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Abstract

Optimal configuration of piezoelectric shunt structures is obtained by analyzing admittance of the system. The
dissipated energy in the shunt circuit is a function of admittance. Therefore, admittance was selected as the cost
function in the process of optimization. Taguchi method was used to determine the optimal configuration of
piezoceramic patch bonded on the host structure. Full three dimensional finite element models were analyzed to
simulate vibration modes of smart panel and to obtain the admittances of the system. Numerical admittance was
validated by experiment. After optimizing process using admittance, the optimal configuration of piezoceramic patch
was obtained. It is observed that the performance of smart panel can be predicted by analyzing admittance of
piezoelectric structure and admittance can be used as a design index of smart panel.
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1. Introduction

Recently, structural vibration or noise radiating
from vibrating structures is a vital problem in the
design of aircrafts, automobiles, ships and buildings.
The study of smart structures in the past decade offers
great potential in improving structural performance
such as reducing vibration and acoustic emission
(Chopra, 2002; Crawley, 1994; Kim and Lee, 2002).
For conventional passive control, material properties
or thickness of the structures have been addressed for
the noise reduction (Belegunde et al., 1994; Pierre et
al., 1995). The performance of passive control could
be improved by the use of sound absorption materials
attached on the main structure (Bolton et al., 1996),
but it is impractical for low frequency bandwidth
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because of increasing amount of materials. Piezo-
electric materials are employed as both actuators and
sensors in the development of these structures by
taking advantage of direct and converse piezoelectric
effects. Since passive piezoelectric shunt system is
simple, compact and low cost, piezoelectric shunt
damping has been spotlighted in the field of vibration
suppression (Hagood and Flotow, 1991; Law et al.,
1996; Moheimani, 2003).

The piezoelectric shunt damping uses the principles
of energy transfer and dissipation. Energy transfer
from mechanical vibration into electrical energy is
occurred in piezoceramic patches bonded on the
structures. The transferred energy is dissipated by
heat through resistor in shunt circuit networked to the
structure (Law et al., 1996; Moheimani, 2003). Ge-
nerally, piezoelectric shunt system consists of host
plate, on which piezo ceramic patches are bonded,
and electric shunt circuit networked to the piezo-
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electric structure, termed as smart panel. In order to
dissipate external vibration or acoustical energy
efficiently, piezoelectric structure must be constructed
to generate more charges on the surface of piezo-
ceramic patches bonded on the host structure, and
shunt circuit must be tuned to dissipate the vibration
energy at resonance into heat. Most researches have
been concentrated on piezoelectric shunt circuit such
as development of efficient shunt circuit, design of
multi mode shunt circuit, and optimization of circuit
parameters (Lesieutre, 1998; Kim et al., 2004, Behrens
et al., 2001). Lately, several studies showed that the
configuration of piezoceramic patches were important
for designated target frequency and mode shape
(Bianchini et al., 1997; Bianchini et al., 1998; Park et
al., 2004). However, only mechanical characteristics
of piezoelectric structures were considered. Based on
these studies, it is difficult to design piezoelectric
structure in real application and to predict the
performance of piezoelectric shunt system. In order to
overcome this, electro-mechanical characteristics of
the piezoelectric structure need to be considered.

In this paper, admittance is introduced to represent
electro-mechanical coupling of the piezoelectric
structure. The relation between admittance and dis-
sipated energy in shunt circuit is investigated first and
then admittance is used as a performance index for
optimal design of smart panel. Numerical admittance
was obtained by finite element method. Taguchi
method is used to obtain optimal configuration of
smart panel. Admittance is used as a cost function in
the optimal design process. Experiment was con-
ducted to verify numerical admittance. Initial and
optimal models of smart panel were tested for
verifying the improvement of shunt performance.

2. Smart panel and admittance

Smart panel is configured as shown in Fig. 1. A
piezoceramic patch is bonded on the surface of host
structure and networked to the shunt circuit. Me-
chanical energy of vibration is transferred to electrical
energy at the piezoceramic patch and the transferred
electrical energy is dissipated at the shunt circuit.

