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Piezoelectric Smart Structures for Noise Reduction in a Cabin
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The feasibilily of piezoelectric smart structures for cabin noise problem is studied numerically
and experimentally. A rectangular enclosure, one side of which is a plate while the other sides
are assumed to be rigid, is considered as a cabin. A disk-shaped piezoelectric sensor and
actuator are mounted on the plate structure and the sensor signal is returned to the actuator with
a negative gain. An optimal design of the piezoelectric structure for active noise control of the
cabin is performed. The design variables are the locations and sizes of the disk-shaped
piezoelectric actuator and sensor and the actuator gain. To model the enclosure structure, a
finite element method based on a combination of three dimensional piezoelectric, flat shell and
transition elements is used. For the interior acoustic medium, the theoretical solution of a
rectangular cavity in the absence of any elastic structures is used and the coupling effect is
included in the finite element equation. The design optimigation is performed at resonance and
off-resonance frequencies, with the results showing a remarkable noise reduction in the cavity.
An experimental verification of the optimally designed configuration confirms the feasibility of

piezoelectric smart structures in resolving cabin noise problems.
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1. Introduction

Cabin noise is a significant noise problem that
can be observed in buildings, automobiles, air-
planes, etc. When noise source is located outside
of a cavity, the external noise excites the cabin
structure, and the structure radiates noise into the
cavity. It is possible to control the radiated sound
fields by suppressing the vibration modes of the
structure that are the most efficient radiators.
However, when it coincides with the resonance of
the cavity it results in so-called booming noise
(Oh, 1993).

In active noise control, smart structures have
recently emerged as a promising technique to
reduce the radiated sound field (Ko, 1996). In
such structures, pi;zoelectric materials are widely
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used as sensors and actuators, and sensor signals
are returned to the actuators through a controller
that essentially acts as the brain for the structure.
When piezoelectric smart structures are used for
the cabin noise problem, the actuators control the
structures so as to reduce the radiated sound fields
at a certain region, the so-called silent zone, in
the cavity. The overall reduction, however, is
influenced by the location and size of the pi-
ezoelectric sensors and actuators as well as the
control gain. Hence, it is necessary to design the
configuration of the structure optimally.

In designing piezoelectric structures for noise
control, many factors affect the performance of
the system. Thus, efforts to optimize these parame-
ters are essential to achieving high performance of
the system. In pasticular, the optimal placement of
actuators has been studied for the last two dec-
ades (Clark, 1992, Wang, 1994, Varadan, 1997).
However, to find the optimal configuration of the
piezoelectric active structures can be difficult,
because for cabin noise control, piezoelectric
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smart structure can have difterent optimal config-
urations at different frequencies, for example, at
resonance and oft resonance frequencies. This
means that the size and the location of the
actuator as well as the sensor should be carefully
configured such that when the excitation fre-
quency is changed, the configuration cannot be
changed. Another concern in optimally designing
piezoelectric smart structures is that it is desirable
to perform the simultaneous integrated design of
the structure and control system to produce a
truly optimum configuration. Recently, much
research efforts have been focused on this topic
(Grandi, 1989, Hale, 1985).

The approach in this paper aims to reduce
cabin noise in the cavity at different frequencies
by optimally designing a piezoelectric smart struc-
ture. To maximize noise reduction, not only the
location and the gain voltage, but also the sizes of
the actuator and sensor are optimally designed. In
modeling piezoelectric smart structure with a
disk-shaped piezoelectric sensor and actuator, a
finite element method that uses a combination of
3-D piezoelectric, transition and shell elements is
used, and for the coupling of a bounded acoustic
cavity with plate structure, the modal approach is
used such that the pressure fields in the cavity are
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condensed out (Kim, 1997a).

Figure 1 depicts an example of the cabin noise
problem we consider. The acoustic cavity is a
cubic shape, in whicle one side of the cavity is
covered with an aluminum plate, and a circular
piezoelectric actuator and sensor are bonded on
top of the plate. An acoustic plane wave is impin-
ging on the plate as a noise source. The structural
response is computed by using the finite element
method. The pressure radiated into the cavity is
then computed using the modal approach repre-
sentation. An optimization technique is used to
minimize the sounds in the cavity by means of
rearranging the sizes, the locations and the gain.
The optimally designed configuration is experi-
mentally verified to prove its feasibility in reduc-
ing cabin noise problems.

2. Modeling and Optimization
2.1 Finite element formulation for pi-
ezoelectric smart structures

For the structural modeling, three-dimensional
piezoelectric elements are used in the piezoelectric
regions including their neighbors, and flat shell
elements are used in the remaining part of the
plate structure. To connect the shell and the three
-dimensional solid elements (Fig. 2), transition
elements are introduced.

