zero anyway). By [4, Lemma 4.2.9], then either H'z! = 0 on [0,1], or (H}z1)(¢) > 0, (Hiz1)'(¢) > 0,
iB(Hiz3)(¢) > 0 and iB(Hixd)'(¢) > 0 for all ¢ € (0,1]. Repeating this procedure and usmg the continuity
conditions (H’/z7)(1) = (H/T129+1)(0) and (H727)'(1) = (H/ 127 1)/(0) then shows the following:

Hz' =0, = H'2H(1)=H'2H)' D) =0
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= (H22?)(0) = (H*2?'(0)=0 = H**=0
= Ha2'=0,j=1,...,m = &=0 isnot an eigenfunction,

and

Hial 20 = (Hiz])(1) >0, (Hiz1)'(1) > 0, iB(Haz3)(1) > 0, iB(H 2992) (1) >0

= (Hiz1)(0) > 0, (Hiz})'(0) > 0, iB(H323)(0) > 0, iB(H3z3)'(0) >
= (Hiz])(¢) > 0, Hix?)'(¢) > 0, iB(H525)(¢) > 0, iB(H323)'(¢) >0 for all ¢ € [0,1]
= (H{])(0) > 0, (H{a1)'(0) > 0, iB(H523)(0) > 0, iB(H523)'(0) >0 for j=1,...,m
= (Hi21)(Q) > 0, (H{z1)'(¢) > 0, iB(H3z3)(Q) > 0, iB(H)a3) () >0 forall ¢ € [0 1,j=1,...,m
= contradiction with the condition Rz = 0, hence, this case is impossible.

This excludes the situation where o,(A4) N (iR \ {0}) # 0.
For the case 8 = 0, one has (H727)"” = 0 on (0,1) for each j = 1,...,m, but as above one sees that

(W7 12741)(0) = (Ha?)(1) and (HI+107 1) (0) = (H927)/(1), s0 that
(Wa9)(Q), (MY (Q)) = (M) (0), (H'2')'(0)) = ((H"a™) (1), (K™™Y' (1)), C€ (0,1, j=1,....m,

but by the condition SRz = 0 this can only be the case if x = 0, and then as before also x. = 0, Hence, we have
shown that o(A) N iR = @). Asymptotic stability follows by the Arendt-Batty-Lyubich-Va-Theorem. O
In the language of [7] and as a by-product, the proof of Theorem 3.4 shows the following;:

Lemma 3.5. Let Gp, X, and R = (Rq,...,R4) be as in Theorem 3.4.
(1) The pair (Ao, R) has property ASP, i.e.

VB eR: ker(Ap— i8) Nker R = {0}.
(2) Let R = (R1,Ra, My) : D(R) = D(R) — K3, then
VB e R\ {0}: ker(y— if) Nker R = {0}.

In particular, in the situation of Theorem 3.4, we have that o,(A) N iR C {0}, if the condition (3.1) is
weakened to

Re (A(z,zc) | (2, 7)), < —k|Rzl2s, z€D(A).
Asymptotic stability may be seen as the first step towards exponential stability. To even ensure uniform

exponential stability, we adjust the setting by

(1) imposing further restrictions on the boundary conditions at the left ({ = ¢y = 0) and right end ({ = (,, =
L) of the chain of beams and

(2) imposing monotonicity conditions on the parameter functions p and ET at the junction points I/ € (0, L),
j=1,...,m—1, see condition (M) resp. condition (IM”) below.

Condition (M) in the abstract port-Hamiltonian setting reads as

Assumption 3.6 (Jump conditions in port-Hamiltonian formulation). We assume that

HITL(0) — HI(1) is positive semidefinite, for all j = 1,...,m — 1. (M)
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Theorem 3.7 (Uniform Exponential Stability). Let Assumption 3.1 and conditions (R) and (M) be satisfied
and the operator A be such that

Re (A(x,xc) | (x,a:c))x < —Hl%l‘h?@
for some constant k > 0 with R : D(A) — K> of the form

(H'z")(0)

Ry — (Hi21)'(0) or (H323)'(0)
(H7'z1")(1) or (Hy'25") (1)
(H"21") (1) or (Hy'xy')(1)

Then, the Cy-semigroup (T (t))i>0 generated by A is uniformly exponentially stable if and only if (T (t))i>0 is

asymptotically stable.

