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Noise Reduction Using Smart Panel with Shunt Circuit
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Piezoelectric smart panels featuring shunt damping are designed and tested for broadband noise reduction.
Electrical admittance is introduced to represent electromechanical coupling of piezoelectric structures. Admittance
is used to predict the performance of piezoelectric shunt damping. The location, size, and rotational angle of
piezoceramic patches on the host panel are optimized by taking the admittance as a cost function and by using the
Taguchi method. The admittance is calculated by finite element method in the design stage and experimentally
verified after the optimal configuration is found. Shunt performance of the smart panel is realized by vibration
reduction in frequency domain. To illuminate the effect of noise reduction in the shunt system, a standard test setup
according to SAE J1400 is used to measure the transmission loss and sound pressure distribution for the smart panel.
In this paper, a broadband shunt technique for increasing transmission loss is experimentally investigated.

I. Introduction

OISE radiating from vibrating structures is a vital problem in
the field of engineering and many efforts have been conducted
to reduce radiating noise. The study of smart structures in the past
decade offers great potential in reducing vibration and acoustic
emission [1-3]. Piezoelectric materials are employed as both
actuators and sensors in the development of smart structures by
taking advantage of direct and converse piezoelectric effects.
Generally, an active control system has been extensively used to
decrease the noise radiation from the vibrating structure. Sun et al.
studied two distributed piezoelectric actuators to reduce the vibration
and noise of the structure [4]. Shields et al. applied a piezoelectric
damping to composite structure for active control of the vibration of
the structure [5]. Varadan et al. also demonstrated how to control the
sound radiation and noise of the main plate [6,7]. Lecce et al.
illuminated active vibration control in a vehicle by using
piezoelectric sensors and actuators [8]. Lee et al. demonstrated
noise reduction using passive and active hybrid panels [9]. However,
the active control technique has drawbacks due to the increased
complexity of the controller and expensive system. In contrast,
passive control does not bring any of the complexity and
expensiveness brought from active control. For passive control, it is
impractical for low frequency because an increasing amount of
materials is required. To compensate for the disadvantages of active
control and passive control, a passive shunt damping technique using
piezoceramic patches with a shunt circuit has been investigated,
because a passive piezoelectric shunt system is simple, compact, and
low cost compared with active damping technology and also has
advantages of broad bandwidth in vibration reduction and robust
temperature characteristics compared with traditional passive
damping technology using viscoelastic materials [10-12].
Piezoelectric shunt damping is a technology in which the
mechanical energy in structure is transferred to electrical energy
through piezoceramic patches bonded on the structure and
transferred electrical energy is dissipated by heat through the
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resistor in a shunt circuit attached to the structure [11,12]. Generally,
piezoelectric shunt systems consist of a host plate on which
piezoceramic patches are bonded and an electric shunt circuit is
networked to the piezoceramic patches. It is important to design an
effective piezoelectric structure, termed as a smart panel, and proper
shunt circuit for the high performance of a piezoelectric shunt
system. To dissipate external vibration or acoustical energy
efficiently, the piezoelectric structure must be constructed to
generate more charges on the surface of piezoceramic patches
bonded on the host structure, and the shunt circuit must be tuned to
suppress and to dissipate the vibration energy at resonance into heat.
Most researches have been concentrated on the piezoelectric shunt
circuit such as development of efficient shunt circuit, design of
multimode shunt circuit, and optimization of circuit parameters [13—
20]. Recently, several studies reported that the configuration of
piezoceramic patches was important for designated target frequency
and mode shape [21-23]. However, only mechanical characteristics
of piezoelectric structures were considered. Based on this study, it is
difficult to design a piezoelectric structure in real application and to
predict the performance of the piezoelectric shunt system. To
overcome this, electromechanical 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 dissipated energy in the shunt circuit is
investigated first and then admittance is used as a performance index
for optimal design of a smart panel. The Taguchi method is used to
obtain optimal configuration of a smart panel. Admittance is used as a
cost function in the optimal design process. Full three-dimensional
finite element models are analyzed to simulate vibration modes of a
smart panel and to obtain admittance of the system. Vibration
reduction of a smart panel is measured to study the improvement of
shunt performance. In addition, noise reduction with a shunt circuit is
investigated by transmission loss and sound pressure distribution of
piezoelectric structures. Two smart panels are compared through
numerical analysis and experiment to show the correlation of the
results for the design.