The finite element equations for piezoelectric
devices have already been formulated and can be
written as

(=ofy o+l o167 o

where M and K,, are the mass and stiffness
matrices, respectively, K., is the piezoelectric
coupling matrix and K,, is the dielectric stiffness
matrix. U is the displacement, ¢ is the electrical
potential, F is the point force on the structure, F,
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is the interaction force due to the pressure in the
acoustic cavity and Q is the point charge on the
There is no distinction
between the piezoelectric and structural media in

piezoelectric actuator,

applying Eq. (1) except that the piezoelectric
coupling matrix and the dielectric stiffness matrix
are zero in the structure. The stiffness and mass
matrices of the flat shell and transition elements
for the structure are already described in previous
work (Kim, 1997b). The system matrix in Eq. (1)
is arranged into symmetrically banded form by
arranging each node’s degrees of freedoms in a
row. The acoustic pressure distributions applied
to the top of the plate are converted into point
forces, and an electrical potential is applied
across the electrodes of the piezoelectric actuator,
When one piezoelectric device is used as sensor,
the sensor signal is directly returned to the
actuator to form a closed loop by multiplying the
negative gain-G, i.e.,

(G Qbserzsor (2)

Dactuator
This constraint is difficult to implement for the
following reason. uemawr 18 @ given electric
potential, say ¢,, while ¢heemsr Is a unknown
value, say ¢,. The electric potential in Eq. (1)
consists of a given value ¢, and unknown value
¢y The electric charge corresponding to ¢, can
be zero because it is the sensor electrode. Q is also
zero for all the finite element nodes inside the
piezoelectric material except the electrodes where
clectric potentials are specified (Kim, 1995).
Since ¢, is given, Eq. (1) can be written as
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where K, and K, are divided into four and two
parts respectively according to ¢, and .. Thus,
there is no way to connect ¢, and ¢,.

A ¢, and ¢, cen be evaluated by an interative
approach. Initially, the gain G is given and with
the assumed actuator voltage, one can solve Eq.
(3). which gives the sensor vollage ¢,. One ¢, is
found, according to Eq. (2) the true actuator
voltage can be calculated. When this true value
does not match the previously assumed actuator

voltage, update the assumed voltage to the true
value and solve Eq. (3) again. This iteration
continues until the assumed actuator voltage is
close to the true voltage. In practical implementa-
lions, the converged actuator voltage can be stor-
ed for the initial guess of the next finite element
analysis, there by reducing the iteration number,
Also, since all the coefficient matrices in Eq. (3)
do not change in the iteration, these matrices can
be stored to reduce the element matrix construc-
tion time. In reality, the closed loop constraint
can be solved within (wo or three iterations. In
terms of computation time, it takes 60% to 90%
more time than the single finite element analysis
ease to solve the constraint.

2.2 Pressure fields in the acoustic cavity

When a volume of acoustic fluid is bounded by
a flexible structure, the fluid on the surface of the
structure influences the motion of the structurc
and the normal acceleration of the structure influ-
ences the fluid field. The acoustic pressure in the
cavity can be expressed as a sum of the acoustic
mode shapes of the cavily (Fahy, 1985):

lmx . wmx naz
p:ZAlnzn mmn - ZAHH?I(COS COS Y €0
a b ¢
(4)
where A, are unknown coefficients and 7, w2, »n

are modal integers, ¥, are the mode shapes of
the rectangular enclosure with rigid boundary,

and ¢, b, ¢ are the dimensions of the box. The
unknown coefficients in Eq. (4) can be found
using the orthogonality condition:

/ [OON I ) w‘lmnd[ !
A mn = Nz
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(3

where A, is a normalization factor. From the

IS

structural finite element equations, the interaction
force due to the pressure of the cavity can be
written in terms of the normal displacements.
Hence, Eq. (1) can be written again as
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where
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Once Eq. (6) is solved,the normal displacement 01
r can be found so that the pressure field at any
location in the cavity can be determined using
Egs. (4) and (5).
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2.3 Optimization

The objective function in the optimization
procedure is taken as the average pressure at the
so-called silent zone in the cavity. The silent zone
is composed of 13 points near the center of the
cavity:

min f:%gp,- (%:Vis24) ™)

where # is the number of observation points in
the silent zone. The design variables are selected
as:

b= G (negative gain),

bo=x1(x coordinate of the actuator),
bs= v, (y coordinate of the acturator),
bs=x2(x coordinate of the sensor),
bs= v, (y coordinate of the sensor)
be= 11 (radius of the actuator)
b;=r.(radius of the sensor)

by= t; (thickness of the actuator)

by= f (thickness of the sensor)

The design variables are automatically varied
to achieve the goal with the variables restricted in
some mannet to be practical. For this, side con-
straints are used. A sequentially unconstrained
minimization technique is used for the constraints
and Powell’s method is applied to find the mini-
mum peint in each unconstrained minimum
search. To allow for variations in the locations of
the piezoelectric devices, an automatic mesh gen-
eration program developed in previous research
(Varadan, 1997) is used. The mesh generation
program together with the finite element program
is linked to the optimization program.

