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MODELING AND STABILIZATION OF CURRENT-CONTROLLED
PIEZO-ELECTRIC BEAMS WITH DYNAMIC
ELECTROMAGNETIC FIELD*

ABMET OzkAN OzERY™ AND KIRSTEN A. MORRIS2

Abstract. Piezoelectric materials can be controlled with current (or charge) as the electrical input,
instead of voltage. The main purpose of this paper is to derive the governing equations for a current-
controlled piezo-electric beam and to investigate stabilizability. The magnetic permeability in piezo-
electric materials is generally neglected in models. However, it has a significant qualitative effect on
properties of the control system such as stabilizability. Besides the consideration of current control,
there are several new aspects to the model. Most importantly, a fully dynamic magnetic model is
included. Also, electrical potential and magnetic vector potential are chosen to be quadratic-through
thickness to include the induced effects of the electromagnetic field. Hamilton’s principle is used to
derive a boundary value problem that models a single piezo-electric beam actuated by a current (or
charge) source at the electrodes. Two sets of decoupled system of partial differential equations are
obtained; one for stretching of the beam and another one for bending motion. Since current (or charge)
controller only affects the stretching motion, attention is focused on control of the stretching equations
in this paper. It is shown that the Lagrangian of the beam is invariant under certain transformations. A
Coulomb type gauge condition is used. This gauge condition decouples the electrical potential equation
from the equations of the magnetic potential. A semigroup approach is used to prove that the Cauchy
problem is well-posed. Unlike voltage actuation, a bounded control operator in the natural energy space
is obtained. The paper concludes with analysis of stabilizability and comparison with other actuation
approaches and models.
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1. INTRODUCTION

Piezoelectric materials are elastic beam /plates covered by electrodes at the top and bottom surfaces, insulated
at the edges (to prevent fringing effects), and connected to an external electric circuit (see Fig. 1). They
convert mechanical energy to electro-magnetic energy, and vice versa. These materials are widely used in civil,
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Either current source ig(t) or
charge source o(t) is prescribed

Piezoelectric beam

X1

Electrodes (covered with aluminum foil)

FIGURE 1. When either current i4(t) or charge o,(t) is prescribed at the electrodes, an electric
field is created between the electrodes, and the beam/plate either shrinks or extends. Experi-
ments show that the input—output hysteresis is substantially less than when voltage actuation
is used, i.e. see [11, 24].

aeronautic and space structures due to their small size and high power density. They can be actuated by either
external mechanical forces or electrical forces. There are mainly three ways to (electrically) actuate piezo-electric
materials: voltage, current or charge. Piezoelectric materials have been traditionally activated by a voltage source
[2, 3, 8, 26, 28, 31, 33, 35, 36, 38]. It is well-known that the control operator is unbounded in the energy space
if the piezo-electric structure is controlled by a voltage or a charge source, for instance see [8, 17, 22, 28, 33].

Hysteresis occurs in the voltage-strain relationship for piezo-electric structures; see for instance [33]. This
complicates control of these materials. Therefore controller design needs to consider hysteresis in order to obtain
maximum accuracy and effectiveness. Some approaches are passivity [15] and inverse compensation [34]. Another
approach is to avoid incurring hysteresis is by applying only low voltages, but this prevents these structures from
being used at their maximum potential. Another approach is current or charge actuation since there is evidence
that these types of actuation lead to considerably less hysteresis; see for instance [5, 11, 16, 20, 21, 24]. Existing
models for current control use electrostatic or quasi-static assumptions, and therefore, only circuit equations
are attached to the standard beam equations. This assumption is based on the fact that acoustic wave speed is
much smaller than the speed of light [39]. However, it has been shown [22, 27] that voltage-controlled beams,
with electro-magnetic dynamics, are not controllable and moreover can not even be asymptotically stabilized for
certain combinations of material parameters. Explicit polynomial estimates of asymptotic stability for certain
combinations of parameters have been obtained [25]. Thus, controllability and stabilizability of piezo-electric
beams are affected by magnetic effects. The stabilization problem is recently analyzed for the viscously damped
voltage-controlled fully-magnetic model in the existence of no feedback controller. It is shown that the model is
exponentially stable [30].

In this paper, dynamic magnetic effects are included in the derivation of a model for piezo-electric beams actu-
ated by a current (or charge) source. The electromagnetic field is described in terms of scalar electric potential
and magnetic vector potential. After deriving expressions of various contributions to the energy, Hamilton’s Prin-
ciple is used to derive a system of partial differential equations modelling the coupling between the mechanical
and the electro-magnetic dynamics. Because the Lagrangian corresponding to Maxwell’s equations is invariant
under certain transformations; for instance see ([7], p. 80), these equations do not have a unique solution and
the potentials are not uniquely determined. Obtaining a system of equations with a unique solution requires an
appropriate gauge condition. Usually a gauge is chosen to decouple electrical equations from magnetic equations.
A number of gauges are possible to obtain a unique solution such as Coulomb or Lorenz [7]. A Coulomb type
of gauge is used here. Implementation of this gauge simplifies the equations considerably. The original highly
coupled system of equations becomes a system of equations where the equations corresponding to the electrical
variables are decoupled from the ones involving magnetic potential variables. Well-posedness of the model in
a Hilbert space is then established where the norm corresponds to the energy of the system. It is shown that
the spectrum of the generator consists entirely of imaginary eigenvalues. For some parameter values the system
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cannot even be asymptotically stabilized. Stabilizability of the model is compared to voltage control, as well as
to the case where magnetic effects are neglected.

Indicating the system description by (A, B,C), it is well-known that if A is dissipative and C' = B* then
constant feedback is stabilizing. For a simple voltage-actuated piezo-electric beam with quasi-static or static
electrical model, the “B*” output measurement is the beam velocity. This is difficult to accomplish in practice
due to a lack of inexpensive velocity sensors (laser vibrometers) ([32], p. 175); typically velocity is recon-
structed from position or acceleration measurements if a laser vibrometer is not used. But for voltage-controlled
piezo-electric beams, B* is the total induced current at the electrodes of the piezo-electric beam [22]. This
electrical measurement can be implemented. There are results in the engineering literature proposing volt-
age input-induced charge output. In [12], there is a design of measuring induced charge at the electrodes of
piezo-electric beam. The advantage of this input—output system is to actuate the piezo-electric beam at high
frequencies. In this paper it is shown that the control operator B is bounded in the case of current control
with magnetic effects and also that the B* output measurement is electro-magnetic, not mechanical, and can
be implemented.

In the conference paper [23], preliminary versions of Theorem 3.1, Lemma 4.2, and Theorem 5.2 were reported
for different choices of states and state space. In this manuscript, the states and the state space are based on
the energy of the beam and full proofs are included for all results.

