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Abstract 
 
This paper presents a new acoustic radiation optimization method for a vibrating panel-like structure with a passive 

piezoelectric shunt damping system in order to minimize well-radiating modes generated from the panel. The optimiza-
tion method is based on an idea of using the p-version finite element method(p-version FEM), the boundary element 
method(BEM), and the particle swarm optimization algorithm(PSOA). Optimum embossment design for the vibrating 
panel using the PSOA is first investigated in order to minimize noise radiation over a frequency range of interest. The 
optimum embossment design works as a kind of stiffener so that well-radiating natural modes are shifted up with some 
degrees. The optimized panel, however, may still require additional damping for attenuating the peak acoustic ampli-
tudes. A passive shunt damping system is thus employed to additionally damp the well-radiating modes from the opti-
mized panel. To numerically evaluate the acoustic multiple-mode damping capability by a shunt damping system, the 
integrated p-version FEM/BEM for the panel with the shunt damping system is modeled and developed by MATLAB. 
Using the PSOA, the optimization technique for the optimal multiple-mode shunt damper is investigated in order to 
achieve the optimum damping performance for the well-radiating modes simultaneously. Also, the acoustic damping 
performance of the shunt damping circuit in the acoustic environment is demonstrated numerically and experimentally 
with respect to the realistically sized panel. The simulated result shows a good agreement with that of the experimental 
result. 
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1. Introduction 

Design for desired sound emission characteristics, 
as well as design for the addition of vibration damp-
ing, are important and challenging problems. Signifi-
cant progress has been made in the development and 
validation of numerical techniques for the accurate 
prediction of the acoustic emission of noise from 
vibration structures of general shape. However, in 
many structural design problems vibration and noise 
are difficult to control in the post-fabrication stage. 
This makes it necessary to take into account noise and 

vibration at an early design stage. With limited com-
putational time-power capacities, it is important to 
know which parts of a structure have the strongest 
effect on the objective function. The possibility to 
accomplish this without the need to run extensive 
parametric studies would greatly facilitate design 
refinement and optimization. Then, acoustic radiation 
optimization has been studied to improve such prod-
ucts from the viewpoint[1].  

There are some publications concerning acoustic 
radiation optimization as briefly reviewed below. 
Tinnsten et al.[2] presented a comparison of the nu-
merical result and the experimental result for mini-
mizing acoustic emission emanating from a cylinder 
having top and bottom shell plates by using simulated 
annealing(SA). The thickness in one boundary sur-
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face of shell structure was employed as design vari-
able. The results provided by Kaneda et al.[3] indi-
cated the advantages and the validity of the optimized 
geometry of plate curvature for reducing sound power 
effectively. Micro genetic algorithm (MGA) was used 
to optimize plate geometry. These approaches, how-
ever, may still require the addition of passive or active 
damping for attenuating the shifted peak vibration 
amplitudes generated from the optimized structures.  

The application of piezoelectric materials with dif-
ferent control configurations(such as active control, 
shunted control, etc.) for reducing vibration and struc-
ture-borne noise has been studied by many research-
ers in the past few years. Almost all of the studies 
have involved the implementation of an active control 
system for reducing acoustic radiation from a vibrat-
ing structure, also referred to as structure-borne noise. 
[4-6] Within active control systems, the piezoelectrics 
require complex amplifiers and associated sensing 
electronics. These can be eliminated in passive shunt-
ing applications where the only external element is a 
simple passive electrical circuit. 

In recent years, the passive shunt damping systems 
employing the piezoelectric materials have been used 
to attenuate the peak vibration amplitudes from the 
vibrating structures. Piezoelectric materials can be 
used for producing the structural damping because of 
their unique ability to efficiently transform mechani-
cal energy into electrical energy and vice versa, as 
shown in Fig. 1. 

Piezoelectric shunts using a resistor and an inductor 
in series have been studied by Hagood and Flotow[7]. 
They presented an analytical model of the shunted 
piezoelectric with the experimental verification of the 
model using a resistive and a series resonant shunt to 
provide damping for the cantilevered beam. Davis and 
Lesieutre[8] developed a method for predicting the 
passive damping in beams with resistively shunted 
piezoelectric patches based on the strain energy dissi-
pation approach, and reported experimental results. 

