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Abstract

The paper develops a method for the parameter identification of massive piezoelectric structures. It can be
shown that the piezoelectric effect involves a modification of the tiffness of the structure due to the
coupling between the mechanica and electrica degrees of freedom. The behaviour of the structure is then
dependent of the electrical conditions of the structure. A finite element model of the structure is the starting
point of the studies to emphasise the stiffening by the piezodlectric effect. The initiad mechanical FE model
may be improved by adding elementary tiffness corrections to the global mechanical stiffness. These
corrections depend on the piezoelectric properties of the material. Externa force excitation may be applied
on the structure in two different electrical states in order to measure the forced responses. The identification
problem becomes then a standard model updating problem which can be solved using well established
techniques. However, particular attention has to be paid to the correction process to improve the knowledge
of the structural behaviour without loosing physical insight. Numerical examples illustrate the feasibility of

the proposed method.

1. Introduction

Piezodlectricity is a fundamental process of
electromechanical interaction [ 1]. There are two
fundamental electromechanical effects associated
with piezoelectricity, namely the direct effect and
the converse effect. Direct effect can be detected
when applying a force on a piezoelectric materia
and monitoring the electrical voltage or charge
generated. Inversely, to emphasise the converse
effect, an electric field can be applied to the
material which will induce stress or strain.
Piezoelectricity is used for a large number of
applications in the field of electromechanical
engineering, e.g. waves-sound generators, echo-
graphic probes, micro-positioner, accelerometer
transducers, pressure transducers,... The success of
active opto-mechanica devices has also emphasised
the generalisation of the use of piezoelectric
materials.

This fact has drawn much attention on how to
accurately identify and monitor the piezoelectric
coupling parameters, especialy on structures having
a partition of piezoelectric material which is not
marginal versus the purely mechanical part. These

structures can be defined as massively piezoelectric
structures.

In this paper, it will be shown that the piezoelectric
effect involves a modification of the gtiffness due to
the coupling between the mechanica and eectrical
degrees of freedom (d.o.f.'s). Taking this behaviour
into account, a method for the identification of the
piezoelectric coupling parameters will be proposed :
an initial mechanical finite element model (F.E.)
will be improved by adding elementary stiffness
corrections to the global mechanical stiffness. These
corrections will depend on the piezoelectric
parameters of the materia. By applying an external
force excitation on the structure, the forced
response, depending of the electrical state of the
gtructure, will be measured. Performing a mode
updating procedure results in a model behaving like
the measures with an improved knowledge of the
structure behaviour without loosing physical
insight. A numerical example of a piezoelectric bar
will illustrate the feasihility of a piezodectric model
correction. Emphasis will be done on the numerica
problems inherent to the bad numerical conditioning
between mechanical and piezodectric partitions and
solutions will be proposed to overcome these
difficulties.



2. Modelisation of Piezoelectricity

2.1 Piezoelectric Constitutive Equations

Linear piezoelectricity is described by the following
equations [2]:

{T:CES——e'E (1)
D=eS+£’E
where
T = 6x1 stress vector,
S = 6x1 strain vector,
D = 3x1 electrical displacement vector,
E = 3x1 €eectrica fidd vector,
c* = 6x6 €eladticity matrix
(at constant electric field),
e = 3 X 6 piezoelectric matrix,
e’ =3 x 3 didectric matrix

(at constant deformation).

The electrical and mechanical balances will

complete this set of fundamental equations of

piezoelectricity :

o the eectrica field E is linked to the electrica
potential ¢ by

E=-Vo @

o for an electrical insulator, the Gauss theorem
express the conservation of electrical charges as

VD=0 ©)
« the Newton's law express the force balance as
o’U
o>

p VT (4)
with
p  the mass density,
V  the divergence operator,
U the 3x1 displacement vector, linked to the
deformation vector by

1hu, au)_ .
Sij = 'é- [WJ (VU)ij )

Equations (1) to (5) constitute a piezoelectric model
which is practically impossible to solve directly
due to the complexity of this set of differential
equations.