2. PHYSICAL ASSUMPTIONS

Let x1,x2 be the longitudinal directions, and x3 be the transverse directions (see Fig. 1). Assume that the
piezo-electric beam occupies the region Q = [0, L] X [—r, 7] X [f%, %] with the boundary 912, the electroded
region and the insulated region, where L >> h. Throughout this paper, dots denote differentiation with respect
to time, that is @(t) = 92.

A very widely-used linear constitutive relationship [36] for piezo-electric beams is

(b)-[71G) &)

where T = (Tll,ng,ng,T23,T13,T12)T is the stress vector, S = (SH,322,533,5’23,513,512)T is the strain
vector, D = (Dy, D, D3)T and E = (Ey, Ey, E3)T are the electric displacement and the electric field vec-
tors, respectively, and moreover, the matrices [c], [7], [¢] are the matrices with elastic, electro-mechanic and
dielectric constant entries (for more details see [36]). Under the assumption of transverse isotropy and
polarization in z3-direction:

1
C11 = C22, C44 = Cs55, C13 = C23, Ce6 — 5(011 - 012), Y24 = Y15, Y31 = V32, €11 = €22

these matrices reduce to

circize3 0 0 0
ci2ciici3 0 0 0
ci3cizess 0 0 0
0
0

0 0 0 0 750 e;r 00

c= , Y= 0 0 0 vm5 00], e= 0 11 O
0 0 0 cyqa O

o Y3131 733 0 0 0 0 0 e33

0000644
00000666
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TABLE 1. Notation

A Magnetic potential vector P Mass density per unit volume

B Magnetic flux density vector n Surface unit outward normal vector
¢, Elastic stiffness coefficients O Surface charge density

D Electric displacement vector op Volume charge density

E Electric field intensity vector S Strain tensor

€ Permittivity coefficients T Stress tensor

h Thickness of the beam Uq x1 component of the displacement field
1p Volume current density Us x3 component of the displacement field
is Surface current density v Longitudinal disp. of the centerline of the beam
10) Electric potential \% Voltage

¥ Piezoelectric coefficients w Transverse displacement of the beam

p Magnetic permeability of beams  1(g.1)(z) Characteristic function of the interval (0.1)

where cgg = %(011 — c12). All forces acting in the zo direction are assumed negligible which leads to a beam
model. Moreover, T33 is also assumed to be zero. Therefore

T = (T117T13)T7 S = (5117513)T7 D = (D17D3)T7 E = (E17E3)T

and (2.1) reduces to

T cir 0 0 —3; S11
Tis | _ | 0 cas—n5 O S13
D, 0 715 en O E
D3 31 0 0 e33 Es

Let (U, Us) denote the displacement field vector of a point (x1,z3). Continuing with the Euler-Bernoulli beam
small-displacement assumptions, the displacement field is

0
U1=U—.’13387w, U3=IU (22)
1

where v = v(z1) and w = w(x1) denote the longitudinal displacement of the center line in z; direction, and

1 8U1+8U3

transverse displacement of the beam, respectively. Since Si3 = 3 ( o 8@) = 0, the only nonzero strain

component is given by

S = 90, 0w 22 (2.3)
To keep the notation simple let
a=ci, Y=, V=5 E1=¢E11, €3=E33 (2.4)
With the new notation, the linear constitutive equations for an Euler-Bernoulli piezo-electric beam are
Ty = aSn — ks
ik (25)

D3 =511 +e3E3
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Let K,P,E and B be kinetic, potential, electrical, and magnetic energies of the beam, respectively, and
let W be the work done by the external forces (charge or current, see (2.22)). For modelling of charge or
current-actuated piezo-electric beams the following Lagrangian

L/T[K(PE+B)+W]dt (2.6)
0

is appropriate [19]. The constitutive equations (2.5), where the pair (S, F) belongs to the set of independent
variables, are used. In the above, P — E + B is called electrical enthalpy.
In modeling piezo-electric beams with voltage-actuated electrodes, a different Lagrangian

L:/T[K—(P+E)+B+W] at (2.7)
0

is appropriate [13] since the input for W is voltage. In this case, the constitutive equations (2.5) are re-written
in terms of the independent variables (S, D) and an appropriate Legendre transformation is applied allowing
us to change the independent variables (S, E) in (2.6) to (S, D) in (2.7). Here P + E denotes the total stored
energy of the beam, and B acts as the electrical kinetic energy of the beam. The reader should refer to [22] for
more details.

The full set of Maxwell’s equations is ([9], p. 332), letting B denote the magnetic field vector, and
Op, tp, Os, 15, V, i1, denote body charge density, body current density, surface charge density, surface current
density, voltage, magnetic permeability, and unit normal vector to the surface 92, respectively,

V-D= oy in QxR" (Electric Gauss’s law)

V:-B=0 in QxR" (Gauss’s law of magnetism)

VxE= —-B in QxR"Y (Faraday’s law)

1 .

~(VxB)=i,+D in QxR" (Ampére-Maxwell law) (2.8)
W

The essential electric boundary conditions prescribed on the electrodes are

—D-n= o4t) on 00 xR" (Charge) (2.9)
l(B xn)= ig(t) on 0N xRT  (Current) (2.10)
w

¢= V() on 0NxRT  (Voltage) (2.11)

and appropriate mechanical boundary conditions are needed at the left and right end points x = 0, L of the beam
(the beam is clamped, hinged, free, etc.). In previous work, voltage-driven piezo-electric beams were considered
[22]. In this paper, current and charge-driven electrodes are considered; that is, (2.11) is not used. There are
three main approaches to modelling of electric and magnetic effects in piezo-electric beams [36]:

i) Electrostatic electric field: This is the most widely-used approach in the literature. It completely ignores
magnetic effects: B = D = i = o3, = 0. Maxwell’s equations (2.8) reduce to V-D =0 and V x E = 0.
Therefore, there exists a scalar electric potential such that F = —V¢ and ¢ is determined up to a constant.

ii) Quasi-static electric field: This approach includes some magnetic effects [36]. Although still o, = i, = 0,
D and B are non-zero. Maxwell’s equations (2.8) become

V-D=0, V-B=0, B=-VxE, D:l(vXB).
7!



6 A.O. OZER AND K.A. MORRIS

The equation V- B = 0 implies that there exists a vector A, the magnetic potential, such that B =V x A.
Also, from substituting B into B = —V x E that, i.e. V X (A + E) = 0, there exists a scalar electric
potential ¢ such that

E=—-A-V¢. (2.12)

since the curl grad of any scalar function ¢ is zero. The time-varying magnetic effects A affect the induced
electric field. One simplification to this approach is to ignore A and A since A, A < ¢. With this assumption
D may be non-zero. However, D is zero since A = 0.

iii) Fully dynamic electric field: Unlike the quasi-static assumption, A and A are not assumed zero.
Depending on the type of material, body charge density op and body current density i, may also be
non-zero.