2.1 Shunt damping

Piezoelectric system can be represented as an
equivalent electric circuit as shown in Fig. 2 (Kim et
al., 2000). Here, C, describes an inherent dielectric
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Fig. 1. Schematic view of piezoelectric patch on the host
plate.
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Fig. 2. Equivalent electrical circuit of piezoelectric smart
structure.

capacity of piezoceramic patch (PZT: Lead Zirconate
Titanate) which represents the compliance of
piezoelectric patch ( 1/k, ), while ,,R , and

C, mmply mass ( m, ), damping (Coy ) and
compliance (1/k, ) of the structure, respectively

(Kim and Kim, 2004). Piezoceramic patch, paralleled
with a shunt circuit, has been used as a mechanical
energy dissipation device. If a simple resistor is
placed across the terminals of the piezoceramic patch,
the piezoceramic patch acts only as a viscoelastic
damper. If the network consists of a series inductor—
resistor R-L, circuit, the passive network combined
with the inherent capacitance of the piezoceramic
patch creates a damped electrical resonance. The
resonance is tuned so that the piezoceramic patch acts
as a tuned vibrational energy absorber (Hagood and
Flotow, 1991).

2.2 Admittance and dissipated energy

Admittance analysis, that is the record of the
spectrum of electrical admittance of the compound
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resonator as a function of the exciting frequency, has
changed the focus from the physical behavior of the
system to its electrical opponents. The current
resulting from the application of the voltage can be
determined by the time derivative of the electric
displacement, which in turn is related to the

mechanical variables of the transducer (Mason, 1964).

From knowledge of the current, the electrical be-
havior of the compound resonator under admittance
analysis is derived. It should be addressed that the
analysis is purely physical without use of any
electrical analogues. Admittance can be measured at
open circuit around the resonant frequency of the
piezoceramic patch using impedance analyzer.

The smart panel on which the piezoceramic patch
is bonded along with a shunt circuit can be modeled
as shown in Fig. 2. The impedance at each branch of
the equivalent circuit is described as follows (Kim
and Kim, 2004).

k
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where,
Z, : impedance of the host structure
Z, : impedance of the piezoceramic patch
Z, : impedance of the shunt circuit

Because the total impedance of the system can be
calculated as

2,24

=7+
Z,+Z,

Q)

The admittance of the piezoelectric patch is the
reciprocal of its impedance as follows.
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One can define the induced power in terms of the
equivalent electrical circuit according to Fig. 2. The
induced power of the system under external excitation
is

s
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where #" is the complex conjugate of the current i, .

In open circuit state, i.e. Z, =<, total current of
piezoceramic patch generated under external exci-
tation, i, , 1s given as follows.

: O
:_] =V..Y 7
o (Z,+7,) o e D

where, 1, =(Z,+Z,)" represents admittance of
piezoelectric structure in open circuit. The voltage,
V,, represents voltage of piezoelectric patch in open
circuit. ' When shunt circuit is connected to the
structure, 1e. Z,#coz0 , the total current of
piezoelectric shunt system can be expressed as
follows.

C Z,+Z
11=lz+l3=V3-[ﬁ] ®
2743

If same external excitation is applied to the smart
panel before and after connecting shunt circuit, total
current generated in each system is the same and can
be expressed as i, =i . From Egs. (7) and (8),
voltage applied to shunt circuit, J; , and current
flowing in the shunt circuit, 7, , are expressed as
follows.
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Meanwhile, the dissipated power can be described
as
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From Eq. (11), the dissipated power is proportional
to the quadratic form of -electro-mechanical
characteristic values (|le|2) of piezoelectric structure
in open circuit. If the voltage V,, is applied to the
system, admittance is a single independent constant.
On the other hand, the dissipated power is only a
function of admittance of piezoelectric structure in
open circuit. Therefore, the reduction of vibration in
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the piezoelectric shunt system is dependent on
admittance of piezoelectric structure and admittance
can be regarded as a performance index in designing
smart panel.

2.3 Fornulation of admittance

Finite element analysis is an effective method for
analysis of structural response, because it 1is
applicable to arbitrarily shapes, geometries and
boundaries. Admittance of piezoelectric structure is
analyzed by Electro-Mechanical Impedance (EMI)
model (Liang, Sun and Rogers, 1996) or the finite
element method (Powell et al., 1998; Kim et al.,
1996; Varadan et al., 1996). Admittance is consisted
of real part, conductance and imaginary part, susce-
ptance. The magnitude of electro-mechanical coupling
is represented by conductance. After finite element
discretizing, equations of motion for the piezoelectric
structure in matrix form are expressed as follows
(ANSYS INC. 1999).