 

 
 
Fig. 1. Equivalent electrical model of a PZT. 

Hollkamp[9] expanded the theory of piezoelectric 
shunting for a single mode so that a single piezoelec-
tric material can be used to suppress two modes by 
optimally designing the shunting parameters. The 
multimode damper was demonstrated experimentally 
as a two-mode device applied to a cantilever beam. 
Wu et al.[10] described the principle of the multiple-
mode shunting and the generalized shunt circuit em-
ployed to shunt-damp multiple modes simultaneously 
using only a single PZT. However, most of the above 
reported work on passive piezoelectric damping has 
been investigated in order to dampen the peak vibra-
tion amplitudes from a simple laminate or limited 
structural (mostly cantilevered beam) configurations. 
In modeling piezoelectric structures with shunt cir-
cuits, the conventional mechanical impedance model 
has been used. 

Some researchers have studied passive shunt damp-
ing systems for reducing acoustic radiation of a vi-
brating structure. Kim et al.[11] presented a new tun-
ing method for passive piezoelectric damping that is 
based on the electrical impedance model and maxi-
mum dissipated energy method. A panel-like struc-
ture mounted in a square cross-section tunnel was 
used as an example to verify the acoustic damping 
performance of the proposed method in realistically 
sized structures and multi-mode damping. Two pie-
zoelectric wafers were used to take into account the 
edge and center modes of the plate individually and 
7~10 dB reductions were experimentally achieved at 
these modes. Ahmadian et al.[12] investigated a de-
tailed analysis of the experimental results of sound 
transmission tests for three different test plates, 
namely an undamped plate, a plate with constrained 
layer damping, and a plate with electrically shunted 
piezoceramic materials(PZTs). But they did not pro-
duce any theoretical result for an acoustic test. 

Although the above-mentioned studies have pro-
vided valuable experimental results for acoustic 
damping performance with respect to the vibrating 
panel structures with several piezoelectric patches, a 
detailed analysis of the simulated result by acoustic 
radiation analysis seems to be required. 

In this paper, author proposes a new acoustic radia-
tion optimization method for a vibrating panel-like 
structure with passive piezoelectric shunt damping 
circuit in order to minimize several well-radiating 
modes generated from the panel. The optimization 
method is based on an idea of using the p-version 
finite element method(p-version FEM), the boundary 
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element method(BEM), and the particle swarm opti-
mization algorithm(PSOA). The purpose of the pre-
sent study is to investigate the validity of the pro-
posed optimization method for the optimum design of 
an embossed panel section in the panel and the opti-
mum components of the piezoelectric shunt damping 
circuit to efficiently minimize well-radiating modes. 
The effectiveness of the optimum design method is 
demonstrated by basic applications in simulation and 
experiment using an aluminum panel under a point 
force excitation in the frequency range from 50 [Hz] 
to 500 [Hz]. To numerically evaluate the acoustic 
damping performance with respect to the optimized 
panel with a piezoelectric shunt damper, the coupled 
p-version FEM/BEM model is modeled and devel-
oped by using MATLAB. The optimization technique 
for a piezoelectric shunt damper based on the PSOA 
is proposed to optimally tune the shunt electrical 
components for wholly minimizing the amplitude of 
an average velocity transfer function over a frequency 
range of interest. 
 

2. Structural-acoustic analysis for the global 
system with the piezoelectric damper 

In the present study, an acoustic radiation optimiza-
tion of a clamped panel is performed in order to 
minimize noise radiation. The technical theory for the 
acoustic optimization is described in this section. A 
passive shunting control system is employed to addi-
tionally damp multiple-mode well-radiating modes 
from the optimum embossed panel in Fig. 9, which 
was obtained by acoustic radiation optimization based 
on the PSOA. The passive piezoelectric damper is an 
energy dissipation mechanism. The electrical imped-
ance in the passive control system, as described in Fig. 
1, is connected to the piezoelectric electrodes to dissi-
pate electrical energy into the shunt damping circuit 
in the form of joule heating energy. The electrome-
chanical coupling analysis of the global system with 
the shunted piezoelectric is described in this section. 
A three-dimensional finite element code using the p-
version FEM is developed in order to analyze the 
electromechanical model of piezoelectric materials 
using MATLAB. Also, the boundary element method 
(BEM) is demonstrated analytically to evaluate the 
resultant reduction effect of acoustic radiation ob-
tained by using the piezoelectric shunt damping sys-
tem. The outline of the implementation of PSOA in 
the acoustic optimization computation is described. 