Since piezo-electric materials are not perfectly insulated, the electric field E causes current to flow. An
electro-static approach is not appropriate, and the time-dependent equation of the continuity of electric charge
(Ampére-Maxwell Law in (2.8)) must be included. In this paper, a fully dynamic approach that includes magnetic
effects in order to model current- and charge-controlled piezo-electric beams is used. Taking the divergence of
both sides of Ampére-Maxwell equation (2.8) leads to

1 .
LV (VX B)=V iy +V-D. (2.13)

The term on the left hand side of the equation above is zero, and therefore by using Gauss’s law (2.8), the
following electric continuity condition

Gy +V-ip=0 in Q (2.14)

is obtained. The physical interpretation of (2.14) is the local conservation of electrical charge. From (2.8)

l/ (VxB)~ndS:/ (ib~n+D~n) s
B Joq a0

where i, = (i},i2,43) and n = (0,0, £1). Using the charge boundary conditions (2.9) with is(z,t) = 0,

0:3/ VxB~ndS:/ (iy — o5) dS.
N

[2}9)

Alternatively, use the current boundary condition (2.10) with o5 =0

l/ VxB»ndS:/ iy dS
K Jon a0

where n is the outward unit normal vector on 9f2. This leads to the surface electric continuity conditions (or
compatibility conditions)

dis 4
b

! =0 on 09. (2.15)

Os — ig =0, or,

For details, see ([10], Sect. 3.9).
Henceforth, to simplify the notation, x = z; and z = x3. Since beam theory is used for the mechanical
behaviour, assume that the magnetic vector potential A and other electro-magnetic variables have nonzero
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components only in the = and z directions. The piezo-electric effect is the relationship between external electric
field leads and strain. Upon production of an external electric field, the beam/plate extends or shrinks. This
is known as the direct piezo-electric effect. On the other hand, when the plate/beam extends and shrink, it
produces electric voltage; this is the inverse or indirect effect.

It is common to assume that the electric potential is linear through-thickness: ¢(z,z) = ¢°(z) + 2¢' (x). This
affects the induced potential effect since ¢ is completely known as a function of voltage. For example, when the
voltage is prescribed at the electrodes, i.e. ¢ (%) =V and ¢ (—%) =0,

v V
= — + Z—’
¢ 2 h
and therefore the electric field component in the transverse direction F3 becomes uniform in the transverse
direction, that is, B3 = —¢! = —% for electrostatic and quasi-static assumptions. Therefore the inverse effect
does not exist if a linear-through thickness assumption is used. In this paper, a quadratic-through thickness
potential distribution

6(x,2) = (@) + 26! (2) + S0 (@). (2.16)

is used. This reproduces the induced effect and improves the modeling accuracy without moving to the
complexity of a fully two-dimensional description.
To keep the consistency with ¢, assume that A is quadratic through-thickness as well:

2

Ao Al(g, 2) A(x) + ZA%E):U) + - A}(z) o
) \ )+ ek + 2a30)) |

By (2.12)
2 2
B == (A4 2+ 5 48) = (600 + 2000 + 56,
Es3 = — (Ag + AL + Z;A%) — (o' +20%). (2.18)

Now use the constitutive equations (2.5) along with (2.2), (2.3), and (2.16)—(2.18) to write

L 2
_Pr 2 772 _ph h”
Kf2/Q(U1 +U3> dX = 2/0 < +w +12w> dz, (2.19)

(D1E1 4+ D3E3 — 111511 — T13S13) d

}/

2

1

5/ 04511 + 2’)/511E3 +€1E1 + €3E3) dX
1/

2

h? 1,0 Mg h? 2 4l
[ (v +Ew )—Q’yh(<¢ +A3+A3) Uz — 75 Wea (¢ +A3)>
h? ht

reuh (600 + S5 (60% + (@207 + (492 + (AL + 2 (D7)
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h2

beah (( Y+ >2+<A§>2+E<A> - o)
oeuh D)0 00+ AR (), A8 (00, 0+ ()AL (), 4
! » T oAt g (@A 12 1+ 350
+2e3h (¢1A0+ — AJAZ + z¢1A§+iLZ¢2A§>} dz, (2.20)
B = /(VXA) (Vx A)dX
h/2 22 2
_ / / <A}+zAf(A§)mz(A§)x(A§)z> dzda
h/2 2
h h? h? ht
-5 {<A1>2+12<A%>2+<(A8>m>2 (AR + o (43),)?
h? h?
-2 (A} (43)e + 5 A1(A3)e — 5 AT(A3)e — 24(Ag)gg(fli)lﬂ da. (2.21)

Now define the work W done by the external forces. The body force resultants iy, 0,5, 05 are [18]:

hj2 h/2 h/2 h/2
iy = / iy dz, op = / op dz, 15 = / is dz, 05 = / 0s dz.
—h/2 ~h/2 —h/2 —h/2

In the above the surface charge density &, and surface current density i, are independent of z since they are
prescribed at the electrodes. For the Euler-Bernoulli beam, it is appropriate to assume that body charge o3, and
body current 4; are independent of z,

ib = ibh, Op = &bh, is = ish, Og — OSh.
Surface charge o4 or 75 may be non-zero, and either i, or o, may be nonzero, depending on the type of actuation.

Assume that there are no mechanical external forces acting on the beam. The work done by the electrical external
forces is [19]

W:/Q(_&b ¢+%5'A) dX+/BQ(—&S ¢+%S'A) dX

:/( Gy b+itAr) dX+/ (=05 o +15- A1) d

o0

h/2 h/2 2
0( 1 27 42
/ /h/Qab(qﬁ r) + 26 (z) + qﬁ ) dzda:+/ /h/2 ( +2A()+2A1> dzdz

T / (=64 (6(h/2) — 6(~h/2)) + L (A1 (h/2) — Ar(~h/2))) du

L h2 h2
— / <_gb <¢>0 + 24¢2> +if (Af{ + MA‘;’) — o5 ¢t +il A}) dz (2.22)
0

where is(z,t) = (il(z,t),0,0), and iy(z,t) = (i} (z,t),0,0). In the above is has only one nonzero component
since iy L B, and i L n by (2.10). Moreover, i, has only one nonzero component since we assumed that there
is no force acting in the x5 and =3 directions.
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If the magnetic effects are neglected, a variational approach cannot be used in the case of current actuation
since A =0 and so W = 0. This is very different from the charge and voltage actuation cases since for charge
and voltage actuation W is not a function of A.