1L

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

Optimization of Smart Panel Using Admittance

A Admittance and Dissipated Energy

Admittance of piezoelectric structure is known as a representative
parameter of electromechanical couplings in a piezoelectric shunt
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Fig. 1 Schematic of the smart panel.

system [24]. Admittance analysis, that is the record of the spectrum
of electrical admittance of the compound resonator as a function of
the exciting frequency, has changed the focus from the physical
behavior of the system to its electrical opponents. When the exciting
frequency of the piezoelectric structure is much lower than the
natural frequency of piezoelectric materials, an equivalent electric
model of a piezoelectric structure can be obtained as shown in Fig. 2.
In the equivalent electric model, C, is capacitance of piezoelectric
material and L, C;, and R, represent equivalent mass, compliance,
and damping of the host structure, respectively. If the shunt circuit is
assumed as a serial resonant circuit, impedances of the equivalent
electric model are expressed as follows [25].

k 1
Zl(s)=m1s—|——l+c| =joL, + —+ R, (1
s joC,

Z,(s)=—= 2
2(5) s jwC, 2
Z5(s) = joL + R 3)

where Z, is the impedance of the host structure, Z,is the impedance
of the piezoelectric patch, and Z; is the impedance of the shunt
circuit. Because the total impedance of the system can be calculated
as

Z=27 +-2 @)

The admittance of the piezoelectric patch is the reciprocal of its
impedance as follows.

1

Y| =—
4

®)
The induced power can be defined in terms of the equivalent
electrical circuit according to Fig. 2. The induced power of the

system under external excitation is
1 1
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where i} is the complex conjugate of the current i;.
In open circuit state, i.e., Z3; = 00, total current of a piezoelectric
patch generated under external excitation i, is given as follows.

Vo

:m:VO~Y12 (7

io

where Y, = (Z, + Z,)! represents admittance of the piezoelectric

structure in open circuit. The voltage V,, represents voltage of a
piezoelectric patch in open circuit. When the shunt circuit is
connected to the structure, i.e., Z3 # oo # 0, the total current of the
piezoelectric shunt system can be expressed as follows.

Z, + 23)

7, 7, ®)

i1=i2+i3=V3'(

If the same external excitation is applied to the smart panel before
and after connecting the 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 the shunt circuit V5 and current flowing in
the shunt circuit i3 are expressed as follows.
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Meanwhile, the dissipated power can be described as
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Fig. 2 Equivalent circuit of the smart panel.
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From Eq. (11), the dissipated power is proportional to the
quadratic form of electromechanical characteristic values (|Y},|*) of
piezoelectric structure in an open circuit. If the voltage V, is applied,
admittance can be measured and it is an independent constant. On the
other hand, the dissipated power is only a function of admittance of
piezoelectric structure in an open circuit. Therefore, the reduction of
vibration in the piezoelectric shunt system is dependent on
admittance of piezoelectric structure and admittance can be regarded
as a performance index in designing a smart panel.

B. Analysis of Admittance

Finite element analysis is an effective method for the analysis of
structural response, because it is applicable to arbitrary shapes and
geometries. Admittance of piezoelectric structure is analyzed by the
electromechanical impedance model [26] or the finite element
method [27-29]. Admittance consists of real part, conductance, and
imaginary part, susceptance. The magnitude of electromechanical
coupling is represented by conductance. After finite element
discretization, equations of motion for the piezoelectric structure in
matrix form are expressed as follows [30].