¥ I=‘§, i=joy.0, (13)
Y =G+ B (14)
where,

: vector of nodal structural forces and
displacements

[M1,[D]1,[K] : structural mass, damping
and stiftness matrix

: vector of nodal electrical charges
and potential

[K,,1.[K,] : piezoelectric coupling and dielec-
tric conductivity matrix

[F 1. [u]

[¢1.0¢]

“r” : transposed

LV : current and voltage

Y.G.B . admittance, conductance and
susceptance

0, : the point charge of the i-th node on

on the electrode

To formulate above equation, commercial finite
element code, ANSYS, was used. From the above
equations, mode shapes and natural frequencies of

smart panel were extracted through modal analysis
and admittances of piezoceramic patch were obtained
through harmonic analysis.

3. Optimization using taguchi method

Robust Design Method, called Taguchi method, is
executed in this study. It differentiates traditional
approach which would be to design experiments that
identified all possible combination for a given set of
variables. It is termed as full factorial design and
takes into account a large number of trials, which is
costly and time consuming. Taguchi method consi-
ders not only the average of data but also the variance
of data in its process. In robust design, the signal
constituent S and the noise constituent N are extracted
from signal to noise ratio (SN rate). The SN ratio
shows the robustness of the characteristic value in the
function.

Two considerations are focused in Taguchi method.
The first, orthogonal arrays, which are employed for
many experimental situations, are introduced from the
viewpoint of the pragmatist who is always trying to
make product or process improvement decisions with
the mimimum amount of test data. The second, a
standard analyzing method which analysis of variance
(ANOVA) is applied to the orthogonal array type of
trials. This technique does not directly analyze the
data, but rather determine the variability (variance) of
the data (Ross, 1996; Roy, 1990). Through it, which
factor has more influence and which one has less are
determined. The result of calculation indicates how to
combine different factors in their proper settings to
get the best result. The advantage of this approach is
that it can replace full factorial design using partially
factorial design. The results can be tabulated and
shown graphically simultaneously (Ross, 1996). The
flow chart of Taguchi method is shown in Fig. 3.
Additionally, the combination of standard experimen-
tation design techniques and analysis method in
Taguchi approach produces consistency and repro-
ducibility.

In Taguchi method, static analysis and dynamic
analysis are embedded. The signal to noise ratio (S/N
ratio) is used to measure the sensitivity of the quality
characteristic being investigated in a controlled
manner. Taguchi has created a transformation of the
repetition data to another value which is a measure of
the variation present. The transformation is defined as
S/N ratio. The results of S/N ratio are used to com-
pute the main effects of the individual factors and
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| Define the problem | Table 2. Orthogonal array table of Lis.
ﬂ Column No.
Trial No.
| Select the Quality characteristic | 1 2 3 4 S
0 1 1 1 1 1 1
| Select cortrol factors and levels | 2 ! 2 2 2 2
i 3 1 3 3 3 3
4 1 2 1 1 2
| Select the orthogonal array | 5 1 N N N N
a 6 1 2 3 3 1
| ANOVA |I:>| Analyze results of the simulation data |C:l| SN rdio 7 1 3 1 2 1
g 8 1 3 2 1 2
| Optimum condition | 9 1 3 3 1 3
il 10 2 1 1 3 3
| — | 11 2 1 2 1 1
Bomen 12 2 1 3 2 2
Fig. 3. Flow chart of Taguchi method. 13 2 2 1 2 3
14 2 2 2 3 1
Table 1. Control factors of smart panel. L 2 2 2 L 2
16 2 3 1 3 2
Level
Factors evels 17 2 3 2 1 3
1 2 3 18 2 3 3 2 1
[0] Rotational angle (°) 0 45
X x coordinate (mm) 0 25 50 . .
5 material and bonded on the surface of the aluminum
y y coordinate (mm) 0 25 50 ) Th 1 . h A di
L Length (mm) 50 5 100 p ﬁte. . e ;na.terla propfertles a}rle.s om n ; ;f)pen IX.
W Width (mm) 50 7s 100 The size of piezoceramic pa.tc 18 restrlc.te rom 50
mm to 100 mm for actual implementation. The lo-
o _ cation of piezoceramic patch is considered to cover
it is usually calculated by the equation: major area of aluminum host plate. One represen-
tative rotational shape of piezoceramic patch is in-
S /N =-10log(MSD) (15)

where MSD represents the mean squared deviation of
the set. In addition to the S/N ratio, the main effect
can also be plotted for a visual inspection of the
parameters’ effects (Roy, 1990; Ramberg et al., 1991).