3. DERIVATION OF GOVERNING EQUATIONS

The application of Hamilton’s principle, setting the variation of Lagrangian L in (2.6) with respect to
admissible displacements

{U7w7 ¢07 ¢1a ¢2a A?a AiaAiAgaAil’,a Ag}

to zero, yields two sets of partial differential equations. The first set relate to stretching of the beam and involve
only the variables v, ¢!, Af, A}, AL :

phis =l ((61)e + (A, + 5(43)2) = 0
~5 (01 + (AD)e) +eah (4 + 53 +61) oo = 0,
%Ai S8 (1) — ph (A9 + 55 (43), — A}) = i
esh (A9 + ﬂAz + ¢1) — ph (A + 55(A3)as — (AD).) = Yoy =
Y2 (A + 1) + 5 A3 — (43 (A9 s + 255(ADaw — (A1) = Y =

The second set related to bending of the beam and involve only the variables w, ¢°, ¢?, A9, A% AL :

phidy — 2y 4 2 — ((¢2)m) + (

—1h (<¢0>m B (P)aa + (A + B3 (A2).) = o0

— S ((6%)aa + 55(%)an + (A0 + B (AD)a ) + Y500 — H0 (0%)aa— S (A2), + 58> (7 + A}) = 15

erh (A9 + 542+ (6°) + 5 (6%).) = i}

i (A + 51 (4D + (6. i<<z%2>z SRR+ (07, + Bt (A3 - (Ad),) =
3

24
S (A} = L£(Ad)an ) + S + (AR, + Yyt = O

(3.2)
The bending of the beam w(x,t) is described by the Rayleigh beam equation coupled to the electromagnetic
equations. If the rotational inertia of the cross section of the beam is ignored, the terms w,, in (3.2) and w, in
(3.3) disappear.
The boundary conditions depend on whether any of the variables have imposed (or essential) conditions at
x = 0, L. The following is a list of all natural boundary conditions. The corresponding variable and the physical
interpretation is indicated in brackets for each.

ahv, +vh ((;51 + A9+ %A%) =0 (Lateral force)
Elh (Al (6Y) s ) =0 (First charge moment)
wh (A% — (AY). — —(AQ) ) =0 (Current)
ph? (21—414% — (A9 — 3}1220 (A3%), ) = 0 (Second current moment)
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}112 ( QWay +70?) = (Bending moment)
—pWy + QWygr — ’y(ngQ)w =0 (Shear)
eih (A + 543 + (¢9) + 5(6%).) = 0 (Charge) (3.3)
e1h3 (LAO 160A (9% + %(¢2)1) = 0 (Second charge moment)
“h (A2 — (A}).) = (First current moment)

It will be assumed, as is common in practice, that there is no free body charge or current, i.e. o, = i, = 0.
This implies that the surface continuity condition for each actuation is

dis .
= s = U. .4
=0, 6:=0 (3.4)

Then the bending equations (3.2) are entirely uncontrolled and also decoupled from the stretching equations
(3.5). The focus of this work is stabilizability of the piezo-electric beam. Clearly, only the bending component
can be controlled. Therefore, from this point on, only the stretching equations (3.5) are considered with the
corresponding boundary conditions at x = 0, L.

The last equation in (3.1) can be simplified by using the previous one to obtain

pht — ahvg, — vh ((¢1)T + (Ag)f + %(Ag)T) =0
_ﬁ ((¢1)m (A %h) +esh (Ag + %A% + ¢1) = Yhvs = 04
elh Al elh (¢ ) — uh ((Ag)z + %(Ag)a: - A%) =1

esh (A9 + —AQ + ") — ph (A)ss + 55 (43)e — (AD)2) — vhity = 0
gn’ (Ao + A2 Jr(i,l) s ((Ag)m + 0 (A2)p — (A%)m> 2, + (67% Az wn (Ag)m) =0

The current and second current moment boundary conditions in (3.3) can be simplified as &)
—(AY),,(43), =0 at 2=0,L. (3.6)
This leads to
vy + vh (¢1 + AJ + 2%/1%) =0 (Lateral force)
Al + (61, =0 (First charge moment) (3.7)

Al — (A9), = (A%, =0, at z=0,L.

The magnetic potential vector A and the electric potential ¢ are not uniquely defined by (2.8). In fact, the
Lagrangian L (2.6) is invariant under a large class of transformations.

Theorem 3.1. For any scalar C function x = x(z, z,t), the Lagrangian L is invariant under the transforma-
tion

A A:=A+Vy
¢ di=0—X. (3.8)
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Proof. By (3.8), A and ¢ satisfy

B=VxA=VxA+VxVx=VxA=B,
FE=-A-V¢=—-A-Vy—V¢+Vx=—A-—Vo=E.
This implies that E — P and B defined by (2.20) and (2.21) respectively are invariant under the transformation.
Since K in (2.19) is independent of A and ¢, we need to check if W defined by (2 22) is invariant under (3.8).

Choose the arbitrary scalar function y to be quadratic-through thickness y = x° +zx! + - X to be consistent

with the structure of ¢ and A in (2.16) and (2.17), respectively. According to the principle of virtual work, the
solution trajectory is the trajectory which renders stationary the Lagrangian under all kinematically admissible
displacements. Let y = {v, w, ¢°, ¢, ¢, AV, A1, A2, A9, AL, A2} denote test function on [0, L] x (0,T) for which

dy, oy, ‘t:O,T =0.

Since we assume these conditions for 7y, for compatibility, we assume them for the y function as well. Using
(3.8),

A=A+ (), AL = AL+ (Mo A= AT+ () A§ = AS 4+, A3 =43,
e L A R &

and therefore
T N T L ~ h2 _ ~ ~ h2 ~ -
/0 Wdt = /0 /0 (crb <¢>0 + 24¢2) —0g ¢+ i} (A? + MA%) + il A}) dzdt
T T L h2 h2
[ [ ] (ob <>’<°+24>'<2) ot + (z‘é ((x”)x+24(x2)x> +il (x%)) dadt.
0 o Jo
T T (L 1 2
_ dig) 1 dzb h
L B )
T B2 L
/ / o | x° + +6.x' ) dazdt+h / D i Tl o v dt
21X o 24 .
L T
/ ( (x +X)+stl> dt]
0 24
0
T
:/ W dt,
0

using it = ij = 0 at the insulated edges of electrodes. Hence, the Lagrangian L is invariant under the
transformation (3.8). O

+

Since L is invariant under transformations of type (3.8), the electric and magnetic potentials are not uniquely
determined by (3.5) and (3.7). An additional condition can be added to remove the ambiguity. The additional
condition is generally known as a gauge and it is generally chosen to simplify the equations. It is common to
choose the gauge to decouple the electrical potential equation from the equations of the magnetic potential.
The Coulomb gauge, a commonly used gauge in standard electromagnetic theory, is

V:-A=0 in @ A-n=0 on 9N (3.9)
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With this additional condition, the Maxwell equations (2.8) written in terms of the potentials

A(V - A)
J— 2 —_—,_— . =
V3 o 0
2
% — VA= fv%f —V(V-A) (3.10)

are decoupled (for instance see [7], p. 80) and (3.10) becomes
~V%¢ = 0.

In this work, it is assumed that A and ¢ are quadratic in the thickness variable z. So in (2.20)—(2.22) integration
by parts is with respect to the x variable, but not z. Because of this, (3.9) does not decouple the equations.
Examining equation (3.5b) a closely related, but more appropriate condition is

€1h2
12

(A1), +e3 (Ag + gAg) —0. (3.11)
The boundary conditions

(41)(0) = (47)(L) =0 (3.12)

are analogous to that in (3.9) and decouple the boundary conditions (3.6).
The gauge condition (3.11) uniquely determines ¢ and A. Let A, A be potentials related by a transformation
of the form (3.8) that satisfy (3.11) and (3.12). Then

€1h2 ~ ~ h? -
e1h? h2

= S (D (W) o (A9 4 ) (313)
e1h?