3. Numerical Results

A cubic acoustic cavity one side of which is

covered with a square aluminum plate is consid-
ered as an example (Fig. 1). The size of the cavity
is 305mm x 305mm x 305mm. The thickness of the
aluminum plate is 0.8mm and the four edges of
the plate are clamped to the box. From the out-
side of the box a plane wave with 2 Pa (100dB)
peak amplitude impinges the top of the plate.
Two disk-shaped piezoelectric actuator and sen-
sor which are made of PZT-5 (Lead Zirconate
Titanate) are bonded to the plate.

At first, the open loop responses at several
frequencies are examined to see the behavior of
the pressure distribution in the cavity. Open loop
response is the response when the system is pas-
sive, the pressure at the center of the bottom of
noise the cavity is shown in Fig. 3 as a function
of noise frequency. The resonances are shown at
92, 287 and 570 Hz. For comparison, the results
of SYSNOISE, a commercial FEM/BEM pack-
age, is also presented in Fig. 3. (Note that
SYSNOISE does not take into account the pi-
ezoelectric devices.)

An optimal design is performed at the reso-
nance frequencies of 92Hz and 287 Hz (Table 1).
The optimal location is found to be near the
corners of the plate, and the radius as well as the
thickness of the piezoelectric devices are increased
from the initial values. The average pressure at
the silent zone in the cavity is reduced by more
than 30dB at 92 and 287 Hz.

The optimal design procedure determines fixed
valiues for the sizes and locations of the pi-
ezoelectric actuators. Thus, another attempt for
verifying the robustness of the optimal result at
different frequencies has been made by changing
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Table 1 Optimal design results.

initial Optimal
92 Hz | 287 Hz | 92 Hz | 287 Hz
b (G) 0 0 3.55 1.22
b, (x;) 100 mm | 100 mm [99.3 mm | 66.9 mm
by (y1) 100 mm | 100 mm [119.3 mm| 68.5 mm
b, (xy) 200 mm | 200 mm |204.9mm |236.5mm
bs (ya) 200 mm | 200 mm {193.0 mm|233.1 mm
bg (1) 10 mm | 10 mm |13.5 mm|13.7 mm
b, (ra) 10 mm | 10 mm |13.4 mm|13.4 mm
by (L) | mm l mm |1.33 mm|[1.33 mm
by (t,) I mm I mm [1.33 mm|1.32 mm
Ave. Pres- 1139 | 129 | 1092 | 93
sure (dB)
160 por ' ' [~ Passive (Free voits ||
" Active (Optimel Gain)
140 ;

B
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g
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Fig. 4 Robustness of optimal design result at differ-
ent frequiencies.

the excitation frequency from 100 to 600Hz, with
the optimal configuration at 287Hz. The actuator
gain is optimally searched at each frequency.
Figure 4 represents the difference between the
passive response (no gain applied) and the active
results (with optimal gain). In conclusion, when
the excitation frequency is changed, by optimally
adjusting the gain, a significant reduction can be
achieved up to 400Hz.

4. Experimental Results

An experimental verification for the optimally
designed configuration was performed. The

Power
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s
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PZY sensor| |PZT actuator
Y FFT Analyzer
Negative Voltage
Gain [ Amplifier

Schematic diagram of the experimental appa-
ratus.

Fig. 5

b Aluminum
I plate

Microphone |

Fig. 6 Photograph of the piezoelectric smart struc-
ture and acoustic cavity.

acoustic cavity is made with five acrylic thick
sheets of 2cm thick, and one side of the cavity is
covered with 0.8mm thin aluminum plate. A
disk-shaped piezoelectric sensor and actuator are
mounted on the plate. Figures 5 and 6 depict the
configuration of the experimental apparatus. The
aluminum plate is fixed with bolts and the cavity
box is assured to have no leaks. The sound level
inside the cavity is measured by a microphone
through a small hole in the bottom of the cavity
and a loudspeaker generates sound pressure from
outside of the enclosure.