4. Numerical results

A square aluminum plate with surface-bonded

piezoceramic patch was considered as shown in Fig, 1.

The performance of piezoelectric shunt depends on
location, size and shape of piezoceramic patch. In the
present study, the suppression of radiation mode of
smart panel is pursued for the reduction of sound
transmission of panel. Therefore, the location (X and
Y coordinates), size (width W and length L), and
rotational angle of piezoceramic patch on the host
plate were defined as the design parameters in the
present study. The size of the aluminum plate is 350
mmx350 mmx1.5 mm. A piezoceramic patch, classi-
fied as PZT-5H, was selected as the shunt damping

vestigated in the present study. The size and location
are assumed to have three levels. Therefore, control
factors for optimal configuration of smart panel can
be defined as shown in Table 1. The thickness of
piezoceramic patches is all 0.5 mm.

4.1 Numerical analysis using taguchi method

Taguchi method 1s used to find partial confi-
gurations from full configurations according to the
parameters as well as levels. Since ‘7, orthogonal
array’ in Taguchi optimization implies » tentative
models can be extracted from combinations of full
parameters. The ‘»° value in °Z, is dependant on the
control factors and their levels. Therefore, referring to
Table 1, the ;5 orthogonal array is used as shown in
Table 2. The parameters and their combinations of
which Taguchi method made use were selected from
Tables 1 and 2. It is noted that the trial number in
Table 2 refers to partial configuration of piezoelectric
patch on the host structure instead of full combi-
nations. In virtue of orthogonal array in Table 2, the
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Table 3. Resonances and admittances of numerical models.

No. | Frequency(Hz) | Conductance(1/8) | Admittance(1/K2) Charge (C)
1 135.10 3.97016E-5 1.16863E-4 1.3774E-7
515.67 0.00104 0.00121 3.7364E-7
132.34 1.74104E4 3.08259E-4 3.7091E-7
2 285.26 7.47683E-5 5.22005E-4 2.9141E-7
516.98 0.00347 0.00373 1.1489E-6
130.95 3.09123E4 5.18967E-4 6.3107E-7
3 281.99 0.00151 0.00178 8.5377E-7
528.43 0.00257 0.0033 9.9441E-7
134.01 6.3413E-05 8.8550E-05 1.0522E-07
4 280.69 1.1791E-05 1.4546E-04 8.2522E-08
518.34 1.0255E-03 1.0540E-03 3.2379E-07
131.57 9.6060E-05 2.3475E-04 2.8411E-07
5 283.24 1.0973E-04 4.5865E-04 2.5785E-07
436.16 9.0857E-05 4.6223E-04 1.6875E-07
525.63 6.4541E-04 1.4151E-03 4.2868E-07
135.89 5.2862E-05 1.1174E-04 1.3094E-07
6 284.28 3.9891E-04 4.1678E-04 2.3346E-07
424.75 9.5573E-05 3.5383E-04 1.3265E-07
513.62 9.9283E-05 3.9730E-04 1.2317E-07
132.05 1.7213E-05 5.1055E-05 6.1566E-08
7 282.30 5.0692E-05 5.6150E-05 3.1672E-08
526.60 8.2138E-05 2.7234E-04 8.2352E-08
132.51 1.2046E-04 2.0050E-04 2.4093E-07
3 280.36 7.4864E-04 8.9316E-04 5.0729E-07
432.48 1.2459E-04 2.0170E-04 7.426 5E-08
527.12 7.2054E-04 8.7423E-04 2.6409E-07
135.55 3.5366E-05 7.4414E-05 8.7417E-08
5 284.21 1.7203E-04 4.1200E-04 2.3083E-07
425.06 4.6366E-04 4.6439E-04 1.7397E-07
512.35 2.3163E-05 2.7043E-04 8.4049E-08
10 123.22 3.6975E-04 3.8093E-04 4.9227E-07
500.83 5.8481E-03 6.1750E-03 1.96331E-06
133.63 2.6739E-05 4.3990E-05 5.2419E-08
11 281.91 1.8647E-05 1.0636E-04 6.0079E-08
51147 5.1965E-04 5.2224E-04 1.62588E-07
131.30 7.3509E-05 9.4047E-05 1.14057E-07
12 280.55 2.5133E-04 2.5378E-04 1.44043E-07
517.71 9.9389E-04 1.0292E-03 3.16567E-07
128.70 1.6630E-04 2.5995E-04 3.21621E-07
13 279.27 1.2840E-04 1.9462E-04 1.10968E-07
509.69 2.1344E-03 2.2518E-03 7.0349E-07
134.6 7.4659E-05 9.1322E-05 1.08036E-07
1 277.15 1.9020E-04 2.1265E-04 1.22175E-07
420.56 6.7289E-05 2.7057E-04 1.02446E-07
508.31 2.6644E-04 2.8127E-04 8.81111E-08
133.95 1.6498E-05 6.0527E-05 7.19524E-08
15 278.75 1.1343E-04 1.5613E-04 8.91883E-08
426.37 2.5148E-05 2.0720E-04 7.73809E-08
51146 7.2633E-05 2.4513E-04 7.63189E-08
129.80 6.0859E-05 1.3704E-04 1.68116E-07
16 280.79 2.4528E-04 2.6671E-04 1.5125E-07
516.90 6.2765E-04 6.6643E-04 2.05298E-07
134.01 4.6218E-05 1.1011E-04 1.3084E-07
17 278.48 2.4944E-04 2.4946E-04 1.42641E-07
418.78 1.5999E-04 3.4098E-04 1.29651E-07
503.83 1.3680E-03 3.7577E-04 1.18764E-07
134.69 8.0407E-06 6.0612E-05 7.16577E-08
276.50 5.1525E-05 7.1410E-05 4.11251E-08
18 422.11 7.3304E-05 1.0963E-04 4.13563E-08
515.50 1.0940E-05 2.0954E-04 6.4725E-08