{[M] [01}{[u]}+{w1 m}{w}

(0] [o1) | l¢l (0] o1} |4l
+{ K] [KW]}{[M]}:{[H} 1)

AT ANRE [0]
|Y|=’é', i=jo) 0 (13)

Y=G+jB (14)

where

[F), [u]= vector of nodal structural forces and displacements

[M], [D], [K]= structural mass, damping, and stiffness matrix

[Q], [¢]= vector of nodal electrical charges and potential

[K.4]. [Ky]= piezoelectric coupling and dielectric conductivity
matrix

t= transposed

i, V= current and voltage

Y, G, B= admittance, conductance, and susceptance

;= the point charge of the ith node on the electrode

To formulate the preceding equation, commercial finite element
code ANSYS is used. From the preceding equations, mode shapes
and natural frequencies of the smart panel are extracted through
modal analysis and admittances of the piezoceramic patch are
obtained through harmonic analysis.

C. Optimizing the Smart Panel

Optimal design of piezoelectric structure is proposed based on
admittance at resonance. The basic configuration of the smart panel is
shown in Fig. 1. The dimension of the host aluminum plate is
350 x 350 x 1.5 mm. Three different design parameters of the
piezoelectric patch are considered, such as location, size, and
rotational angle of the piezoceramic patch. The Taguchi method was
applied in the optimizing process. The Taguchi method is generally
employed as a tool for systematic experimental design. The key of
the Taguchi method is the use of parameter design, which is the
ability to design a product or a process to be robust to various
environmental factors. It can replace full factorial design using
partial factorial design. The method ascribes to the approach that the
lowest loss to society represents the product with the highest quality
[31]. If the parameters and levels have been specified, the partial
trials, instead of the whole amount of trials, can be determined by
means of the orthogonal array determined by the Taguchi method
(see Tables 1 and 2). Admittances of different configurations of the
piezoelectric patch on the host plate were calculated by ANSYS to be

Table 1 Control factors

Factors Levels

1 2 3
¢ rotation angle, deg 0 45 o
X x-coordinate, mm 0 25 50
y y-coordinate, mm 0 25 50
L length, mm 50 75 100
w width, mm 50 75 100

the cost function in optimization. The boundary conditions of the
host plate were all four-sided clamped and the piezoceramic patch
was considered as perfectly bonded to the host structure in the finite
element analysis.

Using orthogonal array, 18 configurations of the piezoceramic
patch on the surface of the host structure are found (Table 2) and the
result provides an optimal configuration of the patch on the host
structure. One can obtain S/ N ratio for each configuration by means
of the admittances and the optimal result from the main effect plot of
S/N ratio (Fig. 3). According to “larger is better” in the process of
optimization, the optimal result is the (1 1 1 3 3) case, that is the
piezoceramic patch will lie in the center of the host structure and the
size is 100 x 100 mm, whereas the rotation angle of the
piezoceramic patch on the host plate is 0 deg. From the result
using the Taguchi method, although the optimal model is not
included in the trials, it can be extracted through the Taguchi
optimization.

D. Comparison of Initial and Optimal Model

Two models, initial and optimal, were investigated to correlate the
numerical and experimental results. From the numerical analysis, the
optimal model was obtained. The size of the piezoceramic patch
obtained from optimal design is 100 x 100 x 0.5 mm. The initial
model was selected to compare them with each other. The dimension
of initial model is 100 x 50 x 0.5 mm. The schematic of the
configurations are shown in Fig. 4. Mode shapes and corresponding
natural frequencies of the optimal model are shown in Fig. 5. Mode
shapes of the initial model are the same as those of the optimal model.
The corresponding natural frequencies shift up a little due to the mass
and piezoelectric softening effects.

III. Setups of Experimental System

To correlate the results of numerical analysis, three different
experimental systems were constructed. The purpose of the
experiments is to examine the numerical admittances, the vibration

Table 2 Orthogonal array table of L3

Trial no. Column no.

1 2 3 4 5
1 1 1 1 1 1
2 1 2 2 2 2
3 1 3 3 3 3
4 1 2 1 1 2
5 1 2 2 2 2
6 1 2 3 3 1
7 1 3 1 2 1
8 1 3 2 1 2
9 1 3 3 1 3
10 2 1 1 3 3
11 2 1 2 1 1
12 2 1 3 2 2
13 2 2 1 2 3
14 2 2 2 3 1
15 2 2 3 1 2
16 2 3 1 3 2
17 2 3 2 1 3
18 2 3 3 2 1
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Fig. 4 Initial and optimal configuration of smart panel.