The piezoelectric sensor signal s
through a phase shifter and amplifier, and retur-

passed
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Table 2 Sound pressure in the silent zone: measured Table 3 Sound pressure in the silent zone: measured

(95 Hz, 276 Hz). (562 Hz, 200 Hz).
95 Hz 276 Hz 562 Hz 200 Hz
Passive | Active | Passive | Active Passive | Active | Passive | Active

Point I(dB)| 1229 | 1101 | 972 | 892 Point 1(dB)| 1041 | 1011 | 821 | 802
Point2(dB)| 1231 | 1056 | 974 | 938 Point 2(dB)| 992 | 962 | 829 | 814
Point3(dB)| 1233 | 110.1 | 983 | 845 Point 3(dB)| 85.1 | 819 | 837 | 826
Point 4(dB)| 1235 | 1098 | 995 | 764 Point 4(dB)| 94.1 | 884 | 841 | 737
Point S(dB)| 1236 | 1125 | 1001 | 813 Point5(aB)| 1012 | 805 | 846 | 772

Ave. Pres- . Ave. Pres- .

oy | 123 | 1096 | oss | 850 ey | 967 | 86 | 835 | 70
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E ) ‘ ] ned to the piezoelectric actuator. The pressure at
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“Woo 00z 004 o006 008 0.10 computational results. To wverify the optimal
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design results, the sound pressure level is mea-
(c) Actuator input voltage sured at five selected points and the level is
Fig. 7 Experimental results at 276Hz. averaged (Fig. 6). Table 2 shows the measured
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sound pressure levels at resonance frequencies, 95
and 276Hz with the optimally designed configura-
tion at 287Hz. The average pressures are reduced
by more than 13.7dB and 13.5dB at 95Hz and
276Hz, respectively, in comparison with the pas-
sive system,

Figure 7(a) shows the time signals of the sound
pressure levels measured when the actuator is
activated (active) and not activated (passive).
Figure 7(b) and (c) are the sensor and actuator
signals at 276Hz. These results prove that the
actuation voltage, in other words the feedback
gain, is not high when the closed loop system is in
steady state.

Table 3 represents the sound pressure levels
measured at off-resonances 200Hz and 562Hz
with the same configuration described previously.
The averaged pressure level is reduced 4.5 to 7dB
al resonance frequencies. Figure 8(a) and (b)
show the time signals of the sound pressures at
562 and 200Hz, which are off-resonance. The
actuator gain is not high either.

5. Conclusions

The optimal design of piezoelectric smart struc-
tures coupled with an acoustic cavity was studied
to achieve a silent zone in the cavity. A finite
element method which uses a combination of
three dimensional piezoclectric, flat shell and
transition finite elements is adopted to model the
piezoelectric active structure. The shape of the
acoustic cavity is cubic and the modal approach
was used (o represent the pressure fields in the
cavity. Without any activation, the average pres-
sure in the cavity at different frequencies is inves-
tigated, and a comparison was made with the
cxperimental results. The comparison shows that
the pressure distribution in the cavily computed
by the finite element analysis approach is correct.

The optimization procedure was performed to
reduce the average pressure at a silent zone in the
cavity. The objective function is the average
pressure in the cavity and the design variables are
the locations and sizes of the piezoelectric sensor
and actuator as well as the gain. The optimal
location tends to be near the corners of the plate,

and more than 30dB noise reduction is achieved
at resonance frequencies of the coupled system.
To verify the robustness of the optimally designed
configuration, the configuration found at 287Hz
is used to examine the noise reduction at different
frequencies. Up to 400Hz, a remarkable noise
reduction can be achieved by choosing proper
gain at each frequency.

Experimental verification of the optimally
designed configuration shows that the average
pressure is reduced by 14dB at the first and sec-
ond resonance frequencies of 95Hz and 276Hz. At
off-resonance frequencies, 4.5 to 7dB noise reduc-
tion is achieved with the optimally designed
configuration at 287Hz. It is further seen that the
control gain is not high when the closed loop is in
steady state. Through experimental verification, it
can be concluded that piezoelectric smart struc-
tures can be a feasible solution for cabin noise
problems.

In this paper, the piezoelectric structure is
attached to one side of the enclosure and the
cavity shape is cubic. Since the structure is used in
one direction, active noise control in the other
direction may not be possible. To study the feasi-
bility of active noise control in three dimensional
space, at least three sides of the enclosure should
be replaced by piezoelectric smart structures,
which may result in more complicate a problem
due to elasto--acoustical coupling.
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