In particular, this is the case if 0(Al) C Cy for j =0,1,...,m and

e ot
7= | a0 ey | O = | eyl o ey
(gay)(1) (Hpapy (1)

Proof. First, we show that the pair (o, (R, B)) has property AIEP as introduced in Definition 2.8 of [7], i.e
for every sequence (xn, Bn)n>1 € D(o) X R with sup,,cy ||zn]| x < 0o and |5, — 0 and such that

iBpay, — Aoz, -0 in X, Rz, -0 inK° Bz, -0 inK>™,
it follows that z, — 0 in X. To this end, for j = 1,...,m fix functions ¢ € C?([0,1];R) which will be

specified below. By the proof of Proposition 4.3.19 in [ ] for every sequence (Zn,0n)n>1 € D(2p) x R with
SUP,en [|Znllx < 00, |Bn| = 0 and Aoz, — ifpz, — 0in X, it holds that

Re (2], | (2(¢))H — ¢’ (H7))a1)

1

— o) ~2Re | (<(423,/(0) | HE 0 (O] + [0 17RO,
N {Re (— (4 ,)(0) | i(q;mm{xﬁ,n(o)K] - {Re (~#2)0) | ML (0
n 0 n 0

where o(1) denotes further terms which tend to zero as n — co. (Note that there is a typo in equation (4.27) in
[4]: There actually should be a minus sign in front of the last line of the equation.) Summing up these equalities
and writing Q(¢) = diag (¢’ (¢))}~;, we find that

Re (z,, | (2Q"H — QH’)xn)L2

— o(1) — 2Re | (—(HFaT,) (1) | iq;j”< e (D), | + [ ) | g @),
+Re (<) (@) | A e ), - re (e 0| L ey ),
ig*(0)

+2Re (—(Hyz n2) (0) | 3,
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~Re (=3 ' 0) | A adsd )0), + Re (~(dad 0) | A ke y0),
~2 3 Re | (-0l ) | E D el ), - (-0 1 D gy ),
+2 37 [0 | 0 0) — (w7 0) [ 07907 (0021 (0),
el o i(¢7) - Lo (g7 L i
-2 3 [Re (el 01 M a0 Re (5050 | g 0),
= i(¢')(1 U IRIONNN (('cano 4 () PP SRR TERPIE
#23 [Re ((42,)0) | X5 B ety 0),- re (a0 | D g ety o),

We show that for a suitable choice of the functions ¢ and under the imposed dissipation and monotonicity
assumptions, all the terms on the right hand side vanish as n — oo. To this end, observe that i3, z, — 2z, — 0
in X and (z,)n>1 € X is bounded whereas |3,| — oo, so that % = Py(Hx,)" — 0 in X, thus (Hz,)”" — 0
in X. From Lemma 2.15 in [7], an interpolation argument and embedding theorems for Sobolev Slobodetskii
spaces into C*-spaces we conclude that

Haxy,

5 — 0, in CY([0,1]; K®™). (3.2)

Only from here on, we additionally assume that Rz, — 0.

(1) The terms

i (1)
Bn

(M2 () | + [ ) | g™ H™ D)2 (1), ],

—2Re |(—(H5'z)",) (1) |

not only tend to zero, but equal zero for all n € N, if we choose the function ¢ such that
g™ (1) =0. (3.3)
(2) For the third term, we have

i) (1) (30 e
G () (), | < (0"

7nm| -0

\ (—(gamy)y (1) |

\5|’ I«

as from Ra,, — 0 and the definition of R, at least one of the terms |(H5'z",)(1))| or [(H7*27)(1)| tends
to zero and by (3.2) in any case ﬁ |(H27,)(1)] and ﬁ |(H5'21"y)(1))] tend to zero.
(3) Similarly,

x| < (@™ (1) |(H3 7o) (V)] [(HY"25) | = 0

Re (~(uga) (1) | X e,y ) 5

n,l

as |(Hy'xly)(1)| or [(Ha2,)(1)] tends to zero due to Ray, — 0 and the definition of .
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(4) Since at least one of the terms (Hzx), 5)'(0) or (Hz;, 1)’(0) tends to zero as well, by the same reasoning

ig' (0)
Bn

Re (- (Han 2)'(0) | (H%:E}LJ)'(O))K — 0.

