-+ -+
J. Indian Inst. Sci.Sept-Oct. 2001,81, 535-547. 35
© Indian Institute of Science.

Resonantly shunted piezoelectric layers as passive vibratior
control devices

S. B. KanDAGAL, SUNETRA SARKAR AND KARTIK VENKATRAMAN

Aeroservoelasticity Laboratory, Department of Aerospace Engineering, Indian Institute of Science, Bang
560 012, India.

email: kartik@aero.iisc.ernet.in; Phones: 91-80-3942419, 3942420, 3942874; Fax: 91-80-3600134.

Abstract

The effect of resonant shunting on the vibration behaviour of a duralumin cantilever beam is experimel
investigated with reference to the reduction of response amplitude and additive damping and the chat
resonance frequency. The overall reduction in tip amplitude is around 4% for a peizoceramic layer
electromechanical coupling coefficierk,,] equal to 0.30. However, higher valuds, £ 0.36, typically applied
in beams and rods) of electromechanical coupling coefficient result in significantly higher levels of reductic
vibration amplitude with a change in natural frequency from short circuit to open circuit value-39%0
reduction in response amplitude anell8% change in natural frequency (open circuit to short circuit) is possib
when the planar electromechanical coupling coefficiépt typically applied in discs and plates) is €0665.

Keywords: Passive vibration control, piezoelectric elements and shunting.
1. Introduction

Piezoceramics are transformers that convert mechanical energy into electrical enerigg an
versa When they are bonded to a structure, the mechanical strain energy generated
piezoceramic is converted to electrical voltage in the poling direction of the piezoceramic d
(Fig. 1). This voltage or electrical energy can be dissipated or shunted to another frequency
using electrical networks connected to the terminals of piezoceramic, thereby controllin
mechanical energy of motion of the structure. If the electrical network contains electrical er
sources, then we term it as an active network, and the control scheme as an active control
there are no energy sources, then the network is known as a passive network, and the
scheme is a passive control one. The present work will be concerned with the latter.

Passive vibration absorbers or controllers are well known in vibration enginéérin
Conventional passive controllers cannot be tuned to different operating regimes such as ct
in external excitation frequency or amplitude, and even change in system parameters and he
move towards active vibration control devices. However, piezoceramic materials with tur
passive electrical networks can alleviate some of these shortcomings. The tunable passive el
networks connected to the piezoceramic can modify the frequency selective vibration transm
properties of the structure itself.

Electrical passive shunting of piezoceramics has been investigated in the recenThast
studies have focused on experimental investigation of the additive damping and change in res
"Author for correspondence.
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Fic. 1. (a) Physical model of uniaxial shunted piezo-
electric and its (b) network analog.

frequency The analytic vibration models represent the damping arfdestif due to electrical
shunting of the piezoceramic as a complex frequency-dependent modulus similar to that u
viscoelastic solid3.The optimum shunting parameters for the piezoceramic vibration absorbi
also derived and experimentally verified.

The present work investigates experimentally the variation of damping with resonantly sht
piezoceramics.

2. Modeling of shunted piezoelectric materials

The constitutive equations of a linear piezoelectric material can be written as:

q E D (0]
= 1
. o C " @
where
g = [0 0oy’
€ = [e11, €00 €33 2603, 2613, 265" @
D = [Df, D,y DT
0 = [011, 025, 033 023, 013,017
€01 0 0
E= |0 ¢&; O 3
0 0 €03
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D=0 0 0 ds 0 O @
dy; dy; diz O 0 0
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Representing these equations in terms of voltage and current, whhich are defined as

Li
Vi =L ®;dx;, l :_//;i gda . (6)

Assuming that the field within and electrical charge on the surface are uniform for the pi
electric material, the relations (6), in the Laplace domain, become :

(¥ L. P(9), (s =SA(9 W)

whereL is a diagonal matrix of the lengths of the piezoceramic patch ift theection,A, the
diagonal matrix of the areas of surfaces perpendicular t@"ttheection, ands, the Laplace
parameterBy taking the Laplace transform of egn (1) and using eqgns (7) to elirdiraatdqg, the
general equation for a piezoelectric in terms of the external current input and applied volte

obtained as:
i SAEL™ sAD v
_ 8
e |~ |DLT C o ®

The generalized compliance matrix in the upper left partition is diagonal and the elemel
this partition have the form,

