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Noise and vibration reduction technology in aircraft cabins
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Abstract—This study investigates how to reduce noise and vibration in aircraft cabins with
Pb(TiZr)O3 (PZT), using a semi-monocoque structure 1.5 m in diameter and 3.0 m long with a 2.3 mm
skin, which simulates an aircraft body. We utilized 480 pieces of PZT bonded on the inner surface
of the structure as sensors and actuators. We applied random noise in the low frequency range from
0 to 500 Hz to the test model. By controlling the PZTs, we tried to reduce the vibration level of the
structure and the internal air due to the external load.

Two control methods, gain control and feed-forward control, were tried. We measured internal
sound pressure at 150 points and compared the overall values of sound pressure with gain control to
those without control and evaluated the reduction capabilities. The tests demonstrated a maximum
4.0 dB O.A. reduction with gain control and a maximum 3.5 dB O.A. reduction with feed-forward
control.

Keywords: PZT; vibration control; acoustic control; C/Ep composite.

1. INTRODUCTION

Sound absorption material for cabin noise reduction is conventionally used in
aircraft. It requires much space and is effective in the high-frequency range, but
less effective in the low- frequency range due to longer wavelengths that exceed the
thickness of the absorbing materials. While the current passive noise control is still
good in high-frequency ranges, active noise control is desirable in the low-frequency
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ranges. This idea inspired many studies using PZT on an elemental level like a plate.
Two years ago, we studied the radiated sound power reduction capability of PZT in
low frequency ranges with 600 mm x 600 mm x 2.0 mm CFRP board [1]. Recently,
there have been many studies on internal noise reduction, utilizing a model that
simulates aircraft body structures [2].

In this study, we built a 1/3-scale model of an aircraft fuselage and implemented
noise and vibration reduction tests in a wide range of low frequencies. This paper
will outline the test model, tests and the results.

2. TEST MODEL
2.1. Test model configuration and details

We built a test model that simulated a small aircraft fuselage structure, scaled to
one-third. Figure 1 illustrates the test model.

The test model is a cylindrical structure, 1.5 m in diameter and 3.0 m long, with
a 2.3 mm skin of composite (CFRP), which has aluminum alloy bulkheads on both
sides. Also, it has four stringers evenly spaced and five aluminum alloy frames with
750 mm spacing. The body is made of 16 curved panels of carbon/epoxy laminate
fabric; the laminates are 12 plies [(0, 90)/(£45)/(0, 90)/(£45)/(0, 90)/(4£45)]s. The
panels are fastened to the stringers and frames.

We assembled a simple calculation model of a small aircraft and calculated the
vibration properties of the structure and internal air. From the vibration properties
of the calculation model, we were able to derive the number and the size of panels,
frames and stringers in the test model.

2.2. Vibration characteristics of the test model and internal air

In order to confirm vibration characteristics of the test model structure and the
internal air in frequencies from 0 to 500 Hz, we performed vibration analysis by

Figure 1. Test model photograph.
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NASTRAN and a vibration test. The frequency range from 0 to 500 Hz was
the control target. In the vibration analysis, the structure and air were analyzed
independently. The analysis model was improved by using the results of that test.
We found 301 vibration modes and 105 air vibration modes within the 0 to 500 Hz
range. Figure 2 depicts an FEM model of structure and air used in the calculations.

Table 1.
Vibration characteristics of test model

Mode No. Structure Internal air
Nastran Test results Error Nastran Test results Error
(Hz) (Hz) (Hz) (Hz)
1 106.4 90.0 15.4% 53 54 —1.5%
2 110.1 90.1 18.2% 106 106 —0.4%
3 115.4 98.0 15.1% 137 139 —1.5%
4 116.8 96.8 17.2% 150 151 —0.7%
5 131.9 133.0 —0.8% 157 158 —0.5%
6 132.8 137.5 —3.5% 178 179 —0.3%
7 133.0 137.6 —3.5% 206 209 —1.5%
8 141.8 144.6 —1.9% 216 216 —0.1%
9 142.0 141.0 0.7% 225 231 —2.6%
10 143.9 157.5 —9.4% 235 226 3.8%
11 175.4 169.5 3.4% 246 246 0.3%
12 184.1 186.8 —1.4% 260 262 —1.0%
GRID 61,690

ELEMENT 74,536
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Figure 2. Analysis model of test model (NASTRAN FEM MODEL).
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Figure 3. Vibration mode of test model.

