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Disturbance attenuation in the Euler-Bernoulli beam
using piezoelectric actuators

Anton Selivanov #, Emilia Fridman
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Abstract

We consider a simply-supported Euler—Bernoulli beam with viscous and Kelvin—Voigt damping. Our objective is to attenuate the
effect of an unknown distributed disturbance using one piezoelectric actuator. We show how to design a suitable H., state-feedback
controller based on a finite number of dominating modes. If the remaining (infinitely many) modes are ignored, the calculated L?
gain is wrong. This happens because of the spillover phenomenon that occurs when the effect of the control on truncated modes is
not accounted for in the feedback design. We propose a simple modification of the Ho cost that prevents spillover. The key idea is
to treat the control as a disturbance in the truncated modes and find the corresponding L? gains using the bounded real lemma.
These L? gains are added to the control weight in the Hoo cost for the dominating modes, which prevents spillover. A numerical
simulation of an aluminum beam with realistic parameters demonstrates the effectiveness of the proposed method.

Key words: Distributed parameter systems; Euler—Bernoulli beam; Ho control; modal decomposition.

1 Introduction

One of the main challenges in extending the H, theory to
infinite-dimensional systems is to obtain finite-dimensional
controllers, which are easy to implement. A direct exten-
sion of the frequency domain approach leads to infinite-
dimensional controllers [1,2], which can be approximated
with finite-dimensional ones by sacrificing the optimality.
Alternatively, one can perform modal decomposition [3,4]
and design a controller for a finite number of dominating
modes [5,6,7,8]. However, such a controller may have a de-
teriorating effect on the neglected modes [9,10,11], which
is called the “spillover” phenomenon. Spillover can be re-
duced (but not avoided) by introducing a residual filter ac-
counting for a finite number of additional modes [12,13,14].

Performance analysis requires a more accurate treatment
of the residue. In particular, the input-to-state stability of
parabolic PDEs with respect to boundary disturbances was
established in [15] by analyzing the residue. Later, modal

* Emilia Fridman is supported by ISF 673/19. This paper was
submitted for publication in Automatica. The preliminary ver-
sion of the paper was accepted for presentation at IEEE Con-
ference on Decision and Control 2023.

Email addresses: a.selivanov@sheffield.ac.uk
(Anton Selivanov), emilia@tauex.tau.ac.il
(Emilia Fridman).

Preprint submitted to Automatica

decomposition was combined with Lyapunov functionals
to design finite-dimensional state-feedback [16] and finite-
dimensional output-feedback [17,18] control for parabolic
PDEs. These results were subsequently extended to in-
put/output delays [19,18], semilinear systems [20], and the
Kuramoto-Sivashinsky equation [21]. In particular, [21] de-
signed a finite-dimensional H, output feedback and pro-
vided linear matrix inequalities (LMIs) to find the corre-
sponding L? gain. In [22], we extended this LMI-based ap-
proach to the Euler-Bernoulli beam with piezoelectric ac-
tuators. However, the derived LMIs are conservative and
require considering many modes in the design.

Disturbance attenuation in flexible structures using piezo-
electric actuators is of great importance for aerospace, civil,
and mechanical engineering [23,24]. The frequency domain
approach to H, control of beams was developed in [25,26].
The controllability problem for the beam with piezoelectric
actuators was studied in [27,28]. Boundary disturbances
and actuators were considered in [29,30]. An experimen-
tal study of the disturbance attenuation with piezoelectric
sensors and actuators (without a spillover analysis) was
reported in [31,32].

This paper proposes a method of designing a finite-
dimensional H,, controller for the Euler—Bernoulli beam
that completely avoids spillover. Our main idea is to de-
sign a controller for a finite number of dominating modes
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and treat it as a disturbance in the remaining modes. We
explicitly solve the algebraic Riccati equation for each ne-
glected mode to find the control-to-state L? gains. These
gains are added to the control weight in the cost used to
design an H,, controller for the dominating modes. We
prove that this modification prevents spillover. Using an
example of an aluminum beam with realistic parameters,
we demonstrate how our approach avoids the spillover
phenomenon. Compared to [22], the results of this paper
are less conservative, more intuitive, and avoid spillover
when arbitrarily few modes are used in the control design.
Moreover, we prove that the L? gain can only decrease
when more modes are considered. These improvements
were achieved using the cost decomposition idea, presented
in Section 3.3, and by replacing the Lyapunov equations
for the residue with suitable algebraic Riccati equations
(see (20)).