AE/L,=C, ©)

whereC,; is the capacitance between the surfaces perpendicular itb direction at constant
stress. By grouping these in@), the constituent equation becomes,

|:i il |:EC,) sAI:iI |:vi| [{D(s) SAD v

| " o (10)
e D'L* C o DL* C o
whereYP(s) is the open circuit admittance of the piezoelectric (due to the inherent capacitance
free mechanical boundary conditions). For shunted piezoelectric applications, a passive ele
circuit is connected between the surface electrodes (Fig. 1). Since the circuit is placed acrec

electrodes, it appears in parallel to the inherent piezoelectric capacitance in that directior

admittances add in parallel. Hence the governing constitutive equation (10) becomes,
1
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YEL=YP 4+ YSY, (12)

where

The externally applied currentjs the sum of the currents flowing through the shunting impedan
the inherent piezoelectric capacitance, and the piezoelectric transfoh@ahunting admittance
matrix is assumed to be diagonal and frequency dependent with the form,

YS9 0 0
ySu (S) - 0 YZSU (S) 0 (13)
0 0 Y30

The voltage appearing across the electrodes can be estimated from egn (11), which will
=\Z®)i - (ZFsAD)o (14)

whereZF" is the electrical impedance matrix and is equaY t) (. The strains in terms of stress
and input current can be obtained by substituting eqn (14) in eqn (11),

¢ =[C-D'L'Z®sAD] o +[D'LZ%] i (15)

This governing equation for the shunted piezoelectric gives the strain for a given applied
and forcing current. The shuntedzmelectric compliance can be defined from &), as

CSV=[CE-D'L'ZfsAD] (16)

It is to be noted that the short and open circuit electrical impedances with constant stres
beZf(s) =0 andz®(s) = (C,9) ", respectively

SLEA=C,s. (17)
With these, eqn (16) can be written as
CSU=[CE-D"Z®(") D], (18)
where the nondimensional electrical impedance matrix is defined as
ZF = 7°4ZP)" = (SC, + YY) IsCp. (19)

Since Z® is diagonal, the electrical contribution to the compliance can be written as
summation of electrical impedances,

o3| 2#(8)| [<[o-3 2o 3
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whereD; denotes thé" row of D and for piezoceramidl; have the form

0 0 0 0 0 O 0 0 0 0 0 O
0 00 0 0 O 0 00 0 0 O
wol 000000 5 fo0 0000 (21)
' |o 00 0 0 0[P 00 0dd 0 O
0 0 0 0 d3 O 0 00 0 0 O
|0 0 0 0 0 0| o 0 0 0 0 o0
0, & duds O O O
3, d% duds O O O
M, = AT Oylss datis di 0 0 O 22)
2 0 o 0 0 0 0
0 o 0 0 0 0
0 o 0 0 0 0

The above equations constitute a general expression for the compliance matrix of a piezoe
element. Equation (20) can be simplified furthrdren the piezoelectric element is loaded uniaxial
with either a normal or shear stress and only one pair of electrodes is necessary to prov
external electric field with components in only one direction. For loading jff theection and the
field ini™ direction the term in the compliance matrix will be

O o 27y /e @3

The electromechanical coupling coefficient is defined as the ratio of the peak energy sto
the capacitor to the peak energy stored in the material strain with the piezoelectric electrodes
It represents the percentage of mechanical strain energy which is converted into electrical ¢
andvice versaThe electromechanical coupling coefficidft,can be represented as

kij = dij/‘/cjj 8?—. (24)
Hence, the compliandg is obtained by substituting eqn (24) in egn (23),
6= [1-K 2. (25)

From egn (25), it can be observed that the compliance of the shunted piezoelectric is ec
the short-circuit compliance of the piezoelectric material modified by a nondimensional term w
depends on the electrical shunting circuit and the mageeialttromechanical coupling cheient.
SubstitutingZ® = 1, for the open circuit case, to get the shunted mechanical compliance as

o =¢j [1-K]. (26)

o o
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Equation (25) gives the change in mechanical properties of the piezoceramic as the bot
conditions are changed from open circuit to short circuit. Simjlariyanalogous expression car
be thought for the change in the inherent capacitance of the piezoelectric as the mech
boundary conditions are changed.