(5) For the terms
[(&h(0) | H )2 (0)), ] - Re (—(#bat oy (0) | LD gtar oy
N0 101 1y (0)), 0

—Re ( (H2xn 2)(0) |

we use that (H!xL)(0) — 0 since Rz, — 0 and then (H'z})(0) — 0.

This concludes the discussion of the boundary terms at the left and right end of the chain of beams.
(6) For each j =1,...,m — 1 we have that

For the junction points, we use the continuity and jump conditions, and obtain the following.

o i(g?) o 1 i(gi+1y
FRe (—(a? ) (1) | D g 1)), —Re (—a ey (0) | O i )

B wt B K
o i(ag?) . 1 1 i(gitt 1 1
~Re (<40 () | L Gl )+ Re (<0475 0) | S g 0)
= Re (‘Bjxn | i(qj—;)/(o)qjxn)

if we choose the functions ¢/ and ¢?*' such that their derivatives at the junction points match, i.e.
(@)1 = (™)), j=1,....m-1 (3.4)
One may easily check this claim for all the cases of the control and observation maps B/ and ¢’ we allowed

for. Moreover, since Bz, — 0 by assumption and Q,anL — 0 by (3.2), we find that these terms tend to zero
as n — 0o as well:

i(¢’*1)'(0)

Re (B/z | 3

¢/z) =0

(7) To handle the terms

Re (el (1) | L0 0dda] (1)~ Re (0672780 | 2D g a5y 0),
= Re (-] () + 0750 | 2D 0y ),

~Re (-0 220 | O (8 (0) - 0] )
= Re (-, () + (50| 2D sy o),

~Re (-0l 0) | 2 (674050 - 0 1)
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we note that both terms (HJz?)/ (1) — (H 22T (0) and (Hixd) (1) — (K323t (0) tend to zero (if
the corresponding term is a component of BIx) or even equal zero (if the corresponding term constitutes
a component of B)z). A (’H]Jrl 2]1Y(0) and 1 (’H]Jr1 2371Y(0) tend to zero by (3.2), it follows that

Re (—(Hda )/ (1) | iq;il)<H{xj,l>'<1>)K

(8) Lastly, the terms

(22,(1) | (@H) D)2, (1) — (@0710) | (¢ HT)(0)2]71(0))
= ¢77H0) (27, (1) | H (1), (1)) — (22,7(0) | HIFH(0)22,7(0))
have to be handled, where due to previous restrictions on the choice of the functions ¢/ and ¢!, necessarily

¢’ (1) = ¢"*1(0). For the moment, we leave these terms as they are and employ the monotonicity conditions
on H7 (1) — H/T1(0) later on.

Putting things together, and choosing the functions ¢’ such that ¢/(¢) = ¢(j — 1 + ¢) for some function ¢ €
C?([0,m]; R) with g(m) = 0, we find that

Re (z, | (2Q"H — Q’H/)xn)L2
=2 Z q(J 1) | H (1)27,(1) — (22710) | H/TH0)371(0)) ] + o(1).

Jj=1

We will now choose the function ¢ such that the term on the left hand side defines an equivalent inner product
on Ly(0,1; K?™) and to this end choose ¢ € C?([0, m]; R) with ¢(m) = 0 and ¢’ > 0, ¢ < 0 such that

2q7)H — ¢ (M) > 2mo(q’) + ¢’ My > &g
where

mo := sup{e > 0 : H?(¢) — eI positive semidefinite for a.e. ¢ € (0,1),5 =1,...,m},
M, :=inf{e > 0: el — (H?)(¢) positive semidefinite for a.e. ¢ € (0,1),5=1,...,m}

and £y > 0. We then have the estimate

eo lzaly, <2 Z 1) | # (1)af, (1) — (@571(0) [ HTH0)27,7(0)) ] + (D).
Since for every j =1, .. — 1, the term ¢(j) < 0 is strictly negative, the right hand side is less or equal o(1),
if for each junction j = 17 ...,m— 1, we have that