Fig. 3 Main effect of means of SN ratio.

reduction, as well as noise reduction, after switching on/off the shunt
circuits to verify the performance of the piezoelectric shunt.

A. Admittance of Smart Panel

The admittances for the initial and the optimal model were
measured by the impedance analyzer (HP4192A). The experimental
setup is presented in Fig. 6. The admittance value was measured at
open circuit state. According to the poling direction, the positive
electrode of the impedance analyzer was connected to the top surface
of the piezoceramic patch that is away from the host plate. The
negative electrode of the impedance analyzer was connected to the
host plate.

B. Vibration Reduction of Smart Panel

Actually, the resonance of the smart panel will be shifted a little in
real application. Therefore, it is very important to find the optimal
inductance and resistance for the shunt circuit. The purpose of the
tuning process is to find the resonance in the real application for the
best performance of shunt damping. The setup for this purpose is
shown in Fig. 7. To excite the smart panel, actuating the
piezoceramic patch, the dimension of which is 50 x 50 x 0.5 mm, is
bonded on the center of the smart panel. An accelerometer (charge
accelerometer type 4374, B&K) is attached on the surface of the
piezoceramic patch for shunt damping on the other side of the smart
panel. In the shunt circuit, the synthetic inductor was used as shown
in Fig. 8. Tuning the value of resistor R,, the real resonance of the
shunt circuit can be found. Tuning the value of load resistor Rs, the
optimal damping is achieved. The testing devices include portable
FFT analyzer CF-3200 manufactured by ONO SAKK company.

C. Acoustic Test for Smart Panel

To investigate noise reduction, transmission loss and sound
pressure distribution are investigated. Transmission loss is the
accumulated decrease in acoustic intensity as an acoustic pressure
wave propagates outwards from a source. The term transmission loss
(TL), or more commonly sound reduction index, are used to evaluate
the reduction in sound level resulting from transmission through the
plates. The sound pressure distribution is used to correlate the results
of modal analysis in the finite element code and shunt performance of
the smart panel using a shunt circuit. To test the performance of the
smart panel with shunt circuit about noise reduction and transmission
loss, as well as sound distribution test, a standard facility was built
according to SAE J1400. The schematics are shown in Figs. 9 and 10.
The transmission loss test facility includes two adjacent rooms, a
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Fig. 5 Mode shapes and natural frequencies of optimal model.
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reverberation room and a semi-anechoic reception room. A test
window is located between the two rooms where smart panels are
clamped for testing. Noise or plane wave is generated through the
loudspeakers in the reverberation room, and the amount of sound
reflected and transmitted through the window is measured through
microphones in the reverberation room and the reception room.
Initial tests were operated with this window to calibrate the data
acquisition program that measures the noise reduction and calculates
the panel transmission loss. Once the test setup was calibrated,
transmission loss was measured for three different test panels: 1) a
standard test panel for the constant correction factor, 2) initial model

Reverberation room Reception room

Fig. 11 Photograph of reverberation and reception room.

of the smart panel, and 3) optimal model of the smart panel. The real
setup is presented in Fig. 11. The testing devices include a sound
signal amplifier (Inter VI PA-4000 public address amplifier) to
magnify the source signal and 3560-B-040 FFT analyzer made by
B&K company.

IV. Results and Discussions

After the numerical analysis and optimizing process, the initial and
optimal model are selected to correlate the numerical and
experimental results. Four experiments were conducted.

A. Correlation of Admittance Between Numerical and Experimental
Results

Using the modal analysis solver in the commercial finite element
code, the natural frequencies of the initial model and optimal model
are computed. Referring to the experiment mentioned in Sec. IIL.A,
the natural frequencies were extracted from the measurement of
admittance. Comparisons of the strong radiation mode at different
natural frequencies for the initial model and optimal model, which
are mode (1, 1) and mode (1,3) + mode (3, 1), are shown in
Table 3. Using harmonic analysis in the commercial finite element
code, the admittances of the two models were computed and the
experimental values were obtained by means of Sec. IIl.LA. The
comparisons are presented in Figs. 12 and 13. Admittance is a
complex value and consists of the real part, conductance, as well as
the imaginary part, susceptance. Although the magnitude of
numerically obtained susceptance deviates a lot from experimentally
obtained ones, conductance and natural frequencies correlate well. It
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Table 3 Comparisons of natural frequencies for initial and optimal
model