GF = [1-K]. 27)

The mechanical impedance of the shunted piezoceramic can be obtained in the nondimer
form by using eqgns (25) and (26). For uniaxial loading ifftd&ection, the mechanical impedance
of the piezoelectric can be expressed as a function of Laplace paranaster

VE(9) = (28)

A
Gilys
The final expression for the nondimensional mechanical impedance, which is defined &
ratio of the shunted mechanical impedance to the open circuit impedance, for the sh
piezoelectric can be derived using egns (28) and (26) as

e 1K)
Zp(9 [1-KZ™ (9]
When the shunted piezoelectric is coupled to the structure, the nondimensional mech
impedanceZ can become complex and frequency dependent since it depends on the cor
frequency-dependent electrical impedance. Since impedance is primarily stiffness, it c:
represented as a complex modulus.
2\ (9= Ej (@) [1+in; ()] (30)

whereE is the ratio of shunted stiffness to open circuit stiffness of the piezoelectrig ted
material loss factoiThis leads to frequency-dependent equations for the complex modulus o
shunted piezoelectric. The loss factgrand modulug can be expressed as

Z"(9) = (29)

Im[ZME(s) ] _ i}
nj (@) = ReZ®EQ] Ej (@) =R4Z"5(9)]. (31)

The above two equations give us the indication of damping and stiffness variation with elec
shunting, respectivelyn the case of electrical shunting of the piezoceramic, a resonant circt
created by shunting the inherent capacitance of the piezoelectric with a resistor and induc
series forming an RLC circuit. A resonant circuit connected in parallel with the piezoceran
shown in Fig. 2. The mechanical analog of an inducegacitorand a resistor is a mass, spring
and damperrespectively Thus the resonant electrical circuit behaves very similar to a class
tuned mass vibration absorbétowever one has to keep in mind that théeefiveness of
connecting a resonantly shunted piezoceramic to a vibrating system with the intent of contr
its vibration will be limited by the electromechanical efficiency of the piezocer&mig, high
value ofk; would imply a more déctive resonantly shunted piezoceramic tuned vibration absort
With an inductor and a resistor in parallel with the piezoelestintierent capacitance, the tota

electrical impedance can be written as
1
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Fic. 2. Resonantly shunted piezoelectric. Fic. 3. Single-degree-of-freedom of system model with
shunted piezoelectric element in parallel with the
system modal mass.

LCSS+RCS s (32)

SU (Q) = | . . 7E(9) =
Z>P(9=Ls+R, Z7(9 LCPS+RCFE s+1

wherel,; is the shunting inductance aRd the shunting resistance. Substituting this relation |
egn (29), and simplifying to get nondimensional impedance of a resonantly shunted piezoel

7 RS -1 — |2 62
Zii F(S)_l K%('}/2+62r'}/+62 ) (33)

wherew, = 1/ (LiCF) = electrical resonant frequen@ndd = wdw, = nondimensional tuning
ratio.

The above equation gives the effective mechanical impedance of a piezoelectric element s
by a resonant circuit. Frequency tuning paraméfeefers to the frequency to which the electrica
circuit is tuned, and the damping parametgs indicative of the damping in the shunting circuit

As the stiffness of the piezoelectric material is frequency-dependent, maximizing the
factor of the piezoelectric material does not necessarily maximize the loss factor of the total strt
system of which the piezoelectric patch is a part. In order to accurately model the system,
damping as a function of frequency or shunting parameters (such as resistance), this freq
dependent stiffness must be carried through the calculations. In order to achieve this, the dyi
of the host structure is modeled by a single vibration mode. The piezoceramic is then cour
parallel to this one degree-of-freedom (DOF) system as shown in Fig. 3.

Following the 1-DOF system modeling techinque, the modal velocity of the vibrating sys
with resonantly shunted piezoelectric can be expressed in the Laplace domain as,
v(s) = Fo
Ms + (K/s) +ZFRs)

(34)

whereMsandK/s are, respectivelyhe impedance associated with the modal mass afmessfof

the host vibrating system a&f*" the modal impedance associated with the resonantly shur
4 i
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piezoelectric. After reduction and nondimensionalization, an expression for the position tra
function of a mechanical system with RLC in parallel with the base stiffness and a force actii
the mass can be found from the above equation as:

X - (0% +y?) +0%ry (35)
X (1+y) 0%+ +0%y) + KF (P + 0%y )
The generalized electromechanical coupling coeffickeptis defined as :
2 — Kle k'lz
Kt =( ) 1o (30)

The optimal tuning parameters for the transfer function are to be found by identifying
magnitudes of the transfer functions that correspond@(short circuit) and=co (open circuit).
From eqgn (35), for = 0, we have

X ©*-9)

T A-P - K 0
and forr = o
X _ 1
T (LKD) -g 38)