Table 1 gives the characteristics of vibration from the 1st to 12th vibration modes
(also see Fig. 3).

2.3. PZT layout

When you try to suppress the structural vibration of panels or make the panels
vibrate for use as speakers in order to control the internal sound pressure, it is
a good idea to locate the PZT at the place where you can control the structural
vibration mode that most affects the internal sound pressure. This idea determined
the PZT layout.

The vibration mode of induced internal air induced was calculated by exciting the
test model on one side with an external sound source while we checked the relation
of each structure vibration mode with the air vibration mode. Figure 4 presents the
calculation results. In Fig. 4, we selected the structural vibration modes that most
affect internal sound pressure and studied the layout of PZT considering the shapes
of the structure vibration modes. Figure 5 illustrates the final layout of PZT after
our study. The PZT configuration was 40 mm x 30 mm x 0.5 mm. The PZT was
manufactured by Fuji Ceramics Co. Sets with 5 PZTs were bonded to the inside
surface of the CFRP panels using epoxy adhesive. The center PZT was used as a
sensor and the rest were used as actuators. Each panel had six sets of PZTs, which
amounted to 480 pieces of PZT in the test model, as shown in Fig. 6.

3. EQUATION OF MOTION FOR THE TEST MODEL

To determine the control method and the control parameter, we simulated the effect
of control using a numerical model. The equations used in the simulation are
described below.

The equation of motion for the test model with PZT and internal air is shown in
equation (1) in modal coordinates. The left side corresponds to the coupling of the
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Figure 5. PZT layout.

structure with air. From the right, the first term presents the control force of PZT
and the second term is the external force used to excite the modes.

T )
Ay My ] Uiy 0 Bylluy 0 Ky | luy
=[fg*"’}{u}+[§]{w}. (M)

Here uy, u; are the modal displacement vectors, and M, By, and K, are the
generalized mass matrix, damping matrix and stiffness matrix of the structure. M,
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Circuit Film

Figure 6. Photo of PZT and wiring layout.

By, and K are the generalized mass matrix, damping matrix and stiffness matrix
of air. Ay is the influence matrix of the structure and air, u is the control voltage
vector, f,. is the generalized external force matrix applied by PZT, w is the input
signal to an exciter, and f; is the generalized external force vector applied to the
structure by an exciter.

In-plane deformations of PZT were used as actuators in this study. In-plane strains
€1, & due to input of voltage V are given by equation (2):

g1 =& =dyV/t, ()

where ¢ is the PZT thickness and d3, is the piezoelectric charge constant. Assuming
the applied voltage V as temperature and the ds;/t as a thermal expansion
coefficient in the above equation (2), the active force applied by PZT actuators on
the CFRP panel can be derived in the same manner as the thermal stress analysis
of the finite element method. When we use NASTRAN thermal stress analysis,
equation (2) yields

Jpa = [ 1IK NV} 3)

where matrix [K,] is the force applied to each structure node due to unit voltage
applied to PZT and [¢;] is the matrix composed of structural eigenvectors. Also, for
plane stress, the relation between in-plane strain €1, €, due to structural deformation
and voltage V., from PZT is given by

1—v

1+ & =——7"
g Et

Vper @)
where g3; is the piezoelectric voltage constant and E and v are Young’s modulus
and Poisson’s ratio for PZT. Equation (4) converts the output voltage of PZT to the
strain &; 4+ & on PZT due to structural deformation. As the strain value of PZT due
to each vibration mode of the structure can be obtained from the real eigenvalue
analysis, we are able to relate & + &, of equation (4) to modal deformation u; of the
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structure, as in
g1+ & = [K {us}, (5)

where matrix [K,] is derived from the relation of the strain value of PZT and
structural vibration modes.