(@7,(1) | H (V)2 (1)) = (207(0) | 1T ()22 (0))
= (W) (1) — (R 2 H(0) | (7 ()7 = #HTH0) ™) (Ha))(1) — (1] 7)(0)))
+2((H ) H)(0) | (H ()7 = HITH0) ™) (H 2))(1))
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((#H7a)(1) = (2 FH(0) [ (37 (1)1 = HTH0) ™) (H27) (1) = (H 2] 7)(0)))

K

%(((Hjx%)(l) +H T (0) [ (1) = HTHO) T (H2) (1) + (- 2] 7)(0)))

is a sum of o(1)-terms. By assumption, B7z,, — 0 and Bz, = 0. By this, the term (#7/z)(1) — (HIt1zi+1)(0)
and, hence, the first term of the latter sum converge to zero as n — co. For the second term, we can at least
ensure that it is non-negative, by using the structural monotonicity assumption that

HI(1)"t —HITH(0)™! s positive semidefinite.
(Recall that in terms of p and ET this means that p(I?—) > p(I’+) and (EI)(l?—) < (EI)(l+).) Then,
(zn | QQH - QH')ay),, — 0

and since this inner product induces a norm which is equivalent to the standard Ly-norm |[|-[|, and the energy
norm ||-|| y on X, this implies that z,, — 0 in X. We have successfully proved property AIEP. Let us state this
preliminary result as

Proposition 3.8. Let the conditions of Theorem 3.7 be satisfied. Then, the pair (2o, (R,B)) has property
AIEP, i.e. for every sequence (n, Bn)n>1 C D(Ag) x R with

sup ||z, || y < oo,
neN

Bn| =0,
(Q[O - iﬁn)xn — 0,
Rz, Br, — 0

it follows that
|znllp, — 0.

Proof of Theorem 3.7 (continued). We are now in position to show the assertion of Theorem 3.7. Assume
that (7 (t))¢>0 is asymptotically stable, so that o(A) = 0,(A) C R by the Arendt-Batty-Lyubich-Va Theorem.
Thanks to the Gearhart-Priiss-Huang Theorem, see e.g. Theorem V.1.11] in [14], it suffices to prove that

sup || (18 — A)_IHX < oo

BER
and this is equivalent to the statement

(‘%naﬂn)n21 - D(A) x R

A A A = |z =0
SUPpeN ”xn”)c‘ < o9, |ﬁn‘ — 00, A%, — iBpdn — 0 } | n”X ’

where we write &, = (T, Tn,c) € X X X,; see, e.g. Remark 2.7 in [7]. Let (&, Bn)n>1 be such a sequence. Then,
in particular

0 Re ((A— 1Bn)dn | in) = Re (Afy | dn) < —k [Ran|gs

and hence Rz, — 0. Having property ATEP for the pair (2o, (R, B)) at hand, we show that
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(1) z¢pn — 01in X, and
(2) Bz, — 0 in K2+

By property AIEP of the pair (2(p, (R, )), we may then conclude z, — 0 in X and hence Z,, — 0 in X.
By (3.2), the term %I" tends to zero as n — oo and, hence, we obtain that

Cz, 1
Tepm = (1Bn — A) €2y + 0(1)) = Bn(iBn — Ac) ™ ( In mo( )) — 0,
as the resolvent operators Hﬁ(iﬁ - AC)_lH = H(l - Ac/ﬁ)_lH are uniformly bounded for S € R. Moreover, by
Assumption 3.1 and Remark 3.3
0 ¢ Re (A~ iBu)&n | 80)y < =3 w5 [DI€ 2, |,
7=0

so that DJ&Jz,, — 0. Since ker DJ C ker BJ this implies that Bi€7x, — 0 as well, thus

B, = —(Co(iBp — A,) "' B, + D.)ex,, +m(l)l%o

By property ATEP of the pair (g, (9,B)) as stated in Proposition 3.8, it follows that x,, — 0 in X, therefore,
T, — 0 in X and this concludes the proof. O

Let us translate the conditions on R into suitable (for exponential energy decay) choices of the conservative
boundary conditions at the right end of the chain.

