2005 ASME International Mechanical Engineering Congress a

Proceedings of IMECE 2005
nd Exposition
November 05-11, 2005, Orlando, Florida USA

IMECE2005-80789

MODAL BASED CORRECTION METHODS FOR THE PLACEMENT OF
PIEZOCERAMIC MODULES

Michael Rose
Institute of Composite Structures and Adaptive Systems
Lilienthalplatz 7
38108 Braunschweig
Niedersachsen
Germany
Email: michael.rose@dlr.de

ABSTRACT

Conventional Finite-Element programs are able to compute

the vibration response of mechanical structures. Increglyi
also so-called multi-field problems can be solved. For piezo
electric actuators and sensors, electrical degrees ofdoee

INTRODUCTION

Mechanical structures can be accurately described in agive
frequency range by modal low order models. Changing the
model usually requires a new modal analysis, which can ke qui
expensive, if the physical model is based on a Finite Element

apart from the mechanical ones have to be considered too. The code with many degrees of freedom. Especially optimal place

pure actuator effect can also be modelled using the coeftiie
of thermal expansion. But regarding the optimal placemdnt o
flat piezoceramic modules, which couple in the mechanicdl pa

through theds, -effect, it proves to be advantageous to consider

them after doing the computational complex modal analysis.

In this paper, this modal coupling approach is described
in detail. It introduces an additional modelling error, ke

ment algorithms for finding best positions and configuration
of e.g. piezoelectric actuators suffer from this compotel
burden. This paper discusses the so-calieatlal correction
method[1] to avoid further modal decompositions in the case of
moderate system changes, if flat piezoceramic patches s act
tors or sensors are applied to the originally passive elastic-
ture in certain surface domains. For this purpose the maatal d

the effect of the stiffness and mass of the modules is not con-consisting of eigenfrequencies, eigenmodes and modal -damp

sidered in the construction process of the functional spoe

ing factors (assuming modal masses of unity) have to be ad-

which modal shapes are derived. But due to the comparatively justed by correction values, depending on the applied dsvic

small contribution to the global mass and stiffness of swattd#-
vices, this additional error can generally be accepted. thar-
more this error can be reduced to an arbitrarily small amqunt
if the number of retained eigenmodes is increased and the gai
in computational speed is significant. For the calculatiosesf-
written triangle elements with full electro-mechanicaupting
have been used, being coded completely in MATLAB.

Finally the optimization procedure for the placement of
the piezoceramic modules including their mass and stifiies
demonstrated for a test structure.

Keywords: modal, piezo patch, optimization, smart materials.

1

From a practical point of view the flat piezoceramic patch is
partitioned in triangular subdomains. A new triangle elect
mechanical bending element, based on Kirchhoff’s platerthe

is used to calculate the modal stiffness and mass matrices fo
the adjustment of the modal equations. In addition piezbete
coupling terms are determined and plugged into the modal-equ
tions, which are needed to consider the electrical netwauks

of the ceramics. The details of this approach are fully deedr

in [2] and only an outline is presented here for brevity. Esqléy

the triangle elements are discussed there in full detailuding
listings and verification procedures.
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Starting point is the system of dynamic equations j-th eigenmode, the matrice®l,, and K, can bei calculated.
The15 x 1-piezoelectric coupling vector is obtained in a similar
Mii+ Diu+ Ku=§f, and way.
M{G+Dq+Kq=f, u=2®q,
1 An electro-active triangular bending element
with the diagonal matricedZ = ®TM®, K = ®TK ®, the The development of triangular finite bending elements is ex-
generalized force vectof = ®7f and the generalized dis-  tensively investigated in the literature. A detailed dission of
placement vectog. ® contains the selected and columnwise or- the advantages and disadvantages of different concepigeis g
dered eigenmodes of the modal analysis and the diagonas term in [3]. Roughly speaking triangular bending elements can be
of K are the square values of the corresponding eigenfrequen-Problematic, but the simplicity of creating triangular rhes for
ciesw; = 2nf;, if the modal masses are normed to unity, e.g. Placement strategies, in combination with the simple aflgors
if M = I holds. The additional assumption of modal damping for partitioning polygonal areas into triangular subdonsaput-
provides the diagonality ab = ®7 D&, which is generally not weights the disadvantages of these elements, which ardymain

