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Passive damping of non-stationary vibration in atmewith piezoelectric patches and RL-shunts was figeted. The
finite-element modeling technique of smart struesuin Fourier transform frequency space is proposed
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Jlocnidoiceno nacughe 0emn@ipy8anus HeCMAayiOHAPHUX KOIUBAHL OAIKU 3 I’ €30€N1eKMPUYHUMU HAKIAOKAMU MaA NiOK-
qoyenumu RLwynmamu. 3anpononosano memoouxy ckinuenno-enremenmnozo mooemosants Smartkonempyxyii y yvacmom-
HOMY npocmopi inmezpanshux nepemsopens Qyp’e.

Knrouosi cnosa: necmayionapni Konusanns, hacusne demnipyeanns, Smartkoncmpyyis, nepemeopenns @yp’e.

Hccnedosano naccusnoe demnguposanue necmayuonapuvlx korebanutl 0anku C nbe3021eKmpuiecKUMY HaKIaoKamu u
nookmouennvimu RLauynmamu. Ilpeonosicena memoouxa KOHeUHO-9NEMEHMHO20 MoOdeauposanus SMmartkoncmpykyuu 6
YACMOMHOM NPOCMPAHCMEE UHMESPATbHBIX npeopazosaruii Pypove.

Kniouesvie cnosa: necmayuonapmvle konebanus, naccugroe demnguposarnue, Smartkoncmpyxkyus, npeobpasosarue Pypoe.

Introduction. The problem of mechanical vibration damping irustnres has always
been and now remains one of the most importantraost complex issues of the modern
science and technology. For a long time the pas$aveping methods, based on the use of
viscoelastic materials with high internal energgstpation of mechanical vibrations, were
applied to reduce the vibration of structures wiififerent loads [1; 2].

Recently, according to foreign publications [3;tl4#é so-called smart-materials and designs
based on them, are increasingly spreading in vararaas, particularly in aviation and space
technology. The appearance of such materials andtstes is due to the successes in science
of materials and attempts to approximate the liarggnism functioning principles.

The most effective smart-materials include piezctele materials that after pre-
polarization have the ability to respond to mecbalnstrains on electrode surfaces by voltage
appearance, and to deform when applying the valtige appearance of voltage makes
possible to use it in sensor devices or convedtetal energy into heat [5]. The reduction of
the mechanical strain energy, particularly underaghyic loading, leads to vibration amplitude
decrease (damping). Such methods are mainly basedctuding piezoelectric patches or
layers in the structure for conversion of the meatal vibration energy to electrical energy
and heat.

The vibrations damping methods by means of pieztrédecnergy conversion are divided
into active and passive. Active control devicesensome restrictions in application caused by
complexity of their implementation and sensitivity changes and uncertainty of the system
parameters.
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However, passive methods are simpler. They aredb@sé¢he vibration energy dissipation
in special electrical circuits called shunts thaé¢ attached to electrode surfaces of a
piezoelectric element [6]. A shunt with piezoelectlements forms a kind of a resonant
circuit in which the energy is dissipated. The &iimn energy dissipation occurs due to the
electromagnetic and thermal radiation in the sheletnents and in the main structure’s
viscous layers and patches.

Passive damping of vibrations in the structure mafdeluminum alloy, with patches of
viscoelastic piezoelectric PVDF elements, polaribyddepth (Fig. 1), is consider in this
paper. Electric energy dissipation mainly occurselactric circuits with resistors R and
induction coils L that form an RL-shunt, connectedhe piezoelements.

PVDF
R L — -
n lp w
L

/

Fig. 1. A beam with connected shunts

The shock or impulse loads of thin-walled structurause non-stationary vibrations with
amplitude and duration which can exceed the perbhéskmits.

The state of research in non-stationary vibratiohspiezoelectric structures can be
estimated as basic. These studies are mostly dnitenono-harmonic vibration cases which
are not always true for this structure type. Itnist ascertained how effective is using
piezoelectric materials to reduce the vibration Enge after impulse and shock loads.

The idea of using such materials seems attractioesidering that the electromagnetic
fields distribution is much faster compared to rtinechanical strain fields [7].

Hence the non-stationary vibration problem for grstnuctures requires detailed study
and development of appropriate mathematical mogetiethods for piezoelectric materials
with attached electric energy dissipation elements.

Investigation Method. The complexity of tasks requires the use of appnaxé methods.

The finite element method is the most common metfdthe complex composite
structure synthesis, but the use of this methods@dving the imperfectly-elastic structures
dynamic problems requires selection of the appabt@mphysical dependences.

It is shown in [1; 2] that the frequency finite mlent method (FFEM) [8], in which the
design synthesis and vibration analysis is perfdrinethe integral Fourier transform space,
can be effectively used for the non-stationary afilmn analysis of imperfectly-elastic
structures. The advantages of using this methodtreeability taking into account the
dependencies of the linear theory of hereditaryirenments, including correct input of the
frequency-dependent complex modules, and the yaltditanalyze non-stationary vibration
with given initial conditions. The synthesis ofwsttures with piezoelectric materials is also
significantly facilitated in frequency space.