=— 12 (X ax +e3x " (3.14)

Also, (3.12) implies the boundary conditions

Since (3.14) with these boundary conditions has only the trivial solution x* = 0 it follows that the additional
conditions (3.11,3.12) uniquely define the potentials ¢ and A in (3.8). The existence and uniqueness of the
solutions of the system (3.5) with (3.11), (3.12) will be analyzed in detail in Section 4.

The linear-through thickness assumption for the magnetic variables is more than enough since the variables
A? and A% would not have any contribution in the analysis of this paper. Therefore, we assume that A3 =0

for simplicity. For convenience of notation, define £ = ‘312};: ,0 := Al n:= AJ. The gauge condition (3.11) and
boundary conditions (3.12) are

—€0, +1 =0, 6(0)=0(L)=0. (3.15)
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Using (3.15) in equations (3.5) and the boundary conditions (3.7) and (3.6) yields

PV — QUzg — ((d)l)m + 77:6) =0
_553(¢1)zz + €3 d)l — YUg = UST(t)

: . " (3.16)
eall + 11(6 — o) + Eea(d) = 1
e+ p (0 —ny), +es0t — i, =0, (z,t) € (0,L) x RT.
The boundary conditions (3.6) become
()2 =0,0=0, 7, =0, avy +v(¢"' +7) =0, z=0,L. (3.17)

Remark 3.2. Distributed mechanical damping such as viscous damping ko or Kelvin-Voigt damping kv, with
k > 0, can be considered in the model (3.16). However, the goal of the paper is to see the effect of the active
electrical controller on the control of the piezoelectric beam model. Additional mechanical control could also be
included, but is not considered here.

4. WELL-POSEDNESS

It is important to note that the controller o(t) or is(t) are constant along the electroded region (0, L) of
the piezo-electric beam. Therefore, for the following argument, we consider the controllers together with the
characteristic function of the interval (0, L), which we denote by 1, 1)(z), to emphasize their space dependency
of the electroded region.

First consider the elliptic equation in (3.16). Define D2¢ = ¢,, with domain

Dom(D) = {¢ € H*(0, L), ¢2(0) = ¢o(L) = 0},
The equation
—¢D2¢+ ¢ = 2. (4.1)
has a unique solution for ¢ for any z € £5(0, L). Define the operator
Pi=(—(D2+1)7". (4.2)

It is well-known that P is a compact non-negative operator on £5(0, L).
In the case of current actuation the solution to

fw;+¢:%%,owam:wm@rﬂ. (4.3)

is ' = X Pu,. However, since the ¢'-equation differs in the case of charge equation, i.e.
€3

L) Lo (@), (1):(0) = (6)a(L) = 0. (4.4)

_g(b;m + d)l = lva; +
€3 esh

the solution is ¢! = P (%vx + E%has(t) : ]l(O,L)(x)) where P(04(t)) = 0s(t) + K and K is a constant. Once ¢*
is substituted into the other equations,

X Po,, 0s(t) = 0,4l ,
= Dm0 =0t 10 w5)

a2 } i1 =
L Pig, os(t) # 0,i5(t) = 0.
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since & = 0 by (3.4) and K = 0, and

(4.6)

4! = (Pvg)a, os(t) =0,il(t) #0,
L (Pug)s + Z21) (@), 04(t) # 0,iL(t) = 0.
where K, = 0. Note that BZO,L)("’C) = (L(o,y(®))e = 0(x) — 6(x — L) where 0 is the Dirac delta distribution.
The stretching equations (3.16) are rewritten as
.. 2 . a5 (t) 1o, 1) (%)
PU — QUgy — Z?(va):v — Mz = 2 sg(th)
G+ (06— Po.), = =® (4.7)
§e3l + (0 — no) + Ey(Pg)e = =
o+ (0~ o), — 7 (0 — (PB)) = 0

The boundary conditions (3.17) are, at x =0, L,
avy + 7 (”va + 7'7) =0, with 6=0,7,=0, z=0,0L. (4.8)
€3

Note that the electrical coupling to the v—equation makes the beam much stiffer. In fact, if we assume that the
constant €; — 0 in (3.16) and therefore £ — 0, which is a common assumption in other approaches, the term
Eezgl, — 0 in (3.16) since & — 0. This implies that P — I, i.e. Pv, — v,.. Therefore the first equation in (4.7)
reads

" ( 72) 2951 Loy (@)
PV — |+ — | Upg — VN = .
€3 esh

This implies that the stretching equation has a bigger stiffness coefficient o + Z—j
The natural energy associated with (4.7) is

1

L 2 . .
B0 = 5 [ {oloP + alual + Z(Po.yo, + geald? + o6 4+~ .l

This motivates defining the space
H = (£2(0,L))% x H}(0,L) x L5(0,L) (4.9)

with the bilinear form

L 2
(v.2)y = / {Pylfl +ayazs + Z?(Pm)fz + EesysZs + E2e3(ys)a(Zs) + uy424} dz. (4.10)
0

The following result is straightforward.
Lemma 4.1. The form (4.10) defines an inner product on the linear space H. Moreover, H is complete.

Define the state variable,

v n
| Y| = |Y2
y i ys |

0 — N Y4
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the system (4.7) can be written

. 1 .
y:»Ayf BZi(t), y(l’,O) :yO = (vlﬂjgaglveofng) (411)
fE3h
where
a ol &2
O gDk P GDE 0 :
A= e , By= , 4.12
—-2D,PD, 0 0 4T v = (4.12)
0 0 I—-¢D2 0 0
Dom(A) = (H*(0,L))* x (H?*(0,L) N Hy(0,L)) x H}(0,L) (4.13)
2
ﬂ{yEH: (aI+ZP) Y2 +7v€(y3)x =0 at sz,L}, (4.14)
3

Dom(A)= {y € (H*(0,L))* x (Hy(0,L) N H?*(0, L)) x H3(0,L); (a] + ij) yo +vE(y3)e =0 at o = O,L} .

For any constant C, (C,0,0,0)T is the only solution of the eigenvalue problem Ay = Ay for the eigenvalue
A = 0. Let X represents the space of such solutions. Define the factor spaces Wy := Dom(A)/X and W, := H/X.

It will be shown that A generates a strongly continuous semigroup on a Hilbert space with norm corresponding
to the physical energy. This implies well-posedness of the uncontrolled system. Since B will be a bounded operator
into the state space this will also imply well-posedness of the controlled system.