The two transfer functions (egns (37) and (38)) are equated and a quadratic expres:
obtained, which can be used to get the invariant frequency points.

g'-G[(1+ KD +07+[(6%2) (2 +KP] = 0. (39)

The solution and simplification of the above equation gives the optimum tuning parafete
and the optimal circuit dampiné™ as :

5% =\ /1+K2; (40)
popt = ﬁ Kij

— 3. 41
(1+Kf) “

The effect of various circuit resistor values at optimal tuning is shown in Fig. 4. The resp
is similar to that of a vibration absorbé&s the damping parameter is increased, the two distir
system modes coalesce into a single mode that converges to the system response witt
circuit piezoelectric as the damping parameter approaches infinity

3. Experimental set-up

In order to investigate the properties of the resonantly shunted piezoceramic, dynamic test:
conducted on a duralumin cantilever beam specimen with surface-bonded piezoceramic de
The cantilever beam was 166 mm long, 30.5 mm wide and 0.9 mm thick. The schematic diagt
the beam and piezoceramic is shown in Fig. 5. The top and bottom piezoceramic devices
1 1
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Fic. 4. Response of 1-DOF system containing LRCFic. 5. Beam with PZT
(0% = 1.1012).

QP20N of Active Control eXperts Inc., USA. The piezoceramic patches were attached to the
with a very thin layer of epoxyrhe material properties of the beam and piezoceramic are liste
Table I.

The top PZT was shorted for all the experiments, whereas the bottom PZT was used for p
shunting experiments. The shunting inductance was varied between 0 and 200 H. The r
frequencies of the beam were found using impulse excitation technique consisting of instrum
impulse hammer PCB Piezotronics 208A03, B&K 4344 accelerqrantbB&K 2635 chaye amplifier
The experimental set-up is shown in Fig. 6. The beam was excited at its first resonance freg
using Derritron VP2MM excite25 W Derritron power amplifier and signal generator from AD 352
analyzerInput force is measured using B&K 8200 force transducer and amplified by B&K 2t
conditioning amplifier The acceleration response of the beam was picked up at the tip by E
4344 accelerometer and amplified by B&K 2635 geamplifier These signals were acquired by
National Instruments PMIO 16 data acquistion card in Lal&w (Ver. 5.0) software. Constant
input force level was ensured for each of the resonating shunting cases.

Damping was estimated from the energy dissipated in one cycle. This is given by the
enclosed within the force versus displacement curve for the vibrating system with piezo bonc
it, that is,

21Q
U =gFdx= [ Fvdt 42
Table |
Material specifications
Material Duralumin  PZT
Length (mm) 166 50.8
Width (mm) 30.5 25.4
Thickness (mm) 0.9 0.762
E (GPa) 70 69
Capacitanceuf) - 0.09
Density (kg/m) 2700 7700
Coupling coefficent K;;) — 0.3

- o
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Fic. 6. Experimental set-up.

whereQ is the excitation frequency awtthe velocity Velocity and displacement signals were
obtained by integrating successively the acceleration signal using a high-pass filter implem
in Matlab/'Simulink (\er. 5.3 (R1)). A Butterworth filter of order 16 with cutidfequency at 12.75
Hz was used. A high-pass filter is needed to eliminate the DC component in the integrated <
The cutoff frequency was selected on the basis that the phase and amplitude distortion
measured and filtered values of acceleration are minimabihpare the damping performance o
shunted PZTan equivalent damping cdiefent C.,, is determined for diérent case$Thus,

U

Cear = TQXE

(43)
whereU is the energy dissipated given by eqn (42) dnthe displacement amplitud€,g, is
evaluated for different inductive shunting values. The damping coeffiCisrdvaluated as:

Ceqv

4. Discussion

The base damping for the first mode with and without PZT are 0.0162 and 0.0097, resp&bgvel
piezoceramic material, being brittle, has less effect in enhancing damping as an unconst
damping layet In the present investigation, the base damping is referred to as the damping «
beam with PZT shorted for all the cases. The inductive shunting experiments are done for the
with 0-200 H. The effect of inductance is studied. The enhancement of damping in the pr
case is mainly attributed to the inherent resistance of the inductance coil and is not sigrliﬂc
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The value of the electromechanical coupling coefficiengiven by the manufacturer is equal
to 0.3. As stated in an earlier stitdhis value is quite small to observe a significant shift in th
frequencies between open- and short-circuit terminations of the P&Ed generalized
electromechanical coupling coefficielj, evaluated from eqn (36), and using the value
K; = 0.3, is 0.12. Howevethe experimentally evaluategalue was found to be 0.035. Thisgar
deviation is attributed to thefe€t of the bonding layer on the PZRbility to transform mechanical
enegy into electrical engly. The optimal values of the inductance and resistance needed fol
resonant shunting (RLC circuit across beam), with this modffjedre listed in @&ble II. These are
basically calculated from egns (38) and (39) with the corrected generalized electromech
coupling coefficient. Note that the optimal inductance needed would be 600 H and the op
resistance needed is 38Q0 These values dér significantly from those calculated using the
theoretically estimated value &f = 0.12. The analytically simulated frequency response of t
piezo-shuntediuralumin beam with these theoretical values of optimal inductance and resistar
shown in Fig. 4.