strictly true. concerned in the correct determination of the materiaksés.
When the mechanical system is extended by piezoelectric Indead these are not needed for vibration analysis in the tdp
actuators and sensors, some correction matriggsand K, adaptive systems. Generally so-called compatible elesremet
have to be added to the mass mathf and the stifiness ma- €SS efficient than incompatible elements, but the formeradr
trix K. These changes imply corrections in the eigenmables ~ Ways convergent [3]. For this reason, we coded two activelben
and the eigenfrequencies. But under the assumption, thatth ing elements (one compatible Clough-Tocher macro elen@nt [

eigenmodes can be approximated by the old ones sufficiently @d one incompatible so-called Specht element [4]) in the ma
well, another modal analysis can be avoided. Instead the old X languageMATLAR Both of them performed equally well in

modal diagonal matricedZ and K can be modified by the addi- tests. Therefore only the latter faster element is used INote
tive correction matriceds,, — ,I,TMP,I, andK, = (I,TI*{pcI,_ that compatibility implies monotone convergence, but nexgu

These correction matrices can be computed very fast, becdus ~ C' -continuity for the bending displacemeantin the Kirchhoff
the many zero entries in the matrick$, andK ,. The precision ~ theory. Extending this theory by membrane displacements, t
of this approach can be controlled by the number of eigensiode Kinematic variability is given by

which are used. Furthermore other displacement functians c

be incorporated i as well. Though non modal columns dn U—2Wy h h
destroy the diagonality oM and K, the computational burden U= |\VZEWy s EZmm g <z<zZm+ 5 (1)
of diagonalizing M and K with modal techniques is quite low, w

because of the comparatively low order/ef and K. This also
holds for the corrected matricédd + M, and K + K, which The displacements(z, y), v(z,y) andw(z, y) are related to the

are non-diagonal in general too. middle surface: = 0, the z- andy- cross sections are rotated
Suppose the moda_l matricéd, D and K are known to- by @, (z,y) = w ,(z,y) and®,(z,y) = —w . (x,y). The midth
gether with the generalized modal force vecforLet p; denote of the piezoceramic patch of thicknelsdias a distance of,, to

the nodes of a surface mesh of the structure, where piezoera  the middle surface. This leads to the linearized strainserm
patches can be placed. For all nogesthe displacement com-

ponents Ex Uy — ZW g
E= | &y | = Vy = ZW,yy
T _
u; = [uz Vi Wi Pxi Pyi szi] Yoy Uy F 00 = 22 Way

The plain stress assumption implies = 7., = 7,. = 0 and
replaces the incompatible restrictions = v,. = v,. = 0,
which can formally be derived from (1). The material law of th

trary points on the meshed surface can be obtained. Therefor : . .
) o . electro-mechanically coupled piezoceramic patch, reditwéhe
the three nodal displacement vectors of an arbitrarily gulatci- : L
relevant stress and strain components, is given by

angular element can be determined. The non-zero components
of M, and K, are given by the twd5 x 15-element matrices

of each eigenmode are also assumed to be known. By suitable
interpolation algorithms, the displacement componentarbi-

of the triangle bending element, describing a part of thdiegp €z T Ou d31
piezoceramic patch. By left and right multiplication of tber- G |l=5 V1 0 oy | + |da1| B3, (2)
responding displacement componeatsandu; of thei-th and Yy 0 0 2(1+wv)| [Tay 0
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with the electric field having only one non-zero compongpt representation
in z-direction and assuming isotropic passive material pitigser
This can be transformed into *