Lemma 4.2. Let Dom(D2) = {w € H?(0,L) : w,(0) = w,(L) = 0}. The operator %(P — 1) is continuous,
self-adjoint and non-positive on L2(0, L). Moreover, for all w € Dom(P),

J=D2P=D*I—-¢DH) tw.

Proof. Define J = %(P — I). Continuity and self-adjointness easily follow from the definition of J. We first prove
that J is a non-positive operator. Let u € £L2(0, L). Then (I — £D?)~!u = s implies that s € Dom(D?2) and
§—&€Spp = u

1

1
(Juru) o) = < F(P - I)u,u>L oy " e B ) oy ~ el ~ Elsea oy
2(0,

Let Jw = %(P — DNw and v := Pw. Then v — v, = w. By a simple rearrangement of the terms

1
Jw vV—w) ==V =04 EVyzy = vy, = D?Puw.
5 xT

_1
¢

Lemma 4.3. The operator A : Wo — W1 is densely defined in W7.
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Proof. Let y € Dom(.A). Then

S(y2)e + ESP(PZ&) + 2 (y3) e

_ Y1)z
A I (Ply)a)e - £

Y3 — €(Y3)aa
Since y € Wy, y1 € HY(0,L),y2 € HY(0,L),y3 € H*(0, L) NH0,L) and y4 € HL(0,L), (y1)z € L2(0,L), and

by the definition of the operator in (4.2) (P(y1)z). € HE(0,L). Therefore (P(y1)z)s + ya € HE(0,L). Hence,
.Ay e Wy. O

Theorem 4.4. The operator A : Wy C W1 — W satisfies A* = —A on Wi, and A defined by (4.12) is the
generator of a unitary semigroup {e**};>0 on Wi.

Proof. Let y,z € Ws. Then we have

S(y2)a Jra(Pyz) %(yg) 2
Z = (Y1)z 22
A < SE(P))e — s || = >
ys = E(Y3)ea “)

= [ (S ZPet L) 2 ot + P2

3

—(YE(P(y1)a)a + 1ya)Zs — VE (P (1) a)o + 1EYa)e(Z8)a + 1(ys — (yz)m)m} dzr

L 5 )
N /0 {<j(y2)w + &ZT,O(P‘%)”” + Z(Z‘B)m) Z1 4+ a(y)eZ2 + %(P(yl)x)52

3

—(Y(P(Y1)z)z + 1ya)Z3 — YE[P(Y1) e — (Y1))(Z3)x + 1€ (ya)z(23)x + p(ys — (ys)w)24} dz

By using boundary conditions (4.13), Lemma 4.2, and integration by parts,

2 =L

(3.2, = [ (amm+ 2 (P +1(05)s Yo+ {0z + TPz o )+ 26

=0

L 2
i) — 6Pl + [ {(ayzﬂ (Pya) +1(ys)a )( D — yaZs + a7

2
- (a@)x + 2 (Pa). + 7@3)“) y1 + 14 (55 e — u<y3>mz4} da,

| o {(Ge.+ 2 (P + L(aa)an ) 1+ o)t

p €3p

2
+g(P(21)z)y2 — (v§(P(21)z)z + HZa)ys — [’Yfz(P(zl)z)x + p€24) 2 (Y3) e + (23 — (ZS)ZE:E)y4} dz

2

(e e+ L a(z TPz
= [ =G+ TP+ L)+ alean + L (PG

3

—(YE(P(Z1)z)x + 121)ys — ¥E(P(Z21)z — (21)2)(Y3)z — 1§(Z4)2(y3)x + 11(23 — (23)2a)ya} dz
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L 2
= / {— (ayg + Zj(PyQ) + 7(2/3)1») (Z1)z — HyaZ3 + p1y3Za
0 ,
2
~ (a(a)e + T Pa 41 (E0)en ) s aGades — plon)on b

This implies that A is skew-symmetric. To prove that A is skew-adjoint on Wy, i.e. A* = —A on Wy, with
the same domains, it is required to show that for any g € W there is y € W3 so that Ay = g. This is equivalent
to solving the system of equations for y € Ws. Simplifying the equations leads to

(1) + 25 (Pya)e + Z (ys)aa = g1 € L(0, L)
(Y1)e = g2 € L2(0, L) (4.15)
—Z(P(y1)a)s — #=ya = g3 € H}(0, L)

Y3 — &(Y3)we = 94 € L2(0, L)

where g; satisfies fOL g1(z)dx = 0 due to the space X. Integration and using the boundary conditions, yields
that y € W5 and

" ] [ g2(z)dx

e | _ | (@f+ZP) [<58(Pgi)a+ p fy 91(2)da]
Ya Py,

Ya & [=7€(Pg2)w — Eesgs]

where P = (I — ¢€D?)~! is the self-adjoint operator defined on L£5(0,L) with Dom(D2) = H2(0,L) N
H}(0,L). This proves that y € Dom(A), and therefore A is skew-adjoint. By taking z = y, Re Ay, Y)w, =
Re <~A*y7 y>W1 =0.
It follows then from the Lumer-Phillips Theorem [29], that A generates a dissipative semigroup on H. Since
A is skew-adjoint, the semigroup is unitary.
O

The fact that A generates a unitary semigroup means that the norm and hence the energy E(t) is conserved
along solution trajectories of (4.12) if there is no control term; that is in the absence of control

Iy @I = llyoll

Consider the current actuation case: i5(t) # 0, 04(t) = 0. Since B is a bounded operator into the state-space,
it now follows that the control system is well-posed.

Theorem 4.5. Let T > 0, and is(t) € L*(0,T). For any yo € Wi, y € C[[0,T]; W1], and there exists a positive
constants ¢(T') such that (4.11) satisfies

IV ()3, < o) {yollf, + lislZem - (4.16)

Theorem 4.6. The spectrum o(A) of A contains only isolated eigenvalues.

Proof. Since Wy is densely defined and compact in Wy, 0 € p(A), we have (A — .A)~! is compact at A = 0,
thus compact for all A € p(A). Hence the spectrum of A consists of isolated eigenvalues. O
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5. STABILIZATION

The control operator B is bounded in W; and rank 1. Thus, it is compact. Since the semigroup A is unitary,
the system (4.11) cannot be exponentially stabilized; see [14] or the textbook [6]. The question is then, is it
possible to asymptotically stabilize the system? The adjoint operator B* : W7 — U is

L
B*y = %/o Ps3(x) da.

The B*-feedback refers to the time derivative of the “envelope” magnetic flux in the z-direction. This is
called “Faraday emf” and it is the induced voltage accumulated at the electrodes of beam. There are sensors
to measure this quantity; see for instance [37]. If all the eigenvalues are stabilizable, that is B*¢ # 0 for all
eigenfunctions, then

provides asymptotic stabilization for any gain k > 0.

In this section it is shown that for some materials there are unstabilizable eigenvalues and that for these
systems, the system is not stabilizable by any feedback. A characterization of eigenvalues and eigenfunctions
for some material properties is first calculated.