We can make an analytical model of the actuators and sensor using equations (3)
and (4). From equation (1), the state equation, which takes the combined effect of
structure, internal air and PZT actuator into account, is given as follows.

X = Ax + B, u + Bsw,
X = {I;lsl;lfusuf}T. (6)

Assuming the status value as x, strain y,,, measured through the PZT and internal
sound pressure y, of the test model are expressed as in equations (7) and (8).

Ypzt = sztstrainxa @)
yp = Cpx. t))

Matrix C, in (8) is made from the peculiar vibration mode matrix of air. We
conducted control simulations by MATLAB using (7) and (8) to find how much
we could reduce noise and vibration.

4. NOISE AND VIBRATION CONTROL TEST ARRANGEMENT
4.1. Test arrangement

A noise and vibration control test was conducted, using the test model slung in an
anechoic room. Figure 7 illustrates the test set-up. The test system was composed
of speakers to vibrate the test model, measurement instruments for vibrations of the
test model, and an internal noise and control system (DSP) for sending signals to
actuators after calculating the control voltage from sensor signals.

To evaluate the effect of control, we measured the acceleration of the panel and
internal sound pressure. Eighteen accelerometers were attached to the surface of
the panel. We moved 15 microphones fixed on microphone support tools with a 150
mm spacing and measured internal sound pressure at 150 points. The measured data
of the acceleration and internal sound pressure are Power Spectrum Density (PSD)
and the overall value in the frequency range of 20 to 500 Hz.

4.2. Test condition

The test model was excited by two external speakers that were located 1 m from the
model and driven to generate noise through input signals. We used a random signal
(white noise) of 0 to 512 Hz as input and loaded random noise into the model.
Figure 10 depicts the measured values of sound pressure on the surface of the test
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Figure 7. Test arrangement.

Figure 8. Measurement arrangement of internal sound pressure.

model. A maximum sound pressure of 107 dB O.A. was detected at the center on
the side of the model.

5. NOISE AND VIBRATION CONTROL TESTS

Two control methods were used to control vibration and noise. They are gain control
and feed-forward control. The test methods and test results of each control method
are shown below.
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Figure 10. Sound pressure distribution on model surface.

5.1. Gain control test

We tried to reduce the vibration of the panel through a gain control method since the
reduction of panel vibration was expected to suppress the internal sound pressure.
Figure 11 shows the control system gain control diagram.

During gain control, the PZT output voltage for the sensor multiplied by the strain
transform coefficient K, is transformed to strain and after gain multiplication
(K gain), weight function G, (s) for adjusting phase and magnitude will be multiplied
in order to increase the control effect in the frequency range for control. It will then
be fed back to the PZT actuators as control voltage u. The relation between PZT
output voltage V., for the sensor and control voltage u is shown in equation (9).

u= Gw(S)Kgainszt szt- 9

Control simulation studies determined the weight function G, (s) and gain constant
K ouin-
gain
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Figure 11. Control system diagram (with gain control).
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Figure 12. PSD of acceleration on the panel (with gain control).

The results of the gain control tests in which we used 96 PZTs as sensors and 96
sets of PZT (384 pieces) as actuators will be detailed below. In control, we used
strain transform coefficients K ,;, = 3.03 x 100, gain constants K, = —3.5 % 107,
weight function G, (s) of the first Butterworth filter and a sampling frequency of
8.192 Hz.

PSD distributions of the accelerations with gain control and without gain control
are compared in Fig. 12 in order to the evaluate vibration control capability. We can
see much control capability at the natural frequency of the vibration mode of the
panel from 200 to 500 Hz and get an acceleration reduction of 5 to 10 dB at peak
and 3.9 dB for 20 to 500 Hz O.A.