2.2 Finite Element Formulation

The first step is to operate a discretisation of the

piezoelectric medium into volume elements and to

express :

o the mechanical displacements U in terms of
nodal values by

U=N, T, (6)
with

U, displacement at node i

N” interpolation matrix of displacements;

o the electrical potentials ¢ in terms of nodal
values by:

¢=N, ¢, (7
with
0, potential at node i,
N,  interpolation vector of potentials,

The second step is to transform the differential
problem (1) - (5) into an integral form on the
discretised volumes. Defining the differential
operator B as:

d 0
o 0o . o Z
ox 0 dy oz
0 d 9
= S R )
B 0 dy ox oz ®

0 0 2 o0 9 9

oz dy ox

the following elementary contributions are obtained
« the mechanical inertia :

My, = [[[pN, N, av ©)

« the elastic coupling :

k= [[JBN,) c*BN, av (10)
« the piezodectric coupling :
Ky = [[[BN,) ¢ VN, av (1)
« the didectric coupling :
Ky =-[[[(VN,) e VN, av (12)
« the electrical charges at electrodes :
Q' =-[N, oas (13)

the mechanical forces applied on the volume :



Fo = [[[N,Pav+[[N,'PdS+N,P, (14)

where P,,P,, P, represent respectively the

volume, surface and nodal forces and ¢ is the
electrical charge density on electrodes.

The assembling of the elementary matrices (9) to
(14) leads to a system of equations which is the 3-D
F.E. representation of an undamped piezoelectric
structure :
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where subscript i is referred for ‘interna’ electrical
d.o.f.’s and subscript € for electrical d.o.f.’s at the
electrodes of the structure (figure 1).
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Figure 1. Electrodes on structure

Four important remarks have to be done regarding

to equation (15) :

« no terms of inertia are associated with the
eectrica d.of.’s;

« the piezoelectric stiffness matrix is symmetric;

e SOme experiments have shown a small complex
part of the piezoelectric coefficients, involving
an imaginary partition of the stiffness matrix; the
theory developed here is based on the
assumption of a non damped model;

o due to the Gauss theorem applied on an insulated
material, electrical charges only exist at the
electrode leve.

In order to simplify equation (15), a condensation of
the internal electrical potential, ¢, may be

performed using a Guyan static reduction [4]:
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Note that the condensation of the internal d.o.f.’s is
exact since no terms of inertia are associated with
the @;.

2.3 Electrical Boundary Conditions

Two kinds of dectrical boundary conditions [2] can
be prescribed, which involve two different stiffness
matrices [3]:

1) Conditions on electrical charges Q,, .

In this case, potentials ¢, are directly linked to

displacements U by the second equation of (16),
involving :

MUU U+ By -AH) U=-Hy, Hgo Q 4 F a7

where = -1 t
AH HU% Hp o, HU%

Physically, this condition results from a short-
circuit of the eectrodes. It can be performed by
connecting them to a charge amplifier or by exciting
the piezoelectric structure in current.

2) Conditions on the potentials ¢, .

In the first equation of (16), the electrical potentials
can be considered as excitation, involving :

Myy U+Hyy U=-Hyg ¢4 +F (18)
Physically, this condition corresponds to an open
circuit of the eectrodes. It can be performed by
connecting them to a voltmeter or by exciting the
piezoelectric structure in voltage.

From equations (17) and (18), it is interesting to
notice that the coupling between the mechanica and
electrical d.o.f.s induces a diffening effect of the
structure . Naillon et d. [2], have shown that the
eigen frequencies of a piezodectric structure with
boundary conditions on the electrode potentias are
always smaller than the corresponding eigen



frequencies with boundary conditions on the
electrode dectrical charges. Moreover, these two
sats of ‘piezoelectric’ eigen frequencies are always
greater than for a purely mechanical structure with
the same geometry and same mechanical boundary
conditions.