Theorem 5.1. For real T, define

A= apées

B = —(aes +7°) (1 — 3€7%) + Eeappr?

C = —priey (n—e367?), (5.1)
- 1
and a = NG

B++B? - 4AC B —+/B? - 4AC
as = 94 y G4 = 9A ) (5.2)
b QL 72/) N a? 72 ( e 2) " 53

= | YV —e361%)asz +a .
3 y7(p — e3€72) a  a?+a3assp p—es 3
2 2 2
ap p a v 2y 2 2
by=———————v | ——~ - 5.4
4 y7(p — e3€72) < o + a? + a? assp (1 = es€")ay + a4) (5.4)
wlag walay
bss = 52 bis= 5> 5.5
33 a2 I ag) ) 44 a2 + a?l ( )
Assume that for some integers m,n, with m # n,
2 2

ag = % and a4 = —Zm, (5.6)

and p — 3672 < 0. Then A has eigenvalues ZTJ(Fj), j = 3,4 satisfying

\/up—&-{aj? (ces+72+up)F \/(;tp+£a§ (aes+72+up))2—4a2pép(es(aga2+a)+4?)
) _

j §pes
Ty = \/% . (5.7)
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The corresponding eigenfunctions of A are

17(C(a3) sin (agz) + C(ayq) sin (azx))
a4C(ay) cos (asx) + azC(ag) cos (azx)
y = 17 (b4C (a3) sin (aaz) + b3C(aq) sin (asz)) (5.8)

ba (Z—‘z* + 1) C(as) sin (agz) + b3 (Z—% + 1) C(ay4) sin (azz)

where
Cl(a;) = (—l)j (—bjj'yz +2a5e3 (bjvET + za)) , Jj=3,4. (5.9)

Proof. Since all the eigenvalues are imaginary, setting A = +7 for some real 7, the eigenvalue problem Ay = \y
can be written

a(y2)e + L (Py2)z +VE(Ya)za = 1p7

(yl)z =1TY2 5.10
—YE(P(Y1)z)e — 1ys = 17EE3Y3 (5.10)
Y3 — &(Y3) e = 1TUa

with the boundary conditions

2
ay2 + Z?PyQ +7£(y3)$7 Ys, Y4 = Oa x = 07L

Defining 7 := P(y1)s, i.€. 7 — &rgs = (Y1), (5.10) reduces to

2
a(Y1)ez +72py1 + Lrw +177E(Y3) 00 = 0
—Y&urry — pu(ys — £(y3)aa) + T2EEsys =0 (5.11)
T —= frmz = (yl)x

with the boundary conditions

2
alyr)z + Z—r + 7Y€ (Y3) s T2y Y3 =0, x=0,L. (5.12)
3

Solving (5.11) for 744, (y1)ze and (y3). yields

(yl)acar = —%yl + (7?;:5 - Ji;) Tz + (”3(5383 - %) Ys-
(Y3)ze = 5 (vm"m + Eys — 72€3y3)
Tex = % (7‘ - (yl)m)

(5.13)
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TABLE 2. Signs of B and C determines the type of eigenvalues of (5.17).

2 2
14 © agz+y 2 14 2 14 agz+y

B p_aestyt B T o aeztyT
€3 3 aez+y2+pup < < €3’ < e3€ aez+~2+pup

>
Sign of B + + _
i +

Define Z = [y1 (y1)z y3 (y3)z 7 72)T. The system (5.13) is rewritten as

0 1 0 00 0
g mwry g owages g 2 2P
dz Oa 0 " 0 o 10 - 0 o
—=DZ = Z. 5.14
dz 0 0 +-T= 00 are (5:14)
3 I I
0 0 0 00 1
1 1
0 —z 0 0¢ 0
with the boundary conditions
~2
azo + g—z5 +ry€zs, 23, 26, x=0,L. (5.15)
3
The solution to (5.14) is
Z =eP*K (5.16)

where K = [kq ko k3 ky ks ke is a vector of arbitrary coefficients. The characteristic equation Det(D — A\ ) = 0
yields

(55\2 - 1) [au§535\4 + (—(azs + %) (1 — e387%) + Eeappr®) N> — e3p7> (11 — 55372)} =0. (5.17)

This equation has two real roots A i=aand Xy = —a, and four other roots depending on the discriminant of
the fourth order polynomial
A = B? —4AC = [(ags +7°)(n — e3ér?) — §53up72]2 + daplpes®t? (u — Er%es)
2
= [aes(p — e367°) + esbpupr®]” + 71 (1 — €367%)° + 29° [aes(u — e3€7%) — eslupr?] (1 — e3€77). (5.18)
The type of eigenvalues of (5.17) depends on the sign of B and B? — 4AC. There are mainly three cases as in

Table 2:
Consider 72 > ﬁ Since A, B,C, A > 0 and @ <0,

_B T VB2 —1AC B+ VB2~ 4AC
- 24 - 24 '

The other four complex conjugate roots of the characteristic equation (5.17) are
A3 =1a3, A= —1a3, A5 =104, A\g = —ia4 (5.19)

where a3 # a4, and ag, ay are defined by (5.2).
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Since az # ay, in (5.5), by — by # 0,b33 — byg # 0. The solution of (5.14) is Z = Pe’* P~'K where, defining

h = —Tesa
~ P

0 0 1 1 1 1 e 0 0 0 0 0

0 0 w3 —waz 1y —tag 0 e ® 0 0 0 0

O I U B S R P e |0 0 e 0 0 o

a —a azbs —wasby rasby —1a4by |’ 0 0 0 e ™ 0 0

b —b b33 —bss bya —byg 0 0 0 0 e'ras 0

ab ab 1a3bszs 1as3bss 1a4bgs 104044 0 0 0 0 0 e *wa4

The boundary conditions 23(0) = z(0) = 0, imply that k3 = kg = 0. Considering the other boundary con-
dition at z = 0 : az2(0) + ;’2 25(0) 4+ 17v£24(0) = 0, leads to ko = ,m - L= k5 . The other three boundary

2m7r

conditions at & = L together with a3 = 22T and a4 = , defines a system of equations for the unknowns

{k1, k4, k5}. Using Mathematica symbolic calculation, the coefﬁcwnt matrix is row reduced to

10 0

01 aababssy’+as(—bsbaay’ —raezaa(bs—ba))
esaa(a+17E7ba)bss —e3as(at+17ETb3)baa

00

This immediately implies that k; = 0. Since k5 can be chosen to be a free variable, for simplicity take k5 = 1.
The unknown coefficients are determined by

7y ((13 (a4 (b4 — bg) £T€3 — b44’}/) + a4b33'y) _ (—a4b4b3372 + as (b3b44’)/2 + 10y (bg — b4) Eg))
asbsaes (bay€T — 1) + 1a3bases (o + wbgyér)” asbszes (4 1bayET) — azbases (o + 1b37ET)

so that the nonzero solution z # 0 of (5.14) is

C(as) sin (asax) + C(a4) sin (azz)
a4C(a4) cos (agx) + a3C(as) cos (azx)
1C(a3) sin (agz) + b3C(ay) sin (azx)
a4b4C(a3) cos (CL4ZZ?) + (131)30((14) cos (agI)
—1b33C (ayq) cos (asz) — 1bsaC(ag) cos (asx)
1a4b44C (ag) 4 1a3b33C (a4) sin (azx)

where 7, b3, b33, bs, byg are determined by (5.5), C'(as3),C(aq) # 0 are defined in (5.9).
Thus, the nonzero solution y # 0 of the eigenvalue problem (5.10) is (5.8).
O

For some material parameters, the form of a3z and a4 in (5.6) is attained for some m # n with suitably large
(5.7); see the experimental values in Table 3 and the calculated values in Table 4.