In order to evaluate the control capability for internal noise levels, internal sound
pressure was measured at 150 points inside the test model, both with and without
control. We calculated the overall sound pressure from 200 to 500 Hz for each case
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Figure 13. Internal sound pressure reduction distribution (with gain control).

and show the difference in Fig. 13, where one can see a maximum reduction of 4 dB
in the sound pressure level. Since the reduction rate estimated through our control
simulation was 3.6 dB, the 4 dB reduction attained in the present demonstration is
reasonable.

5.2. Feed-forward control test

Feed-forward control is a method to force the test model panels to vibrate and induce
sound inside the test model (instead of using speaker control), when we try to reduce
the internal sound pressure.

Figure 14 illustrates our control system diagram for feed-forward control. The
error sensors are three microphones placed inside the test model. The reference
input is taken from a microphone placed at the front of the speaker.

After changing the coefficient of an adjusting filter by the Filtered-X LMS (least
mean square) Algorithm [3, 4] from an error sensor, reference input, and control
voltage, the system will determine the control voltage to suppress the air mode
monitored by an error sensor.

We selected three greater air vibration modes during forced vibration and deter-
mined the layout of error sensors so that we were able to measure each mode easily.
The PZT actuators were grouped so that they could control the selected air mode.
The mode shape of sound pressure helped to arrange three groups of PZT actuators.
Figure 15 depicts the air vibration modes to be controlled, and Fig. 16 illustrates
how groups of PZT actuators were arranged. We tried to reduce internal sound pres-
sure by doing three independent controls of the Single Input Single Output (SISO)
system simultaneously.

When the sound pressure radiated from external speakers and body panels forced
by PZT actuators are dy, yx, at the sensor point, the sound pressure that sensor will
measure is given by

ex = di + yx
= dk + Gl/tk, (10)
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Figure 14. Feed-forward control system diagram.
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Figure 15. Air vibration mode to be controlled.
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Figure 16. Groups of PZT actuators (Feed-forward control).

where 1y, is the control voltage and G is the transfer-function of sound pressure from
the input voltage of PZT actuators to the error sensor point. The transfer-function
was measured by test. Control voltage u; was given in the form of a IIR filter
by equation (11). We controlled the system, while changing the filter coefficient
vectors a, b of feedback and feed-forward through a Filtered-X LMS algorithm to
minimize E [e,%].

Uy =a*xx; +bxug_q, (11)

xy reference signal.
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Figure 17. Internal sound pressure reduction distribution (with Feed-forward control).

The test results of feed-forward control will follow. The test was performed with
14th order and 15th order filter length of the filter coefficient vectors a, b. The
sampling frequency was 1024 kHz.

In order to evaluate control capability for internal noise levels, we measured the
internal sound pressure with and without control at 150 points inside the test model.
We calculated the overall sound pressure from 20 to 500 Hz for each case and are
present their difference in Fig. 17, where there is a maximum reduction of 3.5 dB in
sound pressure level. The estimated reduction in our control simulation was 6 dB,
but the test yielded lower performance. In the test, three air vibration modes were
reduced by 10 dB (peak) as shown in the estimation, but we found that the other air
vibration modes could not be controlled and increased sound pressure.

6. CONCLUSION

We built a 1/3-scale semi-monocoque test model, 1.5 m in diameter and 3.0 m long
with 2.3 mm skin to simulate an aircraft fuselage and conducted internal noise and
vibration control tests using 480 PZTs.

We applied two control methods, gain control and feed-forward control; the test
results confirmed a reduction of 4.0 dB O.A. for gain control and 3.5 dB O.A. for
feed-forward control.

In gain control, the calculation time delay due to DSP prevented the gain from
increasing. An analog circuit without the time delay would increase reduction
capability. Also, in feed-forward control, increasing the number of air vibration
modes for control would help increase the reduction capability. We have a few items
to be improved, such as system miniaturization and actuator capability. However,
we are sure that we can establish the basic technology for cabin-noise reduction.
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