Notations: | - | is the Euclidean norm, || - || is the L? norm,
{-,-) is the scalar product in L?, H?(0,7) with p € N
are the Sobolev spaces, H P(0,7) are their dual spaces,
diag{ws,...,wn} is the diagonal matrix with diagonal el-
ements wy,, n = 1,...,N. For a matrix P, the notation
P < 0 implies that P is square, symmetric, and negative-
definite. Partial derivatives are denoted by indices, e.g.,

2z = 0z/0t.

1.1  Preliminaries: Ho, control of finite-dimensional sys-
tems

Consider the LTT system

#(t) = Ax(t) + Bu(t) + Ev(t),
_ (1)

y(t) = Cz(t) + Du(t)

with state x € R"”, control input v € R™, disturbance

v € R*, controlled output y € R!, and constant matrices

A, B, C, D, and E. For a given L? gain v > 0, the H

control problem is to find u € L2([0, 00), R™) guaranteeing

Jo~ lly@®F = l@®)?] dt <0, Yo € L*([0,00),R¥).  (2)

The proofs of the following results are given, e.g., in [33].

Proposition 1 Consider (1) suchthat DT C = 0 and R =
D™D > 0. Giveny >0, let 0 < P € R™ ™ satisfy

PA+A"P+ Py 2EE" —=BR'BT)P+CTC =0. (3)
Then u(t) = —R™'BT Px(t) guarantees (2).

Remark 1 (Solution existence) If (A, B) is stabiliz-
able, (A,C) is detectable, and ~y is large enough, then (3)
has a solution. For this solution, the closed-loop matriz

A — BR1BTP is stable.

Corollary 1 (Bounded Real Lemma) Consider (1)
with B =0 and D = 0 (i.e., without control). Giveny > 0,
let 0 < P € R™ ™ satisfy

PA+ AP+~ ?PEE"P+CTC=0. (4)
Then (2) holds without control.

Remark 2 (Initial state and worst disturbance) If
x(0) # 0 in (1), then the (closed-loop) system must be
internally stable (i.e., for v = 0), and the left-hand side
of (2) must include an additional term, =" (0)Pz(0). In
this case, the disturbance mazimizing (2) for the optimal
control u(t) = —R™1BT Px(t) is

v(t) =~y 2E" Px(t),

where P > 0 is a solution of (3). Without control, the worst
disturbance is the same, but P > 0 must solve (4).

2 Model description
2.1 FEuler—Bernoulli beam with control and disturbance

We consider the Euler-Bernoulli beam described by

Wi (2, t) + ElZp000(x,t) + ¢ 2e(x,t) + il Zonpar (T, t) =
cold(x — Zp) — & (2 — TR))a(t) + w(w, t),
2(0,t) = Z42(0,t) = Z(L,t) = Z4.(L,t) = 0,
(5)

where Z: [0, L] x [0,00) — R is the transverse deflection of
a beam of length L, linear density p, Young’s modulus of
elasticity F, and moment of inertia I. The model accounts
for the viscous damping ¢, Z; and structural (Kelvin—Voigt)
damping cxlZpp00t [34,35]. A piezoelectric actuator pro-
duces bending moments at 1, g € (0, L) proportional to
the applied voltage u: [0,00) — R. Following [23,27], we
model it using the derivative of the Dirac delta function,
§(- —2) € H%(0,L), defined as

§(—5)f = / 8 (& — 7)f(x) de = —'(7) (6)

for any € (0,L) and f € H?(0,L). The external distur-
bance is represented by w: (0,L) x [0,00) — R. All the
parameters are constant in time and space. The boundary
conditions correspond to the hinged ends.