8q" fp = % (65 + 0ey) AV
v
Oy 1v O Ex ek * Zm+h/2 _ T
P E x 31 e U — 20w,
oyl =175 |V 1 19;/ ey | — |e51| Es.  (3) = /th/2 oA [51} B Z(Swﬂj ndsdz
Tmy 2l L y sul” 85
——
—Cc —E = e} Y- zmiw ds, (6)
31 oA Sv on

The star inej; = £-ds; indicates, that this component is not
directly related to the three dimensional tensgr because the
plane stress assumption has been used. Sometimes thiopartit

with the normalized outer normal vectarof the base ared of
the piezoceramic patch. Using the anisotropic material (K
the variational formulation is given by

110][14+4v 0 0 110 T 1 . .
E _ 1
001 001

_ 1,2
2012 19 o 0 0 1-v|l0o0 T .
oA L€y My ov ow,y

is advantageous. To model piezo patches with homogenized ma

terial coefficients, which have inherent anisotropies i@ :ify- Anisotropic material laws are not considered in MATLAB
plane, as in the case of comb electrodes [5] for using theeec implementation, because the clasgig-patches have been of
dss-effect, the more general formulas main interest to our department so far [6]. The implemeoitati

can easily be extended to the anisotropic case though. thsten
must be given to the correct treatment of the fibre angle in the

0 E € mesh generation, but this is a problem of careful book kegpin
C=F" |\vvg 170 and E=e" |v.| = |ey| (4) In addition to the modified material stiffne€% of (4), the repre-
00 === 0 0 sentation of the coupling vectoy, has to be adapted as shown.

have to be used fof and E. The new dimension less parame-
tersvg, vg andv, are equal to one in the special case of passive
isotropy.C and E from (4) are shown for a fibre angle of= 0,

Low order modal electro-mechanical systems

To complete the discussion about the modal electro-
_ ) . mechanical system equations, the sensoric properties pi¢lzo
but they can easily be transformed to other fibre angles ygusi e ices have to be considered. In addition to the actuatoie-
the tensor laws. tion (5) in variational form, the corresponding sensoriciaq

Neglecting the rotational inertia terms, the mass mady tions, in combination with the equations of the electriomk
and the stiffness matri¥(p,, as well as the electro-mechanical  are needed. This requires the full set of constitutive nimiter

coupling vectorf, of the ceramic patch can be obtained from  properties, which extend (3) by
the variational formulation

T T

d31 Oy 6§1 Ex
T .. D3 = |d3 oy | + €533 = |e3 gy | + €53F3
6q Mpq+qu— fp@ = 0 Txy 0 Vzy
=U . 2F
sul” il [0 [ow wilh ey = ey = T b
/ p | ov | 4 | dgy Oy dv. (5)
v ow w Yoy Tzy €35 denotes the dielectric constant of the piezoceramic naateri

in z-direction, related to constant mechanical stres8gain the
star ine3; reminds on the assumed plane stress distribution. The
Using the GauB integral theorernfi, possesses the alternative mechanical coupling term with the same piezoelectric nlter
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coefficientds; as in equation (2) results on energetic consider-

with the mechanical state variablgs, = g. Equation (5) has

ations, which are also responsible for the symmetry of the ma been extended by the viscuous damping tddp4,, and the

terial stiffness matrixC'. There are no dissipating terms in this

force vectorf,, of an outer patch excitation. In the case of sev-

physical model and the piezoceramic modul is an ideal energy eral ceramic modules, whose electrodes are not connected ga

transformer. The energy loss in practical applicationsidet®
non-constant hysteretic material coefficients, which atecon-
sidered in the linear theory, upon which this derivationasdd.