2.4 Example: the Piezoelectric Bar

In order to illustrate the piezoelectric effects, a
numerical simulation has been performed on the
example of a piezodlectric bar, clamped at one side,
and excited by a mechanical force at the other side
as presented in figure 2.
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Figure 2: Piezoelectric bar in extension

Table 1 shows the physical parameters used in this
numerical test-case.

Values Unit
Bar radius 0.0025 m
Bar length 0.2 m
Young modulus 62.5 10’ N/m?
Mass density 7500 kg/m?
Piezo cst. e(3,3) 14.1 C/m?
Dielectric_est. £%(3,3) 5.8410° F/m

Table 1: Piezoelectric bar parameters

In figure 3, the frequency response function at the
end side of the bar is presented for three different
cases (purely mechanical structure, piezo-structure
with éectrodes in open circuit, piezo-structure with
electrodes in short circuit).

Figure 3 and table 2 emphasise the frequency shifts
and the influence of the piezoelectric coupling on
the static stiffness.

The correlation between the eigen modes of a
purely mechanical structure and the eigen modes of
the same structure but considered as piezoelectric
may be calculated using the MAC matrix defined
by equation (19).

mode n° open-circuit short-circuit
1 2.1% 13.9%
2 12.6% 13.9%
3 13.3% 13.9%

Table 2: Relative frequency shiftsfor the
piezoelectric material with respect to the purely
mechanical structure

16° 16"
Frequency (Hz)
Figure 3: Stiffening effect on a piezoelectric
clamped bar
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Figure 4: MAC matrix between purely mechanical
modes and piezoelectric modes



As shown in figure 4, a perfect correlation exists
between the eigen modes of the purely mechanical
structure and the piezoelectric structure. This means
that, in the example of the piezoelectric bar, the
piezoelectric effect does not change the modal
shapes, but only induces a frequency shift. It is
important to notice that, in the case of a structure
with partitions of piezoelectric material and
partitions of purely mechanical material, this
conclusion remains no longer valid since the
piezoelectric parts will induce local changes of
stiffness which will certainly perturb the initial
purely mechanical mode shapes.

3. Scaling of the Piezoelectric
Stiffness Matrix

3.1 Order of Magnitude of the Stiffness
Matrix Coefficients

In equation (15), the stiffness matrix

Kou Kup, Kue,
_ ¢
Kcoupled - KU(P, K(Pi(Pi K(pi(pel

t ¢
Uop,, K(‘pi(‘pel K(pel(pel

(20)

exhibits terms with different orders of magnitude.
The eastic terms have generdly a magnitude of
10", in comparison with 10 ° for the piezo-elastic
coupling terms and with 10 '° for the dielectric
terms.
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This numerical ill-conditioning of the piezoelectric
stiffness matrix requires some cares [5] for the
resolution of equations (15), (17) or (18).

3.2 Scaling Method

To overcome this problem, one solution is to scale
the stiffness matrix Kcoupea Dy constructing a
diagonal matrix P which contains the square root of

the diagonal terms of Kceupiea- FOr example, the

static problem:
Kcoupled X:F (21)

«n be transformed by using the following relations:

PP'K P Px=F
l
P'K_ uaP'Px=P' F
l
I(scaled Xscaled = Fscaled (22)
where
Kscaled = P_l Kcnupled P_l (23)
Xscaled — PX (24)
Fscaled = P_l F (25)

After transformation, eguation (22) exhibits a good
numerical conditioning.