Remark 3 (Damping model) The Kelvin—Voigt damp-
ing is motivated by the experimental observation that damp-
ing rates in beams increase with frequency [34]. This is also
captured by the “square root” model given by —cyZypqze [36].
Our analysis can be extended to the “square root” model
straightforwardly.

By scaling the space and time as follows

- L n
z(w,t) = Z(a1w,ast), ay = — 2= aj BT (7)
we rewrite (5) as

Ztt + Zegxx T C12t T C22zzaat = [5}1 - 5;%] U+ w,
(8)
2(0,0) = 2;4(0,0) = 2(7,0) = 2z, (7,0) = 0,



where z € [0, 7], t > 0,

Cyo crlas Zr IR
C1 = y C2 = i YL=—"5 TR=
p pay a a
=68 (x—=z1), dr=0(x—mR),
2 2
u(t) = caafﬁ(agt), w(z, t) = %ﬁ)(alx,agt).
pay

Note that (6) implies &' (a1z — &) = &'(x — Z/a1)/a3. To
simplify further derivations, we assume that

c1+co < \/5 (9)

That is, the dynamics are dominated by the elasticity
rather than damping. The extension to ¢; + ¢co > V2 is
straightforward but cumbersome.

2.2  Well-posedness

Define the Hilbert spaces of the H? and H* functions that
are consistent with the boundary conditions:

Hp(0,m) = {f € H*(0,7) | f(0) =0= f(m)},
f(0)=f"(0)=0
Hgo(0,m) =< f € HY0,7 .
5c(0,7) { ( )|f(7r)=f”(7r)=0}
The energy space of (8) is
X = H%.(0,7) x L*(0, )
with the scalar product

((fr,01), (f2,92))x = (f1s f3) 2 + (91, 92) L2
Consider

Aof = —f", D(Ay) = Hpe(0,7) C L*(0,7). (10)
In the operator form, (8) is written as

z=Az+ f, (11)
where

0 I
s A= ;
zt(, 1) —A2 —(c1] + c2A2)
0
o= .
[67, — ORlu(t) + w(-,t)
Since D(A3) = Hp(0,), we have
D(A) = X, = Hpo(0,7) x H(0,7) C X.
The adjoint of A with respect to the scalar product in X is
0 -1
. , D(A) =X, C X.
A2 —(c1] + 2 A2)
Since A and A* are dissipative, A generates a Cp-

semigroup of contractions on X [37, Corollary 4.4].

The set D(A*) with the norm ||z||{ = ||(BI — A*)z||, where
B is any regular point of A, is a Hilbert space. Its dual is
X_ 1 =H*0,m) x H-4(0, 7).

We assume that
w € Hjy.((0,00), X_1) N L*((0,00), L*(0, 7)). (12)

The control input that we design later satisfies u €
HL _((0,00),R). Therefore,

loc
[67, — Oglu € Hip.((0,00), H*(0,)).

This implies f € H._.((0,00),X_1). By [38, Theo-
rem 4.1.6], for z(-,0) € H3(0,m) and 2.(-,0) € L(0, ),
there exists a unique solution of (11) in X_; that satisfies
z € C([0,00); X) N C([0,00); X—1).

That is

z € C(]0,00); H*(0,7)) N C*([0, 00); H~*(0, 7)),

2 € C([0,00); L*(0, 7)) N C([0,00); H*(0,7)).

Remark 4 We need w € H. .((0,00), X_1) only to guar-
antee that z(t,-) € H? and z(t,-) € L? fort > 0, which is
required for the modal decomposition in Section 3.1.

3 Full-information H., control of the beam

Given non-negative scalars p;, py, and 7y, our objective is
to find a state-feedback control law guaranteeing that the
trajectories of (8) with z(-,0) = 0 = z(-, 0) satisfy (cf. (2))

7= [ IO + pellcs (0P
+ put(t) = Pllw(, 02 at <0 (13)

for all w satisfying (12). Such control guarantees that the
L? gain is not greater than ~.