Theorem 5.2. If there are positive integers m,n, m # n so that ag and a4 in (5.2) satisfy as = 27L”T,a4 = %"T”
then (4.11) is not asymptotically stabilizable by any bounded state feedback.

Proof. Theorem 5.1 provides a characterization of the eigenfunctions y for systems with parameters where

az = QTL” a4 = 2”"”—” For such vy,

/OL ys(z)dz =0
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TABLE 3. Piezoceramic PZT beam physical parameters and experimental values [38].

p Density 7600 kg/m?

v  Electromechanical coefficients 1072 C/m?

ai Stiffness constant 121 x 10 N/m?
€1 permittivity constant 0.25 x 10712 F/m
€3 permittivity constant 0.25 x 10712 F/m
¢ alh 8.3x 10710 L,
1 Magnetic impermeability 1.2 x 1075 H/m
h Thickness of the beam 107% m

L Length of the beam 1m

TABLE 4. Eigenvalues {\3, A4} of A for the material parameters in Table 3. The numbers are

rounded to the nearest thousandth, and TJ(rj) — 5%3 > 0 for every j = 3,4 where 5%3 =
7.589 x 107.

n o m Ag = ZTE’) Ay = Wf) a3 =" ag ="

2 4000 7.589 x 1072 1.003 x 10%2  12.567  34,641.016

5 30 7.589x107 7.590 x 1072 31.416 188.496

1 2 7580 x 1072 7.589 x 1072 6.283 12.567

and so B*y = 0. This means that for any scalar k, A+ kBB* has imaginary eigenvalues and so does not generate
an asymptotically stable semigroup. Thus the state-feedback B*y is not able to stabilize the system (4.11) and
also {A, B*} is not approximately observable and {A, B} is not approximately controllable. Recall that A is a
unitary operator on H, its spectrum {ZTJ(F‘?), :Fzrgl)} consists of isolated eigenvalues and B is a bounded operator.

By Benchimol’s Theorem [1], {A, B} is not asymptotically stabilizable. O

Remark 5.3. In the case of charge-actuation the control operator B is an unbounded operator with its adjoint
B*y = I (¥1(0) —+1(L)) . The B* measurement is now mechanical (the difference between tip velocities).
Eigenfunctions y # 0 with

(y1 (L) — 91(0))2 =0

and so B*y = 0 can be constructed by following the same argument as above for current control. It follows that
these systems are not stabilizable. The details are omitted due to space limitations.

6. CONCLUSIONS

In this paper a model for current actuation of a piezo-electric beam with fully dynamic electro-magnetic
effects was derived using Hamilton’s Principle. An Euler-Bernoulli model was used for the mechanical model. If
the Mindlin-Timoshenko small displacement assumptions are used instead, the bending equations (3.2) change
substantially. However, stretching equations in (3.5) remain the same. Since the control only affects the stretching
equations, the choice of beam model does not affect stabilizability.

With dynamic magnetic effects, the adjoint B* feedback in both the voltage- and current-controlled cases
is electrical. This is quite different from electrostatic models for piezolectric beams where this feedback is
mechanical [22].

For current actuation with magnetic effects, the control operator is bounded and rank 1. Thus, it is not
possible to exponentially stabilize the piezo-electric beam; see [14] or the textbook [6]. It was shown here that
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in many cases the system is not even asymptotically stabilizable. The question of whether the system fails to
be asymptotically stabilizable under conditions more general than those in Theorem 5.2 is an open research
problem.

The analysis in the paper shows that current actuation is quite different from voltage actuation. The control
operator in that case, whether or not magnetic effects are included, is unbounded on the state space. When
magnetic effects are included, the voltage-actuated piezo-electric beam is exactly observable and exponentially
stabilizable if the material parameters satisfy number-theoretical conditions. The system is asymptotically
stabilizable under a wider set of parameter values [22].

Stabilizability is different for electro-static models than for the models with electro-magnetic dynamics, as
shown in this paper and in [22]. For a voltage-controlled system, an elliptic-type differential equation is obtained
for charge, and once this equation is solved and back substituted to the mechanical equations, the system reduces
to a simple wave equation with the voltage control V(¢) acting at the free end of the beam. This model is well-
known to be exponentially stabilizable with B* feedback, see for example [4, 25]. Hamilton’s principle cannot be
used to derive a current-controlled system with electrostatic (or qua& static assumptions ). Such a model can be
obtained by adding a circuit equation for the capacitance V= C 1 to the voltage controlled model. The control
operator is bounded, so, as for the model with magnetic effects the system is not exponentially stabilizable.
The B* feedback involves voltage. The same analysis used for the voltage-controlled case in [22] can be used to
show that the system is asymptotically stabilizable only for certain parameter values.

Charge actuation is mathematically very similar to voltage actuation for both electrostatic and quasi-static
assumptions. This is because 0,7, 0,7, < ¢'. Without the terms 6,7, 6,7 in (4.7) and (4.8), the model (4.7) and
(4.8) for the clamped-free case becomes

P g(mm)m = 125 — L) in (0,L) x RY
v(0) =0, auvg(L)+ 2 Pux( )=0, teRt, (6.1)
v(z,0) = vo(z), o(x, O) =wv(z) in (0,L)

As for voltage control of the electrostatic model, B* feedback control os(t) = —kB*y = —kv(L, t) where k > 0,
leads to an exponentially stable system; details can be found in [26].

For all of voltage, current and charge- control, magnetic effects have a significant effect on stabilizability and
other systems properties. Issues with stabilizability are discussed above. The analysis also shows that unlike
quasi-static models, the adjoint operator B* is electrical, not mechanical. Although the magnetic coupling p
may very small, the systems theoretic properties of piezo-electric beams are qualitatively different for models
with dynamic magnetics than for electrostatic models. The model obtained in this paper can be adapted for
other smart materials where the magnetic energy is as significant as the electrical and mechanical energies.

If damping is included in the model, then the system can be shown to be stable. However, the lack of
stabilizability in the undamped model suggests that control does not affect certain modes. Determining which
subspaces are unstabilizable is an open question. Another topic for investigation is to demonstrate theoretically
that current control reduces hysteresis as compared to voltage control.
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