full factorial design was reduced from 3*x2'=162
trials to 18 trials. The 18 finite element models were
analyzed by ANSYS to obtain strong radiation modes
and admittances at resonances for optimizing process.

Main Effects Plot (data neans) for SN ratios

Mean of SN ratios

Slgnal-to-noise: Larger is better

Fig. 4. Main effects plots for S/N ratio.

4.2 Modal and harmonic analyses

In terms of FEM code, modal and harmonic an-
alyses were conducted to obtain the mode shapes of
the structure and the admittances at different resonant
frequencies, respectively. Element type of solid 5 in
ANSYS is used to discretize piezoceramic patch and
solid 45 for aluminum plate. Fighteen models ob-
tained from Sec. n 4.1 are discretized and analyzed
using modal and harmonic solvers in ANSYS.
Natural frequencies were extracted by modal analysis.
The admittances and charge values at different
resonant frequencies were obtained by harmonic
analysis. Accordingly, the admittances and natural
frequencies at strong radiation modes were obtained
form admittance and mode shapes of piezoelectric
structure as shown in Table 3.

4.3 Optimization using taguchi method

In the present study, the DOE (Design of Experi-
ments) module in Minitab is used for Taguchi
optimization (Ryan and Joiner, 1994). The admit-
tances derived from ANSYS according to the 18
models were regarded as performance index and put
into the required table of Taguchi method. Static
analysis was conducted in this study. An optimal
configuration of the patch on host structure was
derived from 18 models. In this paper, the objective
value (signal to noise ratio: S/N) of cost function
(admittance) is set to be the-Larger-the-Better, which
1s defined as Eq. (15). In which MSD =1n X (I/y) is
the mean square deviation, y is the extracted
admittances at strong radiation modes from 18
tentative models determined by orthogonal array
(Tables 2 and 3), and n is the number of model. The
Larger-the-Better means that MSD is minimized.
Minimizing the MSD represents maximizing the S/N.
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Table 4. Response and main effects for S/N ratio.

Level A B C D E

1 71.99 69.60 .76 7701 7813

2 74.86 74.12 7296 73.89 7334

3 76.55 74.56 6938 68.80
Delta 2.86 6.94 1.80 763 934
Rank 4 3 5 2 1

A
- >
100]

(a) Initial configuration

+

v

(b) Optimal configuration

Fig. 5. The initial and optimal configuration of smart panel.