Remark 5 (Performance index) Since the potential
energy of (5) due to bending is £L||Z,, (-, )| [39, p. 317],
we include ||zz.(+,1)||? in (13). Note that Wirtinger’s in-
equality [40] implies ||z(-,t)|| < 2||zgz(-,t)||. Therefore,
lz(-,)||? could be omitted in (13), but we kept it to ren-
der (13) more intuitive. The kinetic energy of (5) is
BlIZe(-,t)||?, and it is natural to include ||z(-,t)||* in (13).
To simplify the exposition, we do not present this extension,
which requires one to consider multiple cases depending on
the values of c1, ca, Pz, and py.

3.1 Modal decomposition

The modes and natural frequencies of (8) are

on(x) = \/2/msinnz, w, =n?,
These are the eigenfunctions and eigenvalues of Ag de-
fined in (10), which form a complete orthonormal system
in L2(0, 7). Therefore,

oo

Z("t) = Zzn(t)éﬁn» Zn(t) = <Z('7t)a§0n>'

n=1

n € N.

N
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Fig. 1. The eigenvalues of A, given in (15) for n = 1,...,50.
Red dots — no damping (¢; = 0 = ¢2); blue dots — viscous
damping (¢; = 1.4 x 1073 ¢2 = 0); green dots — viscous and
Kelvin—Voigt damping (c1 = 1.4 x 1072, co = 1.3 x 1073).
Substituting this into (8), in view of

(6) ’ (6)
<5/L790n> = 750n(‘rL) and <§}Ev§0n> = 7‘:0;;(33}3)’

we obtain the ODEs for the Fourier coefficients
Zn(t) + 2Cnwn2n (t) + w2z, (t) = byu(t) + wy (1),
where

Cn = (1wt + cown) /2,

b, = n+/2/7 (cosnxr — cosnxr),
wy(t) = (w(-, 1), ¢n) -

The ODEs can be written as

Zn(t) = AnZy (t) + Bru(t) + Eqwy (1),

where

n €N,

n €N, (14)

0 1
—u? —2<nwn1 e
The eigenvalues of A,, are
X = —wn(Go £/ ). (15)

Without damping (¢, = 0), infinitely many imaginary
roots A = +iw, (see Fig. 1) give rise to free vibrations
in (8) in the absence of control and disturbance. Our ap-
proach does not work in this case since it is not enough to
deal only with a finite number of modes. Viscous damping
(e1 # 0) ensures that Re At = —¢; /2. Kelvin-Voigt damp-
ing (ca # 0) improves the stability further guaranteeing

Re), - —co and Re)! — —1/cs.

We develop our approach for the case when ¢; # 0 # cs.

7An:

Zn

3.2 The spillover phenomenon

It is common in engineering practice to design controllers
based on a few dominating modes while ignoring the
residue. This subsection demonstrates that such an ap-
proach may suffer from the spillover phenomenon.
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Fig. 2. The value of Jy(t), defined in (16), for N = 5 (blue),
N = 6 (green), and N = 50 (red). The black line is Jn(¢) for
N =50 and u = 0. A controller designed for the first 5 modes
cannot guarantee (13) for the original system because of the
spillover phenomenon.

Consider the Euler—Bernoulli beam (8) with
c1=14%x1073, g =1.3x 1073, 27 =0.91, zr = 0.97.

The choice of the parameters is explained in Section 4.
Let us try to design a controller guaranteeing (13) with
pz = 0.1 and p, = 1073 by considering only 5 modes in the
modal decomposition (14). Using Proposition 1 (see Sec-
tion 3.5 for details), we find v & 6.97 and the correspond-
ing controller gain —R~'BTP € R'*10,

Figure 2 shows the values of

Tn(t) = J3 [0 [0+ pa)23(0) — v ()]

+ puu2(t)] dt (16)

for different numbers of modes, N. Proposition 1 guaran-
tees J5(t) < 0 (blue line). However, if we include one more
mode without adjusting v and the controller, Jg(¢) be-
comes positive for ¢ > 20 (green line). The red line shows
J50(t) & Joo(t). Clearly, the controller designed using only
5 modes cannot guarantee (13) for the original system.