 
2.1 Electro-structural analysis using p-version FEM 

The fundamental property of piezoelectric materi-
als is their ability to generate charge from an applied 
stress and conversely to generate stress from an ap-
plied electrical field. After the application of Hamil-
ton’s principle and finite element discretization for 
coupled electromechanical systems, the coupled finite 
element matrix equations for each element model can 
be derived in terms of extended nodal displacements 
as: 
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where M⎡ ⎤⎣ ⎦ , C⎡ ⎤⎣ ⎦ , K⎡ ⎤⎣ ⎦  and Θ⎡ ⎤⎣ ⎦  represent the 
global mass matrix, the global damping matrix, the 
global stiffness matrix and the electromechanical 
coupling matrix of the host structure and the piezo-
electric material, respectively, PC⎡ ⎤⎣ ⎦  is the inherent 
piezoelectric capacitance matrix, { }F  is the applied 
mechanical force vector, { }q  is the electric charge 
vector, { }w  is the generalized mechanical coordi-
nate and { }v  is the generalized electrical coordinate, 
which is the physical voltage at the piezoelectric elec-
trodes. The damping matrix C⎡ ⎤⎣ ⎦  is assumed to be a 
proportional viscous damping, which represents in-
ternal structural damping[13]. In the present study, p-
version FEM using an eight-node, 32 degree-of-
freedom brick element together with the shape func-
tions of incompatible modes is developed for the pie-
zoelectric analysis of a clamped panel with the 
bonded piezoelectric material, as depicted in Fig. 9. 
When a piezoelectric patch is shunted by an imped-
ance shZ , the shunt damping voltage across the shunt 
damping network can be represented by the current-
voltage relationship in the Laplace domain as: 

 
( ) ( ) ( )sh sh shV s Z s I s= ⋅   (2) 

 
where ( )shV s  is the voltage across the impedance 
and ( )shI s is the current flowing through the imped-
ance.  

The governing equation of the shunted piezoelec-
tric can be derived by considering the additional pas-
sive piezoelectric damping force as follows: 
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where the total electrical impedance of the shunted 
piezoelectric totalZ  includes the inherent capacitance 
of the piezoelectric and can be expressed by  

 

1
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+

.  (4) 

 
The velocity transfer function for a structure with 

the shunted piezoelectric can be expressed in the mo-
dal coordinates as follows: 
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where riφ and rjφ are the elements i  and j , respec-
tively, of the r th eigenvector matrix. 

 
2.2 Acoustic radiation analysis using BEM 

In this section, the direct boundary element method 
(BEM) developed by MATLAB is briefly reviewed, 
because acoustic analysis is performed to theoreti-
cally predict the shunt damping capability of a vibrat-
ing panel with the bonded piezoelectric material. 

The direct BEM solves the Helmholtz equation 
with respect to an unbounded exterior domain at a 
time. The primary variable in the boundary integral 
equation is sound pressure. Then, with respect to an 
acoustic field as shown in Fig. 2, the Helmholtz inte-
gral equation can be written in the formal way as 
follows: 
 

( ) ( ) ( , ) ( ) ( , ) ( )nS
p P j v Q Q P p Q Q P dS Q

n
ρω ∂Ψ⎡ ⎤=− Ψ +⎢ ⎥∂⎣ ⎦∫ %   (6) 

 
where p  is sound pressure, Q  and P  are the 
field and source points, respectively, and ρ  is air 
density. Ψ  is the fundamental solution (called 
Green’s function) in a three-dimensional free space 

 

 
 
Fig. 2. Exterior problem. 

which is expressed as: 
 

1( , )
4

jkRQ P e
Rπ

−Ψ =   (7) 

 
where /k cω ′=  is the wave number, c′  is the 
sound speed in air, and R  is the distance of arbitrary 
points in Q  from P . Note that the normal unit vec-
tors n  on the boundary surface S , which is discre-
tized into boundary elements, are pointed into the 
negative normal direction. Equation (6) shows that 
the sound pressure ( )p P , at arbitrary point P , in-
side the acoustic domain, Ω , can be obtained by 
integrating the equation on the boundary.  