As result, one can obtain S/N ratio for each model by
use of the admittances at different strong radiation
modes. The results of optimization process are shown
in the main effect plot (Fig. 4) and S/N values (Table
4). According to the function of ‘the-Larger-the-
Better’, the optimal configuration is (1 1 1 3 3) case,
which represents that the piezoceramic patch is
located at the center of the host structure and the size
is 100 mmx100 mm, the rotational angle of piezo-
electric patch is 0°.

4.4 Analysis of initial model and optimal model

In order to correlate the design numerically and
experimentally, two models, the initial and optimal
configurations of smart panel, were selected in this
paper. The initial configuration of piezoceramic patch
1s 100 mmx50 mmx0.5 mm and the patch is located

Mode 1: 129.2Hz Mode 2 : 278.1Hz

Mode 4 : 428.5Hz

Mode 5: 502.3Hz

Mode 2 : 277.THz

Mode 4 : 430.2Hz

Maode 5 : 505.5Hz Mode 6 : 522.1Hz

Fig. 7. Mode shapes and natural frequencies of optimal model.



Heung Soo Kim et al. / Journal of Mechanical Science and Technology 21(2007) 642~653 649

0.008
= Conductance of initial model -
—m— Conductance of optimal model
0.006 <
g
‘g 0.004 -
o
g I
& 0002 !
o .
0.000 J‘
T T T T T T
100 200 300 400 500 00
Frequency (Hz)

Fig. 8. Conductances of initial and optimal model.

Impedance Analyzer : HP 4192A |

Fig. 9. Experimental apparatus for admittance analysis.

at the center of aluminum plate [Fig. 5(a)]. The
optimal configuration of piezoceramic patch obtained
by Taguchi method is 100 mmx100 mmx0.5 mm and
also located at the center of aluminum plate [Fig.
5()]. Using finite element code, the modal analysis
was performed first. The mode shapes and natural
frequencies were extracted as shown in Figs. 6 and 7.
Then, the numerical admittances were obtained by
harmonic analysis for two models. The comparison is
presented in Fig. 8. It is clearly observed that the
conductance of optimal model is larger than that of
initial model under same external excitation.

5. Experimental results

Numerical admittance and shunt performance were
validated by two experiments.

00030 -

Conductance (1/chm}-Sim
Conductance (1/chm -Exp

00025+

0.0020 <

0.0015 =

00010

Conductance({1/ohm})

T T T T T T
100 200 00 400 500 00

Frequency(Hz)
(a) Conductance

—— Susceplance ( 1/ohm }-Sim 1
-—— Susceptance ( 1/ohm }-Exp

00025

0.0020 -

0.0015

0.0010 =

0.0005 -4

Susceptance( 1fohm)

0.0000 -

-0 0005 -4

-0.0010

T T T T
100 200 00 400 500 600

Frequency(Hz)
(b) Susceptance

Fig. 10. Comparison of experimental and numerical admit-
tance of initial model.

0.010
—— Conductance (1/chm)-Sim
o ——= Conductance {1/ochm)-Exp
0,008
E
g 0.005
]
(=
8 oo+
3
=
5
O 0002 -
0000 - ..A.__ ____‘________‘__'n_'}!.
T T T T T T
100 200 300 400 500 800
Frequecy(Hz)
(a) Conductance
0,209 —— Susceptance(1/chm)-Sim l
—— Susceptance(llchm)-Exp | |
0.006 - f
E
5 0.004+
§ 0.002
-
?“ 0.000
@
-0.002 -
-0.004 T T T T T T
100 200 300 400 500 60O
Freguency(Hz)

(b) Susceptance
Fig. 11. Comparison of experimental and numerical admit-
tance of optimal model.
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Table 5. Comparisons of natural frequencies for initial and
optimal model.

FEM Experiment
Model Comparison
Frequency (Hz) | Frequency (Hz)

129 125 3.1%
100mmX50mm

502 496 1.2%

126 122 2.4%
100mmX100mm

506 512 1.4%

5.1 Admittance test

The admittances for initial and optimal model were
measured by using the impedance analyzer (HP4192
A). The experimental setup is presented in Fig. 9. The
admittances were measured at open circuit state.
According to the poling direction, the positive
electrode of the impedance analyzer was connected
with the top surface of the piezoelectric patch that
was away from host plate. The negative electrode of
the impedance analyzer was connected with the host
plate. Comparisons between experimental and nu-
merical admittances of initial and optimal model are
presented in Figs. 10 and 11. Two peaks of conduc-
tance and susceptance represent first and fifth natural
frequencies of square plate, which are strong radiation
mode. The comparisons of natural frequencies are
listed in Table 5. The natural frequencies obtained by
experiments are shifted down 3.1% and 1.2% for
mnitial configuration, 2.4% and 1.4% for optimal
configuration, respectively. As result, it is observed
that the conductances (the real part of admittances)
and natural frequencies correlate well between nu-
merical and experimental results.