According to the standard finite element methodoalgm [9], we perform structure
discretization (Fig. 1) by plane six-node finiteemlents (Fig. 2) with the corresponding
interpolation functions. The node "movement” appration for an electro-elastic finite
element, which is a model of the piezoelectric malteis carried out by mechanical and
electrical degrees of freedom. Therefore, thistdirelement (Fig. 2b) has six additional
degrees of freedom — electric potentials at eactenas compared with a mechanical finite
element (Fig. 2a), which approximates the mechanical displacement.
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Fig. 2. Six-node finite mechanical (a) and eleattastic (b) elements

The identical interpolation functions are taken fioe six-node mechanical and electro-
elastic finite elements [2]:

N1=(1—X - 3% 2K Ny =Y 1-3%4 X ,
b a g2 b a a2

y [, x_ % vyl x ¥
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Finite element strair is determined by the movement of nodal points 1-6:
e=AN_ U, (2)

where A — differential operator matrixN , — mechanical displacement interpolation function
matrix:

9
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For a piezoelectric material, the potential disttibn by depth is assumed linear in the
direction of polarization.

The electric field vectoE is related with the potentigl by a well-known relation, which
in the finite-element version will look as:

E=-0ONyo, (4)
where [J and N, are differential operator and electric potentiaferpolation functions
matrix respectively:

i
0 0
D={& 6_y} Ny =[Ny Np N3 Ny N5 Ng. (5)

The system of linear differential equilibrium egoas and quasi-static linear electro-
elasticity equations for a piezoelectric body dismeling temperature, relative to the
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mechanical displacement and electric potential uttdeinfluence of external mechanical and
volumetric forces and electrical charges are disedisn detail in [10].

Linear physical dependencies for a plane stressparfectly elastic piezoelectric material
in a constant electric field are defined as:

y=Cle-e' [E D=e@+k[E, (6)
Gn Gz O

where C=| C3; C33 0 | — matrix of elastic moduliy =(0, 0, Ty, —mechanical
0 0 GCg

0 0 g5

stressese:( j — matrix of piezoelectric modulig = (E, E,)" - the electric

_ -K 0 : : . . :
field; KZL - j — matrix of dielectric moduli; D=(D, D,)' - electric

displacementg = (é‘x £, sz) — elastic strains; points mark differentiation by time.

Differential equations of the electrical shunt with parallel connedfaiements [11] can
be written as:

<1 1
=—0+—0, 7
Q R¢ L¢ (7)
wherel/R — electrical conductivityl/L — inverse coil inductance; points mark differentiation
by time.

In the finite-element version the electric "stiffness” matrix for an RlRs$ (Fig. 3a) has
the form:

Q=Kgrp+K 9, (8)
where
111 - 111 -
Kr== , K== : 9
R R[—l 1} L L[—l 1} ®)
Q — nodal charges, based on the law of charge ccatsen:
ab
Q= [ [Ny qdydx, (10)
00

g — charge density on the electrode surface of apleztric element.

The synthesis of a finite element with RL-shuntgy(RB) is performed according to the
standard finite element method procedure [9]. Thenblary conditions in the "metal base /
piezoelectric element” contact (metal / dielectdeg ensured by using the approximation
functions (3) and (5). The grounding condition loé shunt terminals is taken into account by
assigning zero rows and columns to the correspgrgjrounded” shunt nodes.

Fig. 3. Shunt finite elements
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Mathematical model of non-stationary vibrations of a beam. The physical
dependences for piezoelectric materials having Isdyedamic deformations can be written
using the integral operators of the linear heregitaeory as for a linear viscoelastic body
[10]. However, directly using integral dependences inattyic problems causes significant
difficulties associated with the experimental deteation of physical parameters [12] and
the solution of integro-differential equations.

Let’s write the finite-element version of differadtequations (6) in the frequency space
and use an approximate variant related by the tdaeglication of integral Fourier transform
with the equations derived by the principle of Hom-Ostrogradski. The inadmissibility and
nonrigorousness of this variant was specified B].[1

Dynamic equations derived by the variational ppieiof Hamilton-Ostrogradski after
integral Fourier transform will have the form ofetfinear elasticity theory equations with
comprehensive modules:

(iw)* M3 +K g7+ =F () #

R [t +K 46 =Q (i), (11)
where M — mass matrix,K, — electric "stiffness” matrix,K,, Ky, — matrices
corresponding to the direct and the reverse piertrd effect respectively:

ab ab
M =h[ [N, TN dydx, Ky (iw)=h[ (AN ,)C (iw)AN ,dydx,
00 00

Ky (i00) = hja‘j(AN) &(io)" ONgdydx K gy (i00) =K T (i),

ab oab
K¢(iw) :h”(DNq,)T i (i) ONg dydx, Fliw) = HJ'N p(x, y,t) expEiwt Yydxdt,
00 000
B wab
Qiw) = ”j 0(x, y,t) expEicot Yydxdt,
000
where C(iw)=C'(w)+iC"(w) - matrix of frequency-depended complex elastic uiiod