Spillover occurs because the effect of the controller on the
truncated modes is ignored. In the remainder of the paper,
we provide a simple remedy to avoid spillover. Namely,
we show how to modify p, in (16) so that a controller
guaranteeing Jy (t) < 0 for a given N will guarantee (13)
with the original p,.

8.8 Cost decomposition

We represent (14) as

N = AN + Bu+ Bw", (17a)
Zn = ApZn + Bou+ E,w,, n> N, (17b)



where N € N,
zZ1 0
: ws

N ZN N . _ 0 _ |0

z z | W = : s B = b | > E= [Iﬁ] ’
. wWN
N b

A= On In On = di

= | 0% 7(011N+02Q?\,) N = lag{wla cee 7WN}3

(18)
and the remaining notations are from (14). We will design
an H, controller for (17a) with the cost, Jp, that accounts
for its effect on (17b). To find this cost, we decompose the
original cost J from (13). Namely, since z(-,t) € H?(0,7)
(see Section 2.2), Parseval’s identity gives

2¢O = ZZ 222 (-, 1)]* = Zw

Our key 1dea is to represent J from (13) as

J = JO + Z;)LozN-H Jna (19)
where

00 N
Jo = Iy [ SN (4 pets) 22 + (pu+ Sy o)

N
- ’72 Zn:l w721:| ’

Jn = [7 [(1+ pow?)z2 — pou® — ¥?w?] .

The control, u(t), is treated as a disturbance in (17b). Us-
ing the bounded real lemma (Corollary 1), we will find the
minimum p, such that J, < 0 for the zero initial con-
ditions and any w,, € L?([0,00),R). Then, we will show
that Y- 7 v, pn < 00 and construct a controller for (17a)
guaranteeing Jy < 0.

3.4 Bounded real lemma for the residue

For a given n > N, (17b) can be represented as (1) with

r=2z, A=A, B=03x1,
— [VPau/y = |
[V73u], B =|=Ba Ea|.

Note that the control input, u, is considered as a part of
the disturbance, v, since the H, control will be designed
based on (17a). The cost in (2) coincides with .J,, for

C=|VTTpaZ 0] and D=0
Then the algebraic Riccati equation (4) takes the form

P+ AT Paty 2Py [§ 14202 1, | Pat [ P10 0] =0
(20)
In Appendix A, we show that the smallest p,, guaranteeing
the feasibility of (20) is
b (1 + powy)

4w R (1 = ¢3) — (1 + powy )y 2

by (1 + pow;)

= (1 + pgwi)y—2

if 22 <1,

Pn =
if 2¢% > 1.

The value of p,, is the L? gain from u to Z,. Corollary 1
guarantees J, < 0 for these p,,. This can be used to obtain
the L? gain of (8) without control.

Proposition 2 (L? gain without control) The L? gain
of the control-free (8) subject to (9) is not greater than

21+ pg

(Cl =+ Cg) 4 — (Cl =+ 62)2 ’

Yo =

Proof. Repeating the arguments of Appendix A with o, =
v~2, we obtain that (20) is feasible for any n € N if

14 pyw?
2 T¥n 2
Yy Z m when 2<n S 17 (21&)
1+ paw;
y2 > 2Pt when 2¢2>1.  (21b)

wy
The right-hand sides of (21) are decreasing in n. Moreover,
wyp — w1 = ) = wy (1 - 2¢3)% 2

implies that the bound in (21a) is not smaller than in (21b).
Since (9) guarantees 2¢7 < 1, the lower bound on 7 is
obtained from (21a) with n = 1, i.e., with w; = 1 and
¢1 = (c1 + ¢2)/2. The feasibility of (20) implies J,, < 0.
Taking N = 0 and Jy = 0 in (19), we obtain J < 0. O

In Appendix B, we show that

00 M M b2
Z Pn < Poo = Z pn+Cur |$R—$L|—Zw7;],
n=N+1 n=N+1 n=1 "
(22)
where
Cy = w%/[-i-l(l + pﬁw%/[—i—l)
W?wﬂ -1+ P:vw%/[H)W_Q’

B |1+ VI =2cic3
M—IH&X{N,\\ —\/§CQ J}

Here, | -] stands for the integer part. Note that (9) implies
20162 S 1.