5.2 Shunt damping test

For the sake of testing the performance of vibration
reduction of smart panel, an actuating piezoceramic
patch is bonded on the center of the aluminum plate,
where is the opposite side of aluminum plate for
shunting piezoceramic patch. The size of piezoceramic
patch for exciting panel is 50 mmx50 mmx0.5 mm.
Experimental setups for piezoelectric shunt damping
are presented in Fig. 12. An accelerometer (Charge
Accelerometer Type 4374, B&K) was attached on the
surface of the piezoceramic patch to measure time
and frequency response of smart panel. Resonant

shunt circuit was connected to the piezoceramic patch.

The performance of shunt damping was processed by
PORTABLE FFT ANALYZER CF-3200 manufac-

(-N-1
o o| DCPower Supply

Fig. 12. Experimental setup for piezoelectric shunt damping.
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Fig. 13. FRF responses of initial configuration.

tured by ONO SAKK company. Figures 13 and 14
present frequency responses of vibration through
optimally tuning two target modes with and without
piezoelectric shunt damping for initial model and
optimal model, respectively. Comparison of shunt
performance is listed in Table 6. In initial model
configuration, the vibrations are suppressed 16 dB at
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Fig. 14. FRF responses of optimal configuration.

Table 6. Comparisons of the piezoelectric shunt performance
between initial and optimal model.

Mode . .
Number Initial Model Optimal Model Improvement
1 125Hz -16dB 122Hz | -20dB 25%
5 496 Hz -18dB 512Hz | -22dB 2%

first mode while 18 dB at fifth mode. In optimal
model configuration, the magnitudes of vibration are
reduced to 20 dB at first mode while 22 dB at fifth
mode. It is illustrated that the performance of
piezoelectric shunt is improved by 25% at first mode
and 22% at fifth mode from the mitial model to
optimal model. From the observation, optimal con-
figuration of piezoelectric shunt structure can be
obtained using admittance as a design parameter.

6. Conculsion

In this study, optimal configuration of smart panel
was obtained using admittance. Admittance of piezo-
electric system was introduced to represent electro-
mechanical coupling of smart panel. The dissipated
power of smart panel was only a function of admit-
tance of piezoelectric patch in open circuit. Therefore,
admittance was selected as the performance index for
optimal design of smart panel. Piezoceramic patch
bonded on the host structure was configured by size,
location, as well as rotational angle on the host plate.
Control parameters were selected to suppress radia-
ting mode of smart panel for the reduction of sound
transmission. Fach parameter owned three levels
except the rotational angle owning two levels in the
process of optimal design. Taguchi method was used
to obtain the optimal configuration of piezoceramic
patch bonded on the smart panel. Initial and optimal
models were investigated to correlate numerical and
experimental results. Two experiments were conducted
to validate the result of optimal design. Numerical
and experimental admittances provided good correla-
tions. In terms of shunt damping test, the performance
of piezoelectric shunt damping was improved by 25%
at first mode and 22% at fifth mode by comparing the
optimal configuration with the initial configuration. It
is concluded that the performance of smart panel can
be predicted by analyzing admittance of piezoelectric
structure and admittance can be used as a design
index of smart panel.

Appendix

Aluminum plate: Young’s modulus=70 GPa, Pos-
sion’s ratio=0.345, Density=2698(kg/m’).

PZT-5H: Density=7500 kg/ m’,

Elastic property matrix with constant electric field
is

(126 795 841 0 0 0
126 841 0 0 0
117 0 0 0 . )
x10"°(N /m?)
235 0 0
Sym 23 0
| 23]

Piezoelectric strain matrix
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r

0 0 0o 0 0 17
0 0 0 0 17 0| xF/m’
-6.55 =655 233 0 0 O

Dielectric property matrix with constant strain is

1700 0O 0
0 1700 0O
0 0 1470

(C/m*)
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