3 The generalized electro-mechanical coupling coef-

ficient

If the electrical fieldE; as state variable is independent from
the mechanical displacement field, the variation of thetetad
quantities can be done independent from the mechanical-vari
tion. This implies

14 ov

\4 ov

with the variation of the electric potentialp = —z4F5 and
the prescribed surface charge densityt should be mentioned,
that here as well as in the material law used above the idealiz
tion £; = E» = 0 was made. The charge of the upper electrode
of the patch is given by) = A¢, the lower charge therefore
by —Q. The constance dfs andd F3 induces

5Es e} / (c0 +£y) AV + h25E3C, Es + h6 E3Q = 0,
v

with the capacityC, = €33 A/h of the completely clamped ce-
ramic. The coupling coefficient$;; are based on a polarization
in positive z-direction. But the polarization field is usually es-
tablished by a positive electrical voltage at the uppertedee.
This can be respected by changing the signs of the coupliefg co
ficientsd,; or e;; respectively. The same effect can be achieved
by changing the sign of the electric voltageand the electric
chargeQ in the equations. This implie§ = h E3, Q = —Q
and

€31

/(6w+£y) dV + CpU = Q.
hJv

In comparison with equation (6) it follows, that the intdgra
can also be written ag” f,, which also holds in case of an

anisotropic material law. With (5) a compact form of the pure
actuator and sensor equations is given by

Mp(‘jm+qum+qum _.pr: S
.prqm + Cp U= Qv

@)
©)

vanically, the actuator equation has to be modified by cagpli
terms of the form- f,,, Uj. for thek-th patch, and for each patch

a corresponding sensor equation can be buildt. The congyste
tem needs additional differential equations, involving éhectric
currentsQ;, and voltaged/;, to describe the electrical network.
Two special cases are given by galvanically shunted cesmic
(U = 0) and on the other hand by ceramic patches with open
electrodes@ = 0):

U=0: MyGm + Dpdm+ K @ = fm.
QE = .prQWm KE = Kp.
Q=0: Mpém+ Dpdm + KL @ = fm,

1

UP = ——
CP

pr‘Imv K;zD:Kp+fPCp71pr'

Open ceramics therefore have a higher effective mechastitfal
ness and higher eigenfrequencies than shunted ceramios. On
measure of the authority, a piezo patch possesses ojj-ttine
eigenmode, is given by the dimensionless so-calederalized
electro-mechanical coupling coefficie(first mentioned in [7]
and later used by several authors, e.g. [8, 9, 10])

2
£ 1

1 (" fp)°
Cp ;" (K + Kp) 9,

~ 1 (¢7’Tfp)2

Cp ;" Ky

(9)

ij andeD are the eigenfrequencies of the system with shunted
and open electrodes respectively. The first approximatdsh
under the assumption, that the switching from shunted tam ope
electrodes only slightly changes thigh eigenvectorp; of the
eigenproblem(K + Kp)¢ = w?(M + M,)v. The second
approximation assumes a neglegible modal stiffness ofitmop
patch with respect to the modal stiffness of the passiveegyst
In this case and for constant patch area (and thereforeamnst
capacityC,), «; is proportional to the modal coupling;” f,|-

If K and M or K + K, and M + M, are diagonal matri-
ces of the modal masses of unity and of the squa?e:she last
approximation together with; = 1; gives the simple relation

2 (eijP)2.

~
~

10
J Cp w]'2 ( )
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For isolated eigenfrequencies, the other eigenmodes cae-be
glected in the frequency neighborhood.gfand introducing the
scalar quantities

m M + Mp
d s =;"{ D+ Dy, 3, (11)
k K+ K,

f=%"fm, a=v;"fp, am~aq;, (12

the electro-mechanical system approximatively is desdriy

mi+diq+kq—alU = f,
aqg+C,U =Q.

With k& = w?m, d = 2éwm and@ = I, the eigenfrequency,
the Lehr damping measugeand the electric current are substi-
tuted into the equations. An application of the Laplacesfan
mation with the frequency variableleads to

_ 4 q w

P(s)i=——=—"— =
() statisch /K 52 + 2fws + w? (1 —

I=s5aq+sCyU.

