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A smart trim panel used as a secondary source for active noise control in aircraft
is developed and tested. The smart trim panel is a rectangular segment of aircraft
trim panel which is suspended by a #exible support. This support converts the sti!
trim panel into #exibly mounted pistons which can be driven by light-weight and
low-pro"le force actuators. The smart trim panel has many advantages as an
acoustic source over traditional loudspeakers: it is of lower pro"le, lower mass, and
requires only a simple modi"cation of materials already installed on aircraft. The
static and dynamic properties of a smart trim panel are studied, verifying that when
subjected to low-frequency ((500 Hz) excitation, it vibrates in the e$ciently
radiating piston mode. Real-time active noise control experiments are conducted in
a laboratory-scale fuselage model using the smart trim panels as secondary sources.
Global attenuation of sound pressure levels of up to 15 dB is realized.
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1. INTRODUCTION

A signi"cant amount of research has been performed to develop active control
technologies for quieting low-frequency noise in aircraft. Active noise control
(ANC), which uses loudspeakers placed in the cabin as control sources, has been
demonstrated to be an e!ective method [1, 2]. ANC systems typically can be
implemented to control sound generated by any combination of disturbance
sources. Active structural acoustic control (ASAC), which uses direct actuation on
structural members to reduce their radiated sound, has also received much
attention [3}10]. Fuller, Jones and Silcox report that ASAC provides e!ective
control of noise radiated from vibrating elastic structures with fewer control
actuators than required for comparable performance from an ANC system [9, 11].
Concern of fatigue damage to structures has lead many researchers to consider
placing control actuators on non-critical structures, such as the interior trim panel
[12}18]. The complicated vibration behavior of aircraft fuselage and trim panels
makes it di$cult to implement an ASAC system which controls sound radiated by
sCurrent address: The Boeing Company, PO Box 16858, Philadelphia, PA 19142, U.S.A.
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all vibrating boundaries. It is often necessary to focus the structural control on
a more local level, instead of attempting to control the entire structure. As a result,
ASAC systems may leave many uncontrolled paths, known as #anking paths, for
sound to radiate into the cabin.

To avoid problems of control spillover and high required actuation forces,
others have considered segmentation of the vibrating boundary, either through
the use of acoustic sources or structural modi"cations to convert the panel
into sti!, lightweight sub-panels. Many researchers have studied a localized
volume velocity control, in which the volume velocity of individual segments of
a radiating boundary is cancelled [14, 19}25]. In general, one of the two methods
has been employed. The "rst uses loudspeakers to generate the required 1803
phase-shifted volume velocity to cancel the volume velocity of a region of the
boundary. The second is to actuate directly on the sub-panels to minimize their
volume velocity.

Much of the research in the works cited above is focused on active sound
transmission control (ASTC), which is the application of active technologies to
improve the transmission loss characteristics of a panel. Because of the existence of
#anking paths for structural energy transmission in an aircraft, it may not be
feasible to control all sound radiated into the cabin through the boundaries. It is
important to preserve the ability to actuate directly on the acoustic medium to
reduce noise levels due to sound not blocked by structural controls. Acoustic
boundary control (ABC) is a new active control strategy for quieter aircraft
developed by the authors [26}32]. ABC involves the distribution of light-weight,
low-pro"le acoustic sources along the domain boundaries (i.e., the inside walls of an
aircraft cabin). It has been shown that this approach provides advantages of both
traditional loudspeaker-based systems and structural vibration control systems.
A key component of this strategy is the so-called &&smart'' segmented trim panel*a
segment of aircraft trim panel driven by a