&(w) = ¢(w)+i é(w), k(w)=x'(w)+ik"(w) — complex matrix of piezoelectric and dielectric
modules respectivelyp — material densityh — finite element width;p(x, v, t):( Py py)T -

external loadsF(x, y) — Fourier images of the external mechanical lo&4s; y) —images of nodal
chargesf =iwMu (0)+Mu (0), u(0),u(0) — nodal initial velocity and displacements respetyi
We exclude the electric potentigl in order to find the solution of the linear eqoas

system (11) for displacements.
After a simple transformation, we define the Founmeage of the nodal potential values
from the second equation:

=(0-K,) K igr. (13)

The computed value of the image potential (13)ubssituted in the first equation of
system (11), taking into account the material tehsomplex components. Thus the equation
for mechanical displacement images is obtained:
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7 (iw)d =F (iw), (14)

where Z (iw) — the dynamic stiffness matrix
Z(i60) =K y +K o (3 K o) K Ty -cf . (15)
The solution of linear algebraic equations (11) d@placements in frequency space has
the form:
=2 (iw)'F. (16)
The return to the time space after determining ldegments is conducted through
numerical (discrete) inverse Fourier transform, egnthe fast Fourier transform (FFT):
u=FFT(2 (i0)7'F). (17)

To analyze the vibration energy dissipation inractire it is required to determine the
eigenvectors and the eigenvalues of the dynanffaets matrix:

1 (iw)[=0. (18)

According to [2], one can use a numerical simpbgaition method for determining the
eigenvectors and eigenvalues.

Computation of a beam with piezoelectric patchesLet's consider an example of
computing the non-stationary vibration of a beany.(R) with viscoelastic piezoelectric
patches.

Beam parameters are:

- lengthl =0.7m;

- width b=200103m;

- the main bearing structure thickness 20103 m;

material densityp = 27010 k—% ;
m

modulus of elasticity of the bearing layer material
E =6.7116° [ +i00.02 /7a.

The properties of patches of viscoelastic piezofmusite material based on PVDF and
PZT-2 [6]:

- patch Iengthlp - O'1m;

_ -3
- width by =20010 m

=2M10°3
m:

. . =1.751
- material density’P 510 kg/m3;
- real and imaginary components of the piezoeleataterial elastic moduli matrix:

Cp1=15.7006 [{ 2+i 00.06% Pa, C31 =9.30010 [{ i (10.09§Pq,

C33=13.6010 [ ¥i00.06BPa, Css =2.52010 [ 2+i [10.014Pg;
— piezoelectric moduli:

&y =-1.0f1-iB.310%) ¢/n? , e3=15C/n?, g5 =113 1-i(2.1110°) C/ n?;

. s
- thickness™
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— dielectric properties matrix components:
K11/Ko= 127[@ 1-i D4.E103) , K11/Ko= 11.8[@ 1-i E11.2]103) , Ko =8.85010%2 F/m.

Fast Fourier transform parameters: number of poMts 2'2 on time interval T =4;
maximum frequency spectrur,,, = 6432Hz. Impulse and shock loads are applied in the
direction of the generallzed coordinate 4
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Fig. 4. Finite-element model of structure with RiLssts
The problem solution was carried out for three sase

1) for a connected parallel shunt (8). The dynaetéctromechanical stiffness matrix in
this case is written as follows:

1
7 (16 =K 4 +K (.w K jxﬂb—wﬁ ; (19)
2) for a disconnected shunt — with open electr¢@es 0):
Z open(iw) =K (+K < o K Ty - (20)
3) mechanical problem solution — without electwenponent:
Z(iw) =K K,-wM . (21)

The results of determining the beam response tanguilse load (Fig. 5) for the three
cases shown in Fig. 6.

1 1 1 T
0. 7
0 o, -
0. .

l | | |

0O 01 02 03 04

S
Fig. 5. Impulse load shape in the direction of gfemeralized coordinate 4
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Fig. 6. The beam response to an impulse load iiteetion of coordinate 4:
| — with connected shunt (19); Il — without shuf®$); 11l — with open electrodes (20)

Gain-frequency characteristics for the first, setand third vibration modes are shown in
Fig. 7a, b,
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Fig. 7. Frequency response to the first (a), secand third (b) frequencies:
| — with a connected shunt (19); Il — without sha#1); 11l — with open electrodes (20)
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Conclusions Finite element analysis in Fourier space candaegl dor the computation of
piezoelectric structures and composites under isgplolad.

According to the computation results, the use ekgpelectric elements with an attached
RL-shunt reduces the magnitude of reaction of comstbstructures under non-stationary
loads. The largest decrement and the smallest desplant amplitude from the impulse and
shock loads are observed in a structure with shiits design vibration decrement can be
significantly increased by adjusting electricalisence and inductance of the shunt. The
advantages of using this technique are the abdityefine responses to an external load of an
arbitrary spectral composition and taking into actahe dependencies of physical material
characteristics to frequency. The return to the tawmlpspace is carried out only at the last
step of calculations.
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