Let Z denote the impedance of an electric network, connected
to the electrodes of the piezo patch under considerations Th
impliesU = —ZI, becausd is the current, flowing into the
piezo capacitor. The impedance of the capacity of the piaithp

is given byZP = 1/s C,. Denoting the impedance of a parallel
circuit by

1

1
+ﬁ

Z||ZP =

N

gives for the frequency function from the displacememo the
electrical voltagd/ the relation

U_ az)z’

q C, ZP~
Because of:? = a?/k C,,

1 _ . Z||zP
D(s) = _, s=w3 Z= 13
(s) P25t 127 $=ws D (13)

holds, introducing the normalized Laplace variableith respect
to the frequencyw. This expression underlines the significance

5

of the generalized coupling coefficientfor the integration of
electrical networks via their impedance into modal system d
scriptions. Following the abbreviations from [7] by intrgzing

the electrical damping rate = wC, R, the electrical resonance
frequencyw. = 1/,/L C, and the dimensionless tuning frac-
tion 6 = w./w, the dimensionless impedances of a single resis-
tor R or a seriellR L-circuit are obtained by

rs

— )

1+7rs

5%r3 + 52
62 + 625 +35%

ZR = 7RL =

Galvanically shunted ceramics have the impedeﬁce?E =0

and ceramics with open electrodes the imped%ee?D =1,
which together with (13) again implies the defining equat@n
for . Hagood and Flotow suggest in [7] in case of low structural
damping¢ for the serialR L-network the values

2
= VITR, =
V2
max |0 (i w)| ~ ———— (14
o | TF( )| K}m ( )

to obtain approximately optimal damping f@(s) in the neigh-
borhood of the eigenfrequency With (14) and the definition of
the dimensionless coefficients, the electrical quantiieend L
can directly be calculated. Furthermore the approximaties-
imum of |37 (i w)| can be used as objective function in optimal
placement algorithms. Equation (14) reveals a direct spop-
dance of the effective damping of a serial-circuit to the gen-
eralized piezoelectric coupling coefficient

The optimal reduction in decibel of the maximum ampli-
tude of ®(s) for serial RL-circuits is displayed in figure 1 for
different coupling coefficients? € [0,1/10] and Lehr damp-
ing ratios¢. Other intervals for have approximately the same
curves: Fork? € [0,1/107], the valuessi = 10x5 = 100x3
correspond to the damping ratigs ~ 3.22&; ~ 10.3&3. The
curves from figure 1 have been obtained by numerical optimiza
tion procedures. The theory of one mass oscillators andpghe a
proximation (14) yield

1/2 5
m3X|CDH:0(iW)| = \/1/—75527 mgx\@gzo(iwﬂ ~ \/\%

By empirical combination of this border cases, it has beei ve
fied numerically, that the rule of thumb

mgx|<I>,.i:0(iw)| K2(1 + K2)

it ea ey

£E<1%

max |P(iw)|
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Reduction of the maximum amplitude [dB]

0.07

0 0.01 0.02

Square of the generalized coupling coefficient K’
Figure 1. OPTIMAL REDUCTION in [dB] of max |® (i w)].
w

0.03 0.04 0.05 0.06 0.08 0.09 0.

supplies an acceptable approximation of the curves fromdigu

in decibel. The equations (7,8) can be considered for skvera
columns of®¥ simultaneously, if the modal masses are equal to
unity. By introducing the matrix quantities

I=97(M+M,)¥, =9 frm,
2EA =¥"(D+ D,)¥, a=v"f,
A’ =V"(K + K,)?, gm ~ ¥q,

the equations of a multifrequent electro-mechanical model

G+ 22Aq+ A%q—alU = f,
a’q+C,U=Q

can be derived similar to equations (11,12). Again several
patches can be incorporated by summation of the coupling
forces—ay, Uy, in the actuator matrix equation and using multiple
sensor equations for the quantitigd/, and@Qy. A is a diagonal
matrix, containing the eigenfrequencies of the system forts
circuited ceramic electrodes and the diagonal m&ricontains

the corresponding Lehr damping ratios. As mentioned before
the assumption has been made, that the transformed dampin
matrix @7 (D + D, )¥ is close enough to a diagonal matrix.
Transforming this equations in the Laplace domain and gubst
ting the normalized impedancé from equation (13) of shunted
electrical networks, the system of equations

(s*I +2sEA + A? (I +ZA,)) q = f,

Z
U= _7a'Tq7

A, = iA_2a a’
Cp

Cp

results, which is quite similar to the scalar case. The feans
function from f (s) to q(s) can be determined and optimizations
are possible by using appropriate norms.