Model Finite element method Experiment

frequency, Hz frequency, Hz

100 x 50 mm 129 125
503 496
100 x 100 mm 125 122
505 512

certifies the results are reasonable. In the meantime, the optimal
model can generate more charges on the surface of the smart panel
than the initial model according to the figures. It represents that the
optimal model can dissipate more vibration energy than the initial
model.

B. Shunt Damping

After modal analysis, mode (1, 1) and mode (1, 3) + mode (3, 1)
were selected as the target modes in the shunt circuit which need
tuning to find optimal shunt damping because they were strong
radiation modes. Figures 14 and 15 show the experimental results for
the initial and optimal model under switching on/off shunt damping
circuit. Four different conditions of the smart panel, such as open
circuit, short circuit, underdamping, and optimal damping, were
tested separately. According to the resonance at open circuit state, the
R, (Fig. 8) was tuned to match the resonance and then the load
resistor Rs (Fig. 2) was tuned for optimal damping. For the initial
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Fig. 12 Comparison of experimental and numerical admittance of
initial model.
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Fig. 13 Comparison of experimental and numerical admittance of
optimal model.

model, the tested results are observed according to four testing
conditions. Figure 14a shows the frequency response function (FRF)
of mode (1, 1). At open and short circuit with shunt off, the resonance
is shifted a little due to piezoelectric softening effect. After tuning
R, = 120 2 with shunt on, mode (1, 1) is matched when the load
resistor is Rs =0 €2, which represents the underdamping state.
Tuning the load resistor Rs = 696 2 through fixing R,, the optimal
damping can be observed and 16 dB vibration reduction is achieved.
For mode (1,3) 4+ mode (3, 1), it shows the same trends and
R, =200 2, Rs = 0 Qspecified the underdamping state, as well as
Rs; = 164 Q specified the optimal damping. The 18 dB vibration
reduction is achieved (Fig. 14b). By means of the same testing
process, the testing results can be found from the optimal model.
Figure 15a shows the FRF of mode (1, 1). The optimal damping is
R, =240 Q and Rs =463 Q. The 20 dB vibration reduction is
achieved in mode (1, 1). Figure 15b shows the FRF of
mode (1,3) + mode (3, 1), the optimal damping is R, =418 Q
and Rs; =100 Q2. The 22 dB vibration reduction is achieved for
mode (1,3) + mode (3, 1). Consequently, from the optimal tuning
process, better shunt damping effects are observed. The optimal
model proposed better damping performance compared to the initial
model (Table 4). The shunt performance was improved 25% at mode
(1, 1) and 22% at mode (1, 3) + mode (3, 1).

C. Transmission Loss

Three different test panels were used for the transmission loss tests
referring to the setup in Sec. III.C. Transmission loss is determined as
follows [32].
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TL = MNR + 10log 10(A/Sa) (15)

where TL is the transmission loss of the panel, M NR is the measured
noise reduction between the reverberation room and reception
chamber, S« is the Sabine absorption of the reception room, and A is
the area of the test window. The expression 10log 10(A/Sw) is
constant for any test panel with the same area. Therefore, it can be
replaced with a constant correction factor CF.

TL = MNR — CF (16)

To determine this correction factor for the test window, a flexible
test panel was made out of 1-mm-thick barrier material to clamp into
the test window to calibrate the environment noise level. The
transmission loss of the barrier material from 1-1250 Hz can be
directly calculated from the mass-law equation.

TLey. (dB) = 201og 10(W) + 201og 10(f) —47.2  (17)

where TL, is the theoretical transmission loss, W is the weight
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Fig. 15 Shunt damping effects of optimal model.

density of the panel, and f is the center frequency of the third-octave
measurement band.