Remark 3.9. Our approach covers all the conservative boundary conditions mentioned in Subsection 4.1 of

[9:
(1) w(t,1) = (Elwee)(t,1) (simply supported or pinned right end),
(2) wee(t,1) = (Elwee)e(t,1) = 0 (free right end),
(3) we(t,1) = (Elwee)e(t,0) = 0 (shear hinge right end),
(4) we(t,1) = we(t,1) =0 (clamped left end),
(5) wi(t,1) = (Elwe)(t, 1 )=0
(6) wic(t,1) = (Blwc)e(t1) =

In the energy state space formulation we used for the proof of well-posedness, asymptotic and exponential
stability these are actually only four cases: In the energy state space formulation one does neither distinct
between the cases w(t,1) = 0 and w(¢,1) = 0 (i.e. w(t, 1) = ¢), ¢f. the first and fifth case in the list just above,
nor between the cases we(t,1) = 0 and wyc (¢, 1) = 0 (i.e. we(t, 1) = ¢), cf. the third and last case. In energy state
space the conditions above therefore read as:

(1) (H™a™)(1) =0,
(2) (Hy'a5")(1) = (H5'eg")'(1) = 0,
(3) (H™a™)'(1) =0,
(4) (Hpap)(1) = (M) (1) =0,

To make the formulation of the stability results more digestible, we introduce the following

Assumption 3.10 (Boundary and interconnection conditions). At the left and right end and at the junction
points we assume the following:
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Condition (D):
(Elwec)(0) wi¢ (2, €)
(—(Efwcc)c(o)) o ( we(t,C) >
for some K, € K2*? with

0
Ko = (kél 8) for some kY; >0 or Sym(Ky) issymmetric positive definite,

Condition (C):

(1) we(t,1) = (Elwee)(t, 1) = 0 (simply supported or pinned right end) and Sym (Kj) is positive definite, or
(2) wee(t,1) = (Elwee)e(t,1) = 0 (free right end) and Sym (Kj) is positive definite, or
(3) wic(t,1) = (Elwee)e(t,0) = 0 (shear hinge right end), or
(4) we(t,1) = wye(t, 1) = 0.
Condition (I): For j =1,...,m — 1, one of the following interconnection conditions is imposed:

(1) we(t, V=) = wy(t, 17 4), wtg(t,ljf) = wtc(t,lj+) and

((EIW«)

¢
(Elwee)(

(t, V=) + (Blwee)c(t, 17 +) _ i wi(t,19)
6V =) = (Elwee) (8,1 +) ) a < )

(2) wi(t, V=) = we(t, 17 +4), (Elwee)(t, =) = (Elwee)(t,17+) and

(-(Efwcc)

¢
wic (

(V=) + (Blwe)e (P +) _ g we(t,17)
t,lj—)—wtg(t,lj—F) )_ K ((EIWCC)(t,ZJ)>

(3) =(Blwee)e(t,V =) = —(Elwec)c(t 1P +), wie(t, V=) = wie(t, 17 +) and

((EIMCC)(LZJ—) — (Elwcc)(t7lj+)> K ( wtg(t,lj) )

(4) —(Blwee)c(t, V=) = =(Blwe)c(t, 1 +), (Elwee)(t, V=) = (Elwee)(t,174) and

< wi(t, ) —wt(t,lj+))) __Ki (—(EIWCC)C ,lJ)>

wie (19 =) = wye (t, 17+ (ETwee)(t, 1)

where K7 € K?*? is a diagonal, positive semidefinite, symmetric matrix or has a positive definite symmetric
part Sym (K7) > 0.