The special case of multiple eigenfrequencies, which can be
used as approximation for a cluster of closely related digen
guencies, occurs, if certain symmetries exist, e.g. thatiostal
symmetry of a circular plate. If the electro-mechanicalteys
is reduced to the frequency range close to the multiple eigen
frequencyw, neglecting other eigenmodes from distinct eigen-
frequencies, withA = wI (and withE = £I for simplicity
reasons) the frequency equations can be simplified to

1 1

((§2+2§§+1)I+7A,€)qzﬁf, A, = T

———aa
w2C, ’

where the normalized frequency variable- ws was used again.
The structure of this equation doesn’t change, if orthofmaas-
formations§g = Q¢q, f = Q f unda = Q a with an arbitrary
orthogonal matrixQ are applied. Without loss of generality, the
equation can be considered with the special coupiling a ey,
which implies A, = r?eje;”. a corresponds td|al| of the
untransformed system of equationg. influences the general-
ized displacemeng; as in the scalar case through the general-
ized electro-mechanical coupling coefficient But the compo-
nentsg; with j > 2 are not influenced at all. This indicates,
that multiple eigenfrequencies of ordercan only be controlled

by m galvanically separated electrical networks and a corre-
sponding amount of piezo patches. Roughly speaking, due to
the m-dimensionality of the envolved eigenspace, vibrations ca
alwaysrotate to an orientation orthogonal to the coupling vec-
tors, if there are less than electrical networks for the vibration
reduction of the eigenmode under consideration.

4 A centrical clamped circular plate as example

To demonstrate the modal correction method, a circulaeplat
of thicknessh = 3mm and outer radius; 15¢cm, which
was clamped at the inner radiug = 1cm is discussed now
as demonstration example. Though the new triangular bend-
ing elements, which are coded in tMATLAB scripting lan-
guage, are mainly developed to realize the modal correction

€gassive structures with respect to active patch devices tren

assive structural model will normally be supplied by Fertile-
ment software packages lIKNSY Sthis demonstration example
was completely modeled withMATLARB using the stiffness and
mass matrices from the new Specht element. Figure 2 shows the
triangular mesh of 1860 nodes and 3600 elements, which was
used for the discretization. It turns out, that the triamgudl-
ements assembled the corresponding matrices quite efficien
and the eigenfrequencies from a subsequent modal anatgsis a
close to their counterparts, obtained by a comparatived-fie-
ment calculation, which was done complete P ANSY STable 1

Copyright © 2005 by ASME



symmetry. Mode 3 und mode 11 in contrast are rotational sym-
metric simple eigenmodes. If piezo patches are placed ialequ
pairs above and below the plate, membrane and bending eigen-
modes can be targeted separately by equal and oppositg pblin
their electrodes respectively. As already discussedethsr at
least two separated patches neccessary to control thamigiers

with multiplicity two. Consider now two orthogonal eigendes

with the same eigenfrequengy. They have the same shape, the
same maximum amplitude due to the fact that the modal masses
are equal to unity and are rotated by some arigle The opti-

mal shape for the second patch can therefore be obtained from
the optimal first patch by rotation with;. This implies, that

for each eigenfrequency only one optimal piezo patch hagto b
Figure 2. TRIANGULAR MESH FOR THE CIRCULAR PLATE. detemined, wich is used twice and rotated#®yn case of eigen-
frequencies of multiplicity two. Of course overlapping e
patches need additional heuristic considerations, ifipialtay-