Applying a boundary element discretization pro-
cedure to Eq.(6), the linear system of equations is 
expressed as: 

 
( ) ( ) ( ) ( )nH p G vω ω ω ω= %    (8) 

 
where ( )H ω  and ( )G ω  are the global complex fre-
quency dependent system matrices. The four-node 
quadrilateral elements are used for the discretization 
of the specimen structure. 

The total radiated sound power can be obtained by 
spatial integration of the mean square sound pressures 
at 13 observation points over the virtual hemispheri-
cal surface (see Fig. 3). In discretized form for nu-
merical computation, the total radiation sound power 
level W  can be expressed as: 

 
2 2

1

2 m
i

o
i

r pW
c m

π
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1010log ( / )o refW W W= [dB]   (9b) 

 
where refW  is the reference sound power, equal to 

1210− [W], ip is the mean square sound pressure at 
the i th observation point, 22 rπ is the surface area of 
the hemisphere with radius r , and m is the number 
of the observation point. 

 

 
 
Fig. 3. Observation points. 
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2.3 Particle Swarm Optimization 

The particle swarm optimization (PSO), which was 
proposed by Kennedy and Eberhart[14], originated 
from a simulation algorithm for simplified social 
behavior of organisms, such as bird flocking and fish 
schooling, developed by zoologists. It comprises a 
very simple concept that requires only primitive 
mathematical operators so that it is computationally 
inexpensive in terms of both computer memory and 
speed.  

Let q  be the number of the PSO population. For 
particle d ( 1,2,.......d q= ), Kennedy and Eberhart 
initially proposed that, for simulating the social be-
havior of birds, the position dx  in PSO be updated 
as: 

 
1 1

d d d
k k kx x v+ += +   (10) 

 
and the velocity dv  be updated as: 

 
1 1 1 2 2( ) ( )d d d d g d

k k k k k kv v c r p x c r p x+ = + − + −   (11) 

 
where the subscript k  is a time increment counter, 

1r and 2r  are stochastic factors in the range [0,1] , 
1c  and 2c  are constants, called acceleration coeffi-

cients, that are recommended by the developers and 
that control the maximum step size the particle can 
perform, d

kp  represents the best ever position (i.e., 
the best position of the d th particle that minimizes 
the objective function until the k th optimization 
process) of particle d  at time k , and g

kp  repre-
sents the global best ever position (i.e., the global best 
position among all particles that minimizes the objec-
tive function until the k th optimization process) in 
the swarm until time k .  

Furthermore, by adding a new inertia weight λ  
into Eq. (11), a new modified formulation of PSO 
was proposed by Eberhart et al.[15] as follows: 

 
1 1 1 2 2( ) ( )d d d d g d

k k k k k kv v c r p x c r p xλ+ = + − + −   (12) 

 
They proposed 0.8 1.4λ< <  as the appropriate 

range of λ . The inertia weight, which is a user-
specified parameter, is used to control the impact of 
the previous historical values of the particle velocities 
on the current velocity. A larger inertia weight facili-
tates flying toward global exploration, searching a 

new area, while a smaller inertia weight tends to fa-
cilitate fine-tuning of the current search area. Appro-
priate selection of the inertia weight and acceleration 
coefficients can provide a balance between global and 
local exploration abilities, and thus, on average, the 
optimal solution can be found in fewer iterations. 
Equation (11) is employed in order to obtain the new 
velocity of the particle according to its previous ve-
locity and the distance of its current position from 
both its own best historical position and its neighbors’ 
best position. Then, the particle d  in PSO moves to 
a new position according to Eq. (10). 