As explained in Appendix B, > 00 b2 /w2 = |zp — xL|.
Therefore, poo — 0 monotonically as N — oco. That is, by
considering more modes in the control design, we reduce
the L? gain of the residue associated with the spillover.

Remark 6 (Control as structured disturbance) To
simplify the residue analysis, we treated u as an arbitrary
disturbance when looking for p,. Since we are designing
the control, we can restrict the class of admissible u and,
possibly, decrease p,. This improvement is a direction
for future research, which will rely on extending the H.
control to structured disturbances.



3.5 Hy controller design without spillover

The system (17a) is in the form of (1) with z = 2V, v =
w?, and A, B, and E defined in (18). Taking

_ IN+paQ2, Onx _ Onx1
C= [VIFo R Oon ] and D=[ 20|, (28)
we obtain that DTC =0, R=DTD = p, + poo > 0, and
the left-hand side of (2) coincides with Jy from (19). By
Proposition 1, if 0 < P € R2V*2N gatisfies (3), then

u(t) = —(pu + po) ' BTPN (1) (24)

guarantees Jy < 0. Since p,, were chosen so that J, < 0, we
obtain that J < 0. We have proved the following theorem.

Theorem 1 Consider the Euler-Bernoulli beam (8) sub-
ject to (9) and its modal decomposition (17) with some
N € N. Given non-negative p, pu, and -y, let poo be given
by (22). If 0 < P € R2NX2N gqtisfies the algebraic Ric-
cati equation (3) with A, B, C, D, and E given in (18)
and (23), then the state feedback (24) guarantees that the
L? gain of (8) is not greater than ~y, that is, (13) holds for
z(-,0) =0 = 2(-,0) and any w satisfying (12).

An alternative proof is to consider
V=0N)TPN + ZZOZN+1 zI'P.z,

n

with P, defined in Appendix A. Note that the series con-
verges since

Py ~ pa {‘“3162 2(1:2] as n— oo (25)

(we chose “+” for the right bottom element), while z(-, t) €
H?(0,7) and z/(-,t) € L*(0, ) (see Section 2.2). Using (3)
and (20), one can show that

V(t)+ J(t) <0, (26)

where J(t) is J defined in (13) with co replaced by t. Inte-
grating the above from 0 to ¢, we obtain

V() — V(0) + J(t) — J(0) < 0.

Given that V(0) = 0 for the zero initial conditions, and
J(0) =0, we have J(t) < —V(t) <0, which implies (13).

Remark 7 (Internal stability) The designed feedback
(24) renders (8) internally stable in the norm

12, O1% = lzaa (O + llze (5 I

Indeed, (25) implies the existence of positive 1 and g5 such
that e1||z(, )% <V < ealz(,t)||%, and (26) implies
V <0 forw(-,t) =0.

Remark 8 (Solution existence) Since A, defined in
(18), is Hurwitz, (A, B) is stabilizable. It is easy to check
that (A, C') is observable, hence detectable. As mentioned
in Remark 1, this guarantees that (3) has a solution for a
large enough ~y. That is, the conditions of Theorem 1 hold
for any N € N and large enough .

Remark 9 (Number of modes and the L? gain)
When N grows, vy can only decrease. Indeed, we know that
In+1(t) <0 and (24) guarantees Jo(t) < 0 with Jy41(t)
and Jo(t) defined in (19). Taking K1, Ky € RN such
that [K1 Ks] = (pu + poo) "1 BT P, we have that

uw=— K, 0 K 0] 2!

guarantees Jo(t) = Jo(t) + Jn11(t) < 0. Note that Jo(t) is
Jo(t) with N replaced by N + 1. By [33, Theorem 6.5.6],
(3) has a solution for the matrices defined in (18) and (23)
with N replaced by N + 1. That is, the same y is achievable
with N + 1 modes. When considering N + 1 modes, we are
making the sum Jo(t) + Jn41(t) negative instead of each
term, Jo(t) and Jny1(t), independently. This gives more
flexibility and may reduce 7y, as demonstrated in Fig. 3.