The eigen value problem resulting from the
piezoelectric system (15) can aso be conditioned
using the same procedure. It gives:

U
(K st = 0" Myuea ) P| 0, | =0 (26)
¢el
with
Mscaled= P—I Mpiezo P—l (27)

3.3 Singular Value Decomposition

As discussed in §3.1, the magnitude difference of
the piezodectric stiffness matrix coefficients could
induce ill-conditioning and numerical instabilities
when solving static and dynamic problems or-when
performing model updating on piezoelectric
structure. A solution is to filter out instabilities
using the well-known singular value decomposition
(SvD) dgorithm and to reject singular vaues that
are smaller than an average threshold [6]. For
example, in the case of the resolution of the static
problem (21) :

Kcoupled X= F



the stiffness matrix is factored as :

K Uz Vv (28)

coupled =

where

— U and V are orthogonal matrices which contain
the left and right singular vectors,

— X is adiagonal matrix that contains the singular
values o, of K.« Which are representative of

the ill-conditioning.

The advantage of the SVD agorithm is that if aline
or arow i of K is not totaly linearly
dependent, we would obtain a small value for o,,
instead of zero. Therefore, it is easy to establish a
criterion for the regection of small singular vaues
by comparing them for example to a threshold
proportiona to the singular value average :

coupled

I |
o-threshold = 10 4 '&- Zci (29)

i=1..N
where q is a user defined integer and N is the
number of non-zero singular values of K ,,, . Using

the filtered singular values of X and the
orthogonality properties of U and V, the inversion
of problem (21) becomes easy. Note that this
procedure is aso widely used in the case of the
resolution of over-determined systems.

4. Identification of the Piezo-
electric Coupling Parameters

In order to identify the piezoelectric coupling
coefficients of a structure, it is possible to start with
the finite dement model of the non piezoelectric
structure and to correct it using experimental data.
This updating procedure alows to build a model
that improves the knowledge of the structure
without loosing physical insight. In the following,
two well established updating techniques will
successfully applied the example of a piezoelectric
structures taking into account scaling problems
mentioned previoudly.

4.1 FRF-based Updating Procedure

The finite element model updating method
described hereafter [7-8] is based on the existence
of two discretized experimental stiffness [K, ] and

mass [M, | matrices that have the same properties
as the corresponding anaytical matrices [Ka] and

[M,] (in terms of symmetry , connectivity,...) and

such that the dynamic equilibrium equation is
satisfied, using measured frequency responses, i.e. :

(] {1, = ol ] {m) + ] (30)

where
- {Hx}jis the j-th  experimenta FRF vector

measured at frequency o,
— {f} isthe vector of excitation forces.

In the following, the notations [...] and {...} will be
used to emphasise respectively  matrices and
vectors; subscripts a and x will relate to the
analytical and experimental quantities respectively.

It is aso assumed that the matrix corrections take
the form :

[az(e.{ap})]= 20l {ap}

o {p}

(3b

where
- [Z,(w)] states for the dynamic stiffness matrix,

— (Ap} is defined as the vector of updating

parameters,
— ® refers to the Kronecker product.

In the following, the inadequacy of the finite
element model will be expressed in terms of

Nperror elementary stiffness matrices in the form
[4]:

[AK]= Z AP, [K gem | (32)

This assumption leads directly to the expression of
the stiffness sensitivity in the form :

3z.(0)]

o} P, = [K elem ]i (33)

The dynamic stiffness matrix correction can also be
expressed as:

(42 (0, {ap})] = [2. (@)] - 2. ()] (34
Pre-multiplying this equation by the analytical FRF
matrix [H,(0)] and post-multiplying by an
experimental  FRF vector {Hx(m)}j yields to the

following over-determined system of equations (the
number of equations depending of the number of



measured points at N, different frequencies) in
terms of the unknown vector {Ap} :

(1, (0)] [ 2o, {801} {1, (0)}, = {B1, ()}, ~ {1, ()}

which can be easily solved by least square
techniques.

(35)

4.2 Updating Method Based on Modal
Parameters

In this approach, model updating is performed using
the experimental mode shapes [9]. As only a subset
of the modd co-ordinates are actualy measured,
this procedure requires an expansion of the
experimental eigen vectors to the size of the finite
element model eigen vectors.