The exponential stability result for static boundary feedback and interconnection conditions, then translates
as

Theorem 3.11 (Stability of Serially Connected Euler-Bernoulli Beams). Let conditions (R), (M), (C), (D)
and (I) be satisfied. Then, for every initial datum

(w(0,-),wt(0,)) = (wo,w1) € H*((0, L) \ {}]2,)*,
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there is a unique strong solution
w € C([0,00); H*((0, L) \ {I'}]-,)
of the Euler-Bernoulli-Beam system (EB) with the imposed boundary and interconnection conditions in (C),

(D) and (I). The solution depends continuously on the initial data (wo,wn), and there are constants M > 1 and
n < 0, independent of the initial data, such that the energy

H{(t) := /Otp(C) Jwe (8, O + BI(Q) lwee (8, ¢)* d¢
decays uniformly exponentially, i.e.
H(t) < Me™H(0), t>0.
Proof. In either case, we have
Re (Ai | &) < —n (|(H323) )" + [(H'a") 0)") . @ € D(A)

for some x > 0. For the first and fourth case, asymptotic stability follows by Theorem 3.4, whereas for
the second and third case the case that 0 € 0,(A) has to be excluded by demanding that Sym (Ky) > 0,
so that

e (A2 ] &) < —r (|2 YO + ('Y (0)), @€ D),

In all cases, uniform exponential stability follows by Theorem 3.7. O

Remark 3.12. If, in the second and third case of Theorem 3.11, one considers the dissipative feedback with
Ko = diag(k?;,0) for some k?; > 0 at the left end, either o,(A) N iR = @, e.g. by suitable damping in one
of the junction points 17, and then by Theorem 3.7 the system is again uniformly exponentially stable, or
op(A) N iR = {0}. (This follows from the proof of Theorem 3.4 which shows that ¢,(A) N iR C {0} already
for Re (Az | ), < -k |Rz|* where Rz = ((Hi21)(0), (H'z')'(0)).) The only candidate for an eigenfunction in
this case satisfies

(Hax2)(¢) =0, (Haz1)(C) = C((Hiz1)'(0)

i.e. from (Hi2?)(1) = (HIT 2I1)(0) it follows that

HizD)(Q) =G -1+ QH2) ()= (G -1+, C€[0,1],5=1,....,m

for some ¢ € K and the eigenspace ker(A) is one-dimensional. This corresponds to the dynamical solution
wi(t,$) = (j — 1+ e+ we(0,(), clearly a solution which already for moderately large ¢t > 0 does not satisfy
the underlying modelling assumptions for a linear Euler-Bernoulli beam model. In particular, the assumption
that |w(t7 ¢) —wt(¢ )| < 1 for some reference configuration w™f will be violated then. A physical interpretation
of this eigenstate would be a beam which is rotating in the transversal flat. Such phenomena are, as already
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stated, not covered by the linear beam model. However, after restricting the initial data to ker(A)=*, i.e.

> /O (= 1+ Q=](0,)dC = /0 (= 14+ O = OV + T3 (1= OF + P

Y RS E R
) ;/z G- g9 =0

by linearity, compactness of the resolvent (o,(A) N By(0) is discrete!) and Theorem 3.7 also in the second and
third case, the solution tends uniformly exponentially to zero, even for the choice Ky = diag (k{;,0) for some
k9, > 0.

4. CONCLUSION

In this paper we presented a proof via the frequency domain method for the uniform exponential stabilisation
of a chain of serially connected inhomogeneous Euler-Bernoulli beams with damping at one end. We considered
several possible interconnection conditions and pairs of dissipative / conservative boundary conditions at the
ends of the chain which enforce uniform exponential energy decay for the beam system. We thereby not only
generalised the results in [9] to the case of non-uniform beams (which in this generality seems not to be possible
by their method), but identified several other possible combinations of dissipative-conservative pairs boundary
conditions at the left and right end of the chain leading to exponential energy decay as well. Moreover, we
showed that instead of static boundary or feedback interconnections, dynamic feedback interconnections with
finite dimensional control systems can be used as well to achieve well-posedness and stability results.

Acknowledgements. 1 am much obliged to Birgit Jacob who introduced me to the topic of infinite-dimensional port-
Hamiltonian systems and encouraged me to carry on research in this area. Moreover, I would like to thank the anonymous
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