 
2.4 PSO algorithm for acoustic radiation optimiza-

tion 

This section describes the implementation of 
PSOA for the acoustic optimization method. The 
main purpose of the acoustic optimization method 
is to minimize the sound power radiated from a 
panel-like structure or component in machines. 
Then, the average radiated sound power wA  over a 
frequency range of interest, which is derived from 
the total radiated sound power W  in Eq. (9), is 
adopted as the objective function to be minimized 
in the second process. In tuning the optimal pa-
rameter for the piezoelectric shunt damping circuit, 
the average velocity transfer function wB  over a 
frequency range of interest, which is derived from 
the velocity transfer function D  in Eq. (5), is 
adopted as the objective function to be minimized 
in the third process. The average radiated sound 
power, average velocity transfer function and the 
objective function are expressed by Eqs (13a) and 
(13b), respectively. 

 

1 1

1 1( ), ( )
f fN N

w i w i
i if f

A W B D
N N

ω ω
= =

= =∑ ∑   (13a) 

Minimize ,w wA B   (13b) 

 
The feasible design area of the variables must be 

bounded in practice. Then, the upper and lower 
bounds of the design variables are expressed as: 

 
( ) ( ) ( ) ( 1 ~ 3)x i x i x i i≤ ≤ =    (14) 

 
where ( )x i  and ( )x i  are the lower and the upper 
boundary of design variable number i , respectively. 
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3. Acoustic radiation optimization for a clamped 
panel 

3.1 Numerical and experimental configurations 

As a basic application to verify the acoustic optimi-
zation method, an aluminum panel under clamping its 
four edge lines is dealt with under a point exciting 
force having the amplitude of 1 N in the frequency 
range of 50~500Hz. It has the dimensions of 
0.45 0.4m×  with thickness 0.001 m.  The material 
properties of the aluminum panel (JIS A5052) are 
Young’s modulus of 69.3 GPa, Poisson’s ratio of 0.33, 
and density of 32680kg / m . The panel is assumed to 
be in an infinite baffle. The panel is under applying a 
point exciting force at the center, whose coordinate is 
(0.0,0.0,0.0), of the panel. The application is per-
formed with respect to the frequency range of 50~500 
[Hz]. The computational frequency interval is 1 [Hz]. 
The acoustic medium is air having a density of 

31.21kg / m  and sound speed of 343m /s . In the 
acoustic optimization process, observation points are 
symmetrically employed at 13 points on the hemi-
spherical surface 0.8m  away from the center of the 
panel.  

To confirm the validity of the above-mentioned 
simulation method, an experiment is carried out. 
Fig. 4 illustrates actual panel clamped on a box-like 
test bench that can be assumed to be rigid. Raised 
sections are made in the experimental panels by 
embossing wisely by a professional industrial tech-
nician using a press machine. 
The experiments are carried out using a sound in-
tensity measurement system in a semi-anechoic 
chamber. The sound power level(SPL) is obtained 
in accordance with sound intensity measurement at 
discrete points (ISO 9614-1:1993), which is related 
to the imaginary part of the cross spectrum between 
two microphones. 

 
 

  
 
             (a) Original panel                  (b) Optimized panel 
 
Fig. 4. Clamped panel. 

 
3.2 Acoustic radiation optimization using PSOA 

The implementation of the acoustic optimization 
problem under excitation at the center point of the 
panel is presented in this section. As expressed in 
the dotted line in Fig. 5, the integrated p-version 
FEM/BEM analysis computes the radiated sound 
power of the original flat panel having six well-
radiating natural modes at 49.9, 165.1, 199.7, 302.4, 
380.8, and 473.6 [Hz], respectively. The radiated 
sound power from the panel with the optimum em-
bossed panel section is computationally predicted 
as shown in solid line in Fig. 5.  