The expanson method may be achieved using a
method based on the minimisation of errors on the
constitutive equations, which results in the
following objective function :

min({U} - {V})'[K] ({U} - {V}) +
o ({vi}-{V}) K] ({Vi}-{7)) (36)

where

- {V}is the experimental eigen vector,

— {V} is the experimental expanded eigen vector,

— {V,} is the measured partition of {V},

— {U} is an instrument eigen vector that verifies a
priori the equilibrium equations .

[K,] {U} = o® [M,] {V} (37)

—[K.a] is the analytical stiffness matrix reduced

to the partition of measured degrees of freedom,
~ a is a user defined weighting coefficient that
indicates confidence in the measurements.

If the existence of experimental mass and stiffness
matrices that satisfy equilibrium equation is
assumed .

[K,]{v} = o* [M,] {v} (39)

the following system can be found for parameter
corrections :

[K]™ [AZ(w,4p)] {V} = {U}-{V} (39)

where

[AZ(, Ap)] = [AK(Ap)] - 0 [AM(Ap)] (40)

is the correction matrix for the dynamic stiffness.

Updating may be performed using the same
development as in equation (32).

More details about the updating methods presented
in sections 4.1 and 4.2 can be found in references
[8] and [9].

4.3 Numerical example

The piezodlectric bar model, described in section
2.4 is used to demonstrate the ability of the FRF and
modal response based updating methods to identify
the piezoelectric coupling parameters in the
stiffness matrix.

The clamped bar is discretised with 5 elements
leading to 5 mechanical degrees of freedom and 5
electrical degrees of freedom (the clamped side of
the electrode is assumed to be grounded).
Experimental’ data are generated using the complete
piezoelectric ‘true’ model. In order to take into
account the incompleteness of experimental data,
only the frequency range covered by the 3 first
modes is considered and only half of the
displacement d.o.f.’s along with the electrode
(voltage or charges) are assumed to be monitored.
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Figure5: Analytical model correction using FRF
(no noise data, no structural damping)

The ‘andyticd’ modd was generated by
withdrawing completely the piezoelectric partition
of the bar model given in equation (15).

Updating results are presented in figures 5 and 6.
The modal response based updating technique gives



a perfect result while the FRF based method
exhibits less than 0.35% error.
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Figure 6: Analytical model correction using modes
(no noise data, no structural damping)

The mechanical stiffness correction (K1to K5)is0
since the ‘analytica’ model has 0% of error on
mechanical stiffness. The piezoelectric stiffness
correction (K6 to K10) is 1 since the ‘analytical’
model has 100% of error on piezoelectric stiffness.

Figure 7 presents the ‘redlistic’ FRF’s generated by
introducing 1% of moda damping and 1/1000 noise
factor on the maximum acceleration.

Figure 7: Noisy FRF’s on the damped system

In this case, the FRF based method exhibits an error
of 10% while the modal response based procedure
achieves less than 7.2%. As shown in figure 8, the
introduction of damping and the presence of noise
induces mechanical tiffness residues that perturb
the identification of piezoelectric coefficients.
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Figure 8: Analytical model correction using modes
(noisy data, structural damping)

A moda parameter based updating has aso been
performed starting from an initial perturbed model
in which the mechanical stiffness of element 3 (K3)
was raised by 50%. Figure 9 shows the success of
the model correction where a maximum of 13% of
error has been achieved using ‘redistic’ data.
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Figure 9: Piezoelectric and stiffness model
correction using modes (noisy data, structural
damping)

5. Conclusion

An identification method of the coupling parameters
of a massively piezoelectric structure based on
model updating techniques was presented.

Numerical ill-conditioning problems resulting from
piezoelectric modelling were taken into account in
the different steps of the model correction
procedures in order to improve convergence :



. scaling of the piezoelectric stiffness matrix
before reduction (or expansion) of the
experimental mode shapes,

. solution of the pre-scaled eigenvalue problem,

. solution of the least squared problem using the
SVD filtering technique.

Influence of noise and damping on experimental
data has also been shown for the piezoelectric and
stiffness model correction procedures.
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