hs 3 mm hy 0.2 mm ers are not feasible.
v 0.3 v 0.34 Each pair of piezo patches is defined by a triangle mesh,
" ) i o ) whose nodes are controlled by the underlying optimizatian p
Es | 21-108'N/m* || E, 5.94-10°"N/m cedure. The modal parameters (stiffness, mass, couplictgrve
s 7600kg/m? oo 7760kg/m? and capa_city) are calculated eIementw_ise by the develojzed t
s " gle bending element and the modal displacements at the nodes
es1 | -19.2N/Vm || egs | 1178 -8.854- 107 “As/Vm are interpolated from the known eigenmode displacemeriteof
circular plate mesh using tHdATLABfunctiongri ddat a or
Table 1. MATERIAL DATA FOR THE CIRCULAR PLATE. similar functions. The generalized piezoelectric couplioeffi-

cient is calculated by equation (10) with or without negtidia

103 Hz, Mode 1.2  oERAERL. A i Bl B of the changes due to the piezo mass and stiffness.

Simple patch geometries can be controlled by special para-
meters. If the shape of the patches is restricted to be alaircu
section, the four parametefs,, ©p1, 7p0 andr,; can be used to
buildt the needed triangular mesh for the patch. Figure &vsho
the distribution ofx,2 + k9?2 for the first pair of eigenmodes 1
and 2. Due to the fact, that the combined valué + x»? is
not changed by patch rotation around thexis, the start an-
gle ¢,0 = 0 was fixed. To visualize the result, the inner ra-
diusr,o = 0.15m was fixed too. Therefore the only free para-
: meters in this parameter study are the outer radjysand the
875 Hz, Mode 12,13 sector anglep,; .

Figure 3. THE FIRST EIGENMODES OF THE CIRCULAR PLATE. In the case of; = 0.15m and¢; = 180°, the combined
coupling coefficient<12 + ko2 = 0.77% is far away from its
optimum valuel.93%, though the strain sumy, + ¢, of the first

lists the material data, which was used for the plate (index s two eigenmodes, which is directly relatedfig, is positive in one
and for the piezo patches (index p). The modal analysis in half of the circular plate and negative in the other half. Asd
MATLAB has been done with a self-written function, based on look to the formula for<? reveals, that a higher patch area im-
subspace iteration, because for some strange reason,ittie bu plies a higher patch capacity, which reduces the effectsaipa
in MATLABfunctionei gs had convergence problems. The first electrical network can have to the mechanical structure.aEo
eigenmodes are displayed in figure 3. The rotational symmet- tive systems [11, 12, 13, 14] with unlimited energy reserttes
ric flat membrane mode 8 and the bending modes 9 and 10 areelectric potential in the ceramic can be provided indepetige
omitted to save space. Each eigenmode, which is not rotdtion from its capacity. In this case the coupling tetnshould be
symmetric, possesses the multiplicity two and can occur arb  maximized. But if energy is also of concern, or passive neta/o
trarily rotated around the-axis, because of the rotational plate are usedg is the better choice for the objective function of an
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K, "+, in percent, respecting patch stiffness and mass:
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Figure 4. EFFECTIVITY OF PATCH SECTORSFOR j = 1, 2.

optimization procedure. With

a; = e /A(div {“J} — 2 Aw;) dA, Cp = %314

Uj

the optimal placement with respect to thi¢h eigenmode can
be done as follows. For passive electrical networks or &chit
energy ressources, maximize

hex,? 1 u 2
2= ([ (div] 7| -z, Aw,;)dA) .
T e, (\/Z/A( v L’j 2m Auwj)

For active control with sufficiently high power capabilgié¢he
higher the frequency, the more severe is this restrictiogxi-

.in percent, respecting patch stiffness and mass:
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Figure 5. EFFECTIVITY OF PATCH SECTORS FOR j = 3.
mize
= leX div |/ Aw;) dA
la;| = |e3] - ( iv o ~#m wj) .
A j

uj, v; und w; denote in this context the displacement compo-
nents of thej-th eigenmode.