The optimum embossed panel section works as a 
kind of stiffener so that well-radiating natural 
modes are shifted up to some degree. Fig. 6 indi-
cates that the proposed acoustic radiation optimiza-
tion will be able to give us a good design of the 
embossed panel section that can decrease the SPL 
from 102.3 dB to 88.8 dB over the given frequency, 
50~500 [Hz] in 1 [Hz] steps. That is, a reduction of 
about 14 dB. Fig. 6 shows that a big reduction of 
the objective function is achieved after about ten 
iterations and that the solution converged after 
about 80 iterations. The program was made by the 
author using MATLAB. It took about 1 hour for 
one iteration using a personal computer with Pen-
tium 4 having 2.4 GHz and 1GB RAM. 

The resultant embossed panel section has the di-
mensions of height ( 0.004m ), width ( 0.054m ), 
and length ( 0.237m ).  

Fig. 7 shows the sound powers obtained by ex-
periment. The dotted line represents the SPL radiated 
from the original panel shown in Fig. 4(a) under a 
point force excitation having the amplitude of 1 N in 
the frequency range of interest. The solid line presents 
the SPL of the optimized panel shown in Fig. 4(b).  

 

 
 
Fig. 5. Comparison of the SPL for original and optimized panel 
in excitation at center point. 
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The result of the experiment ensures that noise reduc-
tion of the panel is successfully achieved over the 
given frequency range. Precisely comparing the ex-
perimental result in Fig. 7 to the simulation result in 
Fig. 5, it is found that the natural frequencies of the 
experimental result are slightly higher than those of 
the simulation results.  

However, it can be admitted that the experimental 
result is in good agreement with the simulation and 
that the average sound power level was decreased 
from 102 dB to 88 dB over the given frequency range. 
That is, it is experimentally confirmed that the opti-
mized panel can possibly achieve about 14 dB noise 
reduction of the average SPL. Furthermore, the sound 
pressure at a point (0.0,0.0,0.1) in time domain is 
measured, and is shown in Fig. 8. The impulse sound 

 

 
 
Fig. 6. The convergence history. 
 

 
 
Fig. 7. Comparison of the SPL for original and optimized panel 
in excitation at center point. 

 

  
Fig. 8. Sound pressure time response. 

pressure response in time domain can make it clear 
that the optimized panel generates less noise than the 
original panel. However, there are still the shifted 
peak vibration amplitudes from the optimized panel 
over the frequency range of interest. The optimized 
panel may still require additional damping for attenu-
ating the peak acoustic amplitudes. 
 

4. Passive acoustic radiation control using 
piezoelectric shunt damping circuit 

4.1 Numerical and experimental configurations 

In this section, to confirm the validity of the simu-
lation result, a piezoelectric damping experiment was 
performed in a semi-anechoic chamber. The shunt 
circuit chosen for this application is a modified series-
parallel shunt circuit, similar to the one demonstrated 
by Wu. Although other shunting concepts exist, this 
shunt circuit was chosen because it had successfully 
been used for other applications[10]. Using the shunt 
damping circuit, the multiple-mode shunt damping 
experiment was performed to additionally damp the 
first and fourth well-radiating modes from the opti-
mum panel, which was designed from the acoustic 
optimization computation. The acoustic optimum 
panel with a clamped boundary condition was per-
formed to verify the acoustic damping effectiveness 
of the piezoelectric shunt circuit in this section. The 
PZT C-82 piezoelectric patch was bonded on the 
upper surface of the optimum embossed the panel by 
using a very thin layer of epoxy, as shown in Fig. 9. 
The location of the PZT was selected based on the p-
version FEM/BEM and modal analysis testing. It has 
a size of 0.2 0.03m× with a thickness of 0.001m.  
The multiple-mode shunt damping circuit was wired 
in parallel to the electrodes of the PZT piezoelectric 
patch so that the shunted piezoelectric could damp 
several well-radiating modes of the panel with the  

 

 
 

Fig. 9. A clamped panel with the shunted piezoelectric. 
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Table 1. Component values of the simplified circuit for the panel. 
 

Circuit  
Components Experimental Values Simulated 

Values 
1C  
2C  
1L  
2L  
1R  
2R  

1 ㎌ 
1 ㎌ 

3.21 H 
0.50 H 
23.1 ㏀ 
30.1 ㏀ 

1 ㎌ 
1 ㎌ 

3.21 H 
0.49 H 
25.1 ㏀ 
31.7 ㏀ 

 

 
(a) Experimental frequency response 

 

 
(b) Simulated frequency response 

 
Fig. 10. Acoustic frequency responses of a realistic sized panel. 

 
optimum embossment. Using a single PZT piezoelec-
tric patch only, piezoelectric damping was imple-
mented at two resonance modes simultaneously. 