4 Numerical simulations

As an example, we consider an aluminum rectangular beam
of dimensions 1m x 0.1m x 0.01 m with hinged ends and a
piezoelectric actuator of length 2 cm placed at 30 cm from
the left edge. This system can be modeled by (5) with the
parameters given in the following table:

Linear density w271 kg/m

Young’s modulus E 70 x 10° N/m?
Moment of inertia 1 8.3 x 1078 m*
Viscous damping ¢ L76kg/(m-s)
Structural damping e, 2.05x10% kg/(m - s)
Left actuator position zr,  0.29m

Right actuator position zp 0.31m

The linear density is calculated as p = pA, where p =
2710 kg/m? is the density of aluminum, and A = 0.1 x
0.01 = 1072 m? is the cross-section area of the beam. The
damping coefficients, ¢, and ¢, are taken from [41]. The
value of ¢, depends on the type of the piezoelectric patch;
it does not affect the performance analysis since the control
can be scaled as 4’ = c,4. After the change of variables
(7), we obtain (8) with

c1=14%x1073, cg=1.3x 1073, 27 =0.91, zr = 0.97.

Our objective is to design a state-feedback control law
of the form (24) guaranteeing that the solution of (8)
with 2(+,0) = 0 = z(-,0) satisfies (13) with p, = 1073,
p. = 0.1, and smallest possible v > 0. To decide on how
many modes to consider in the controller design, we cal-
culate the minimum ~ for different numbers of controlled
modes, N. Proposition 2 gives vy =~ 380 as the smallest L?
gain without control. For each integer N € [1, 40], we found
the minimum + satisfying the conditions of Theorem 1. The
results are shown in Fig. 3. As explained in Remark 9, the
L? gain decreases when more modes are considered. The
limit value is v ~ 18. Since v does not improve significantly
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Fig. 3. The L? gain of the Euler-Bernoulli beam (8) for different
numbers of controlled modes N.
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Fig. 4. Euler—Bernoulli beam without and with control. The
red dashed lines show the ends of the piezoelectric actuator.

for N > 8, we consider N = 8 modes. In this case, v ~ 20.2
and po, ~ 8 x 1073, which we found using (22). To find the
controller gain in (24), we solve (3) for P > 0 with A, B,
C, D, and E defined in (18) and (23). Note that, for this
example, the first condition in (15) of [22] requires N > 32
and the resulting LMIs are not feasible for any v > 0.

The results of numerical simulations without and with con-
trol for the same disturbance are shown in Fig. 4. The con-
sidered disturbance is the worst one for (17a) with N = 30
generated following the procedure in Remark 2. Namely,
we calculated P > 0 satisfying (4) with A, E, and C
given in (18) and (23), found 2} (¢) as the solution of (17a)
with N = 30, u = 0, and 2)(0) = [1,...,1]T € R,
substituted w? (t) = v 2ET PzY (t) into (18), and took
w(z,t) = Z§=1 wy, (t)¢n (z). Clearly, the proposed control
strategy attenuates the effect of the disturbance. This is
also evident from Fig. 5, which shows

12C, 0l = VIR + pollzas (5 )] (27)
without (black) and with (blue) control.

The value of J(t), obtained by replacing co with ¢ in (13), is
shown in Fig. 6. As guaranteed by Theorem 1, the control
ensures that J = lim;_, o J(¢) < 0 for v ~ 20.2 (blue line).
Without control (black line), J(¢) becomes positive for ¢ ~
70. If the residue is ignored (poo = 0), a smaller v ~ 7.16 is
obtained following the steps detailed in Section 3.2. In this
case, the spillover phenomenon causes J(t) > 0 for ¢t > 7

0.2 T

No control
With control

0.1

ll=C6)lls

0.05

90 100

Fig. 5. The value of ||z(-, )]s, defined in (27), without (black)
and with (blue) control.
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Fig. 6. The value of J(t) (given by (13) with oo replaced by t)
without control (black) and with control (blue) for v &~ 20.2.
The red line shows the spillover phenomenon occurring when
the modes with n > 8 are ignored.