Just as in the vibration and acoustics test stand, each panel was
clamped into the test window by tightening the bolts to a torque of
20 N-m. The first panel tested was used for calibration. The
correction factor is then determined for each third-octave band center
frequency.

CF = MNR — TLy. (18)

The M NR value can be obtained by measuring the sound pressure
level in the reverberation room and semi-anechoic reception room
under sine sweep wave exciting.

The second panel was the initial model with shunt circuit. The
third panel was the optimal model with shunt circuit. The sine sweep
wave was used to excite the test panel from 1-1250 Hz. The test
results are presented in Fig. 16. From the figure, the transmission loss

Table 4 Comparisons of the piezoelectric shunt performance between initial and optimal model

Mode number

Initial model Optimal model Improvement
(1, 1) 125 Hz —16 dB 122 Hz —20 dB 25%
(1,3) +(3,1) 496 Hz —18 dB 512 Hz —22 dB 22%
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Fig. 16 Transmission loss of the initial and optimal model.

of the initial model increased 2 dB for mode (1, 1) and 5 dB for
mode (1,3) + mode (3, 1). However, the transmission loss of the
optimal model increased 3 dB for mode (1, 1) and 8 dB for
mode (1,3) + mode (3, 1). As result, the smart panel with shunt
circuit switch-on can increase the transmission loss compared to the
shunt switch-off. The optimal model can increase 50% at mode (1, 1)
and 30% atmode (1, 3) + mode (3, 1) compared to the initial model
(Table 35).

D. Sound Pressure Distribution

The sound pressure distribution is studied for visualizing the
sound pressure level on the smart panel so as to correlate the mode
shapes obtained from the finite element code and shunt damping
performance when switching on/off the shunt circuit. Making use of
the same setup in the transmission loss test, the 64 points were
selected to arrange the locations of microphones. Exciting the smart
panel at different resonances with and without shunt, sound pressure
distributions are observed in Figs. 17 and 18. From the figures, the
contour plots about the sound pressure distribution for the initial
model and optimal model are analogous to the mode shapes shown in

Table 5 Comparison of transmission loss between initial and optimal

mode
Mode number Initial model Optimal model Improvement
(1, 1) —2 dB -3 dB 50%
(1,3) +(3,1) —5dB —8 dB 60%
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100
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-50
-100

-150
-180

b) With shunt

Fig. 17 Sound pressure distribution of the initial model at
mode (1,3) + mode (3, 1).

Fig. 5 and the sound pressure is reduced when the shunt circuit is on.
From the sound pressure values, the optimal model can reduce more
noise (3 dB) than the initial model (2 dB).

V. Conclusions

In this paper, admittance is introduced as the performance index of
the smart panel. The size, location, and rotation angle of the
piezoceramic patch are termed as the control factors and the Taguchi
method is used to obtain optimal configuration of the smart panel.
Admittance is obtained by the finite element method and impedance
analyzer. The resonant shunt circuit is networked with the
piezoelectric structure and vibration of the smart panel is reduced
under optimal tuning. Transmission loss and sound pressure
distribution are measured. Two different smart panels were used for
comparing the results of numerical analysis and experiments. The
standard facility is proposed according to SAE J1400. Four
experiments were executed to correlate the numerical results.
Following are some important observations obtained from this study.

1) The optimal configuration of the smart panel was obtained using
admittance.

2) The numerical and experimental admittances showed good
correlation.

3) The improved shunt performance was observed by comparing
the vibration reduction of the initial and optimal model. Using
optimal configuration, the performance of the piezoelectric shunt
was improved 25% in mode (1, 1) and 22% in mode (1,3) +
mode (3, 1) compared with the initial configuration, respectively.
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a) Without shunt

150

b) With shunt

Fig. 18 Sound pressure distribution of the optimal model at
mode (1,3) + mode (3, 1).

4) Compared with the initial model, transmission loss of the
optimal model was increased 50% for mode (1, 1) and 30% for
mode (1, 3) + mode (3, 1), respectively.

5) Sound pressure distributions were analogous to mode shapes of
the smart panel and sound reduction was observed at the radiating
frequencies.

It is expected that the configuration of the smart panel with shunt
circuit can be designed using the proposed design procedure.
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