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Computer-aided optimization of smart structures

R. Lerch, M.Kaltenbacher, H. Landes, R. Simkovics
Institute of Electrical Measurement Technology
University of Linz, A-4040 Linz, Austria

ABSTRACT

In this paper, the finite-element/boundary-element program CAPA! is presented, which has been developed by
the authors during the last decade. With this software environment we are able to model quite different types of
transducers which mostly ask for the numerical solution of a multifield problem, such as coupled electric-mechanical
fields or magnetic-mechanical fields. Practical applications in the area of smart structures will demonstrate the
applicability of the developed software.

1. INTRODUCTION

Short product lifetime cycles, fast time to market and cost reduction as well as an increasing technical complexity
are only some of the challenges developers of electromechanical transducers are faced with. Since the fabrication
of prototypes and experimental based design is a lengthy and costly process, the need for appropriate numerical
simulation tools arises. These transducers, however, are based on the mutual interaction of different physical fields:

o Coupling Electric Field - Mechanical Field?
This coupling is either based on the electrostrictive or piezoelectric effect or, results from the force on an electric
charge in an electric field (electrostatic force).

e Coupling Magnetic Field - Mechanical Field 3
This coupling is twofold. We first have the electromotive force (emf) which describes the generation of an
electric field (electric voltage resp. current) when a conductor is moved in a magnetic field and, second, the
electromagnetic force. "

o Coupling Mechanical Field — Acoustic Field
Very often an electromechanical transducer is surrounded by a fluid or a gaseous medium in which an acoustic
wave is launched (actuator) or is impinging from an outside source towards the receiving transducer.

Figure 1 shows the basic elements and interfaces of our software system CAPA.! In this environment we are able

Figure 1. Software System CAPA

to precisely model nearly any type of piezoelectric, electrostatic or electromagnetic transducer including an eventual
coupling to a surrounding medium, either a gas, a fluid or a solid.

The software even allows the modeling of major nonlinear effects arising in electromechanical transducers, such as
dependence of the elastic moduli on deformation, the nonlinear magnetization curves of ferroelectric materials or the
geometric nonlinearities due to large displacements.

Tel.: +43-732-2468-9208, Fax.: +43-732-2468-9233, email: r.lerch@jk.uni-linz.ac.at

Part of the SPIE Conference on Mathematics and Control
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2. PIEZOELECTRIC TRANSDUCERS

2.1. Basic Equations of Piezoelectricity
The development of piezoelectric finite elements is based on three equations, namely the material equations, Newton’s
law and the potential equation. The material equations, which are the basis of linear piezoelectricity, take into account
the piezoelectric effect both in the description of the mechanical stresses as well as the dielectric displacement.
According to® , these equations may be written as

T = cES-eTE

D = eS+¢&°E.

(1)
(2)
Herein, T denotes the mechanical stress, cf the mechanical material tensor at constant electric field E, e the
piezoelectric coupling tensor, €5 the dielectric tensor at constant strain S and D the electric displacement.

Newton’s law, which describes the elastic behaviour of a finite, deformable body can be expressed by the partial.
differential equation

(BTI BT“ %) €—I+ + <% 8T4 ?E) T

Pz "By ez 5y TPz T8z )

T 0Ty OTs\ . _ &%
¥ (E*?ﬁ?*”@?)eS‘pW' ®)

Herein, p denotes the density of the material and €], €3 and €3 are unit vectors in cartesian coordinates for the x-, y-
and z-direction, respectively.
Using the relation between the electric field E and the scalar electric potential ¢ according to

E=-V¢, (4)
the constituitive equation for the electric field results in
V-eVgp=gq, ' (5)

where ¢ represents the free electric volume charge.

2.2. Fluid-Solid Coupling

The propagation of acoystic waves in non-viscous media is completely described by the scalar velocity potential .
The particle velocity ¥ and the velocity potential ¥ are related by

v=-Vy, (6)
and the governing equation for the acoustic field is the linear wave equation

. 18%
V~vw=§w, (7)

where c is the sound velocity. In the case of a solid-fluid interface the normal component of the surface velocity vy,
of the solid must meet the normal component of the particle velocity 8v/0n

O L A N .
Ln_n~<5{>— n-Vy= o (8)



2.3. Finite Element Formulation

Combining (1)-(8) we get a full description of the dynamic behavior of a piezoelectric body immeresd in an acoustic
fluid. The application of a finite element discretization scheme to these equation ends up with a linear system of
equations, which can be summarized as follows?* :

Myw 0 0 {52} Oue 0 Cyu {3
0 0 0 {5#} |+] o o o {3} )
0 0 Myy {%’?#} cr, o ¢ {%%
Kuw Kuo 0 {u} {F}
+(Kf¢ Ky 0 ) {¢} = {Q}
0 0 K¢,¢+K] {w} 0

(10)

Herein Ky, Cuy and My, denote the mechanical stiffness, damping and mass matrix, K,y and Mgy the acoustic
stiffness and mass matrix, K4s and Ky the dielectric stiffness- and the piezoelectric couplig matrix, C,y the
solid-fluid coupling matrix, K and C; the infinite acoustic stiffness and damping matrix, {F'} and {Q} the external
mechanical forces and electric charges, {u} the nodal vector of displacement, {¢'} the nodal vector of acoustic velocity
potential and and {¢} the nodal vector of scalar electric potential.

Starting with the semidiscrete formulation, time stepping procedures based on the Newmark or Hilber-Hughes-
Taylor ‘method6 may be applied. Furthermore, standard algorithms for eigenvalue calculations, like the subspace and
Lanczos procedures, as well as harmonic excitations are easily extended.

3. ELECTROSTATIC TRANSDUCERS
3.1. Basic Equations

In the case of an electrostatic-mechanical-transducer the coupling between the electric and the mechanical field is
caused by the electrostatic force between the electrodes. This force is calculated based on the electrostatic force
tensor Tg, where E = (E,, E,, E.) denotes the electric field

eE? - Le|Ef? eE.E, ¢E.E,
Tg = eELE, eE? — 1e|EJ? €E,E, . (11)
eE.E, eE.E, eE? - Le|E)?

The electrostatic force Fg is given by
Fg = //TEﬁ ds, (12)
A

where 71 is the normal vector on the surface A. The electrostatic force leads to a deformation of the electrodes, which .
is described by (3) and, therefore, introduces a geometric nonlinearity in (5).

3.2. FEM-BEM-Formulation
The boundary element discretization of (5) yields to the following BE-matrix equation

Hy{¢} + Ge{Er} =0 (13)
with the two boundary element matrices H; and Gy, the nodal vector {¢} of the scalar electric potential and the

nodal vector {E,} of the normal component of the electric field.

As described in section 2.3 the application of a FE-formulation to (3) leads to the wellknown matrix equation for
the mechanical quantities
M{i} + C{i} + K{u} - {F(¢, En)} = {0} (14)