The experimental simulations confirm the discrepancy stated above. Only the inductanc
varied. There was no shift in the resonance frequency for different values of inductive shur
This too confirms the fact stated above, namelyKhas quite low The tip response amplitude,
shown in Fig. 7, reduces to an extent of 4%, is basically due to the addition of inductance (equi
to the addition of mass) and the damping is due to inherent resistance of the inductance coll
is 110Q for every 10 henty

5. Conclusions

The effect of resonant-shunting of a piezoceramic bonded to a duralumin cantilever be:
investigated with reference to its vibration behavimamely to its reduction of tip response
amplitude and additive damping, and change in its resonance fregiBeayerall reduction in

tip amplitude is around 4% for a piezoceramic layer with electromechanical coupling coeffi
(k) equal to 0.30. Howevgehigher valueslk;; = 0.36, typically applied in beams and rods) o
electromechanical coupling coefficient result in significantly higher levels of reduction of vibra
amplitude with a change in natural frequency from short- to open-circuit value. A reductio
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Fic. 7. Response of beam with PZT (inductive shunted).
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Table Il

Experimental tuning parameters for resistor and resonant shunting

Cantilever beam

Natural frequencies without PZT (I, Il modes)
Natural frequencies with PZT (I, Il modes)
Natural frequency (shorted)

Natural frequency (open)

Damping ratio (without PZT)

Damping ratio (with PZTref: short)
Generalized coupling coefficient (estimate{)
Generalized coupling coefficient (measurdg)
Inductance tuning

Optimal inductance

Optimal resistance

Optimal frequency tuning

Optimal dissipation tuning

16.8 and 115 Hz
22.5 and 96 Hz
22.5 Hz

22.5 Hz

0.0097

0.0162

0.12

0.035

L =600 H
R =3800Q
1.1012
0.05

20-30% in response amplitude and a change in natural frequency of 8-10% (open and
circuit) are possible when the planar electromechanical coupling coefficietypfcally applied

in discs and plates) is 6:6.65.
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Nomenclature

g : electrical displacement (charge/area)
R : generic resistance

L : generic inductance



_|_

£

©gT.

N-<-§)-<OU’>ITIITIO<°"_"G
c

PIEZOELECTRIC LAERS AS PASSIVE VIBRAION CONTROL DEVICES 547

piezoelectric material constant

vector of electric fields (volts/meter)

vector of external applied current (amps)

strain

voltage

compliance matrix

piezoceramic dielectric constant matrix

elastic modulus of the material

diagonal matrix of cross-sectional areas of piezoelectric bar
Laplace variable

inherent capacitance of piezoelectric in ithdirection
open-circuit admittance of the piezoelectric
shunting admittance

electrical admittance of the piezoelectric

electrical impedance of piezoelectric (shunting impedance in parallel to the inhe

capacitance)

ZV® : effective mechanical impedance of shunted piezoelectric
o ww,, resonant shunted piezoelectric frequency parameter
n loss factor
o material stress
y complex nondimensional frequeneyw,,
p nondimensional resistance (or frequency)
Wn natural frequency of the structure (rad/s)
We resonant shunted piezoelectric electrical resonant frequency (rad/s)
r dissipation tuning parameteRG,wy)
g w/w,, real nondimensional frequency ratio
ds; piezoelectric constant (strain/field)
K : modal stiffness of the beam
Koz :  stiffeness due to PZT bonded to the structure.
M : modal mass of the beam
Subscripts
pi piezoelectric
Superscripts
E : value taken at constant field (short circuit)
D : value taken at constant electrical displacement (open circuit)
RSP. relates to resonant shunting
SU : shunted value
CR : value at constant strain
CS : value at constant stress
T : transpose of a matrix or vector
1