(red line). This vividly demonstrates why the residue, i.e.,
the modes with n > N, cannot be ignored. Theorem 1
provides a simple way of designing a controller avoiding
the spillover phenomenon.

Remark 10 (N vs v with spillover) Ifthe residue is ig-
nored (poo = 0), then v =~ 6.97 for N =5 (see Section 3.2)
and v = 7.16 for N = 8 (as explained above). That is,
the L? gain may increase when more modes are considered.
This happens because, by increasing N, one obtains a more
accurate estimate of the actual L? gain, which is larger than
that obtained using the truncated modal decomposition. If
the residue is accounted for, larger N will never lead to a
larger v (see Remark 9).

5 Conclusions

We studied the H., control of the Euler-Bernoulli beam
with viscous and Kelvin—Voigt damping using piezoelectric
actuators. We showed that spillover occurs when a finite
number of modes are considered in the H,, design. Then
we proposed a simple modification of the cost guarantee-
ing that the controller designed based on a finite number
of modes does not lead to spillover. Using a realistic model
of the beam, we demonstrated how to find the number of
modes required to design a controller, i.e., such that a fur-
ther increase of the number of considered modes does not
improve the L? gain significantly. Future work will be ded-
icated to designing output feedback, considering multiple



actuators and sensors, and treating the control input as a
structured disturbance in the residue (Remark 6).
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A Solution of (20)

Let P, = [P} B2]. Then (20) is equivalent to
anps — 2wpp2 + (1+ o) = 0,

P1 = 2(nwnp2 — pawy, + anpaps =0,

anp:% — 4Cpwpp3 +2p2 =0

with a,, = b2 /p,, + 2. These are equivalent to
p2 =y’ [‘JJZ + \/‘*’;41 —an(l+ prw%)} )

p3=a, " [Qann + \/4CPw2 — 2anp2} , (A1)

P1 = 2(awnpa + P3w;, — npaps.
These values are real if and only if

wih > o, (14 pw?) and (A.2a)
2C2W2 > appr = w2 —Vwi —ay, (1+pew?). (A.2D)
We took ps with “—” since 2¢2 can be smaller than 1.

To minimize p,, we maximize a,. If 2(2 > 1, then (A.2b)
is true subject to (A.2a), which gives o, = w? /(1 + pw?2).
Substituting this into (A.1), we obtain

2
Wn 2Cn W, Wn

Pr = an[ wn  20nt\/2C2—2

If2¢2 < 1, then (A.2b) gives the maximum a,, = 4wi(2(1—
¢2)/(1 + pyw?), which satisfies (A.2a) since wi — a, (1 +
pzw2) = wi(1—2¢2)? > 0. Substituting this into (A.1), we
obtain

QCTLW’IL w,2 Cnwn
Pn = o |:Cn£n 1 :| > 0.

>0

The minimum values of p, are calculated from «, =
b2 /pn + 2 with the corresponding av,.

B Upper bound on the L? gain for the residue

For n > M, we have ¢, > 1/4/2. Then
wr?+pa b2

— bi(1+PIWi) Oy
e G e Bl W e N o e

—2
2WM+1+pm 2 % = CML?L
T 1w e YT Wi

Note that b, /w, are the Fourier coefficients of

@) = 1, z€[zL, R,
Xaveal\P) =00, 2 ¢ (21, 25)].

By Parseval’s identity,

S0 2 = s o2
Therefore,
oo oo
Z Pn < Cm Z
n=M+1 n=M+1

which implies (22).

= |£L’R —:L‘L|.

b2

2
n

Cumr l|$R —xr| —
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