To search for the optimal shunt resistance iR , the 
author employed an optimization technique based on 
the PSOA. The optimization technique was per-
formed to search for the optimal parameter for wholly 
minimizing the amplitude of the average velocity 
transfer function over the frequency band of interest. 
Note that the capacitance ( 134T

pC = ㎋) of the PZT 
piezoelectric at constant stress was measured by the 
impedance analyzer. 

The acoustic experiments were done by using a 
sound intensity measurement system in a semi-
anechoic chamber.  

  
Fig. 11. Experimental time domain responses. 

 
4.2 Multiple well-radiating modes damping 

The Piezoelectric damping experiment was carried 
out to additionally dampen the first and fourth well-
radiating modes of the vibrating panel with the opti-
mum embossment. The experimental result, whose 
SPL is shown in Fig. 10(a), was measured to verify 
the acoustic damping performance with respect to the 
panel. A summary of the circuit components applied 
in the modified series-parallel shunt circuit is listed in 
Table 1. As shown in Fig. 10(a), the peak amplitudes 
at the first and fourth well-radiating modes were ex-
perimentally reduced by 5.9 dB and 5.0 dB, respec-
tively. The simulation result shown in Fig. 10(b) was 
calculated by using the integrated p-version FEM/ 
BEM method described in section 2. The peak ampli-
tudes of the first and fourth modes were theoretically 
observed with reductions of 6.5 dB and 5.8 dB, re-
spectively. The simulated result is in good agreement 
with the experimental result. The damping perform-
ance of the shunted piezoelectric can be further ob-
served by comparing the SPL of the original panel, as 
shown by dashed line in Fig. 10. 

Furthermore, the sound pressure at a point 
(0.0,0.0,0.1) in time domain was measured, and 
shown in Fig. 11. The impulse sound pressure re-
sponses in time domain show clearly that the shunted 
piezoelectric can sufficiently conduct the damping 
performance in the acoustic environment. 
 

5. Conclusions 

A new acoustic radiation optimization method has 
been proposed for a vibrating thin panel structure 
with passive piezoelectric shunt damping system in 
order to simultaneously damp several well-radiating 
modes from the panel. The optimization method is 
based on the integrated p-version FEM/BEM and the 
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particle swarm optimization algorithm(PSOA). The 
main purpose of the optimization method was to 
search for the optimum design of an embossed panel 
section in the panel and the optimum components of 
the piezoelectric shunt damping system in order to 
efficiently reduce noise. The validity of the optimum 
design method was demonstrated by basic applica-
tions in simulation and experiment using an alumi-
num panel under a point force excitation in the fre-
quency range from 50 [Hz] to 500 [Hz].  

Furthermore, to numerically predict the acoustic 
damping performance with respect to the optimized 
panel with a piezoelectric shunt damper, the coupled 
p-version FEM/BEM model was modeled and devel-
oped by using MATLAB. The optimization technique 
for a piezoelectric shunt damper based on the PSOA 
was proposed to optimally tune the shunt electrical 
components of the modified series-parallel shunt 
damping circuit.  

In addition, to confirm the validity and effective-
ness of the simulation result, a multiple-mode shunt 
damping experiment was done by using a sound in-
tensity measurement system in a semi-anechoic 
chamber. The experiment was performed to verify the 
acoustic damping performance of the shunt circuit 
with respect to the optimized panel, which was theo-
retically demonstrated by the simulation. The piezo-
electric damping experiment was carried out to addi-
tionally damp and reduce the 1st and 4th well-radiating 
modes generated from the optimized panel simulta-
neously.  

Also, the impulse sound pressure sound responses 
in time domain obtained experimentally show clearly 
that the shunted piezoelectric patch can successfully 
damp the well-radiating modes of the clamped panel. 
The experimental result shows good agreement with 
the simulated result. 
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