Figure 5 shows the distribution of the coupling coefficient
for the third eigenmode. In case of the third mode, the opti-
mum patch area for passive electrical networks covers dry t
inner plate with outer patch radi@s08m, in contrast to the op-
timal area for active control, which covers the completeudar
plate. The fourth and fifth eigenmode reveals several loeed-m
ima and the global optimum of,% + k52 = 0,23% is given
by rpo = 0.088m, r,; = 0,15m, ¢,; = 65°. This result
cannot be achieved by the previous parameter study, becuse
the artificial restrictionr,y = 0,01m, leading to the subopti-
mal valuexs? + k52 = 0,065%. These eigenmodes are bet-
ter controlled by patches at the outer border of the plater. Fo
even higher eigenmodes, there exist optimal shapes, lying ¢
pletely in the circular plate. Figure 6 displays the strasitrib-
utione, + ¢, and the optimal patch sector, obtained by gradient
based optimization procedures for the first eigenmodesleTab
summarizes the calculated parameters numerically. The- infl
ence of the patch stiffness and mass to the distribution cdn
clearly be observed in figure 4, but the qualitative inforiovats
not changed significantly. Therefore a two step approachen t
optimization of the patches seems to be promising. The com-
paratively costly calculation of the patch masses andhsties
is not done in the actual optimization of the patch shape. Af-
ter convergence to the optimal shape, the mass and stifiiess
the mechanical structure is updated with respect to theniged
patch configuration. These two steps are repeated untibblob
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max (k12 + ko?) = 1.9421% max k32 = 5.3741%

max(m2 + H52) =0.2336% max(nGQ + I€72) = 0.26608%

Figure 6. STRAIN DISTRIBUTION AND OPTIMAL PATCH SECTOR.

convergence is achieved. There are some drawbacks in agplyi
this procedure to multiple eigenfrequencies, but curres¢arch
in done on that topic.

Optimization of the full patch shape without considerirgy it LR
stiffness and mass is more simple and can be done with fast alg
rithms, which are currently under development. Figure fsho
some results from these algorithms for the investigatezlitar
plate. The displayed coupling coefficients are not directign- Figure 7. OPTIMAL FREE FORM PATCHES AND k;* VALUES.
parable with the ones from figure 6. They are higher due to the
ignored patch stiffness and mass. It is very difficult to firid e
ficient optimization techniques, which avoid the overlaygpof SUMMARY
piezo patches for distinct eigenmodes. Therefore somadtieur The modal correction method was discussed and especially
compromises have to be made after optimzing the patch shapesadapted to the case of applying flat piezoelectric devicdbdo
Figure 8 indicates a possible compromise for the first fiverig surface of a mechanical structure. Two active trianguladiey
modes of the circular plate example. elements were used to calculate the modal correction parame
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j fred. | B | 26% | oo —Tp1 | dpo — G [2]
1,2 106 Hz | 90° | 1,94% | 10-55mm| 0 — 136°
3 144 Hz -1537% | 10-87mm| 0 — 360° [3]
45 | 184Hz| 45° | 0,23% | 79-150 mm| 0 — 67°
6,7 421 Hz | 30° | 0,27% | 50-150 mm 0—47° [4]
11 798 Hz -1 4,95% | 51-125 mm| 0 — 360°
12,13 877 Hz| 90° | 2,48% | 47-125 mm| 0—133° 5]

Table 2. OPTIMAL PATCH SECTORS.

[e]

(7]

(8]

Figure 8. HEURISTIC CHOICE OF NON OVERLAPPING PATCHES.

[9]
ters for piezo patch actuators and sensors. The implenmmtat
in MATLABcan be found in [2]. Some objective functions have
been discussed to optimize the shape of applied patchefiand t
generalized piezoelectric coupling coefficierthas been proved
to be a very good choice. After presenting the complete modal [10]
equations with embedded shunt impedances, the example of th
circular plate has been discussed to demonstrate the whmle p

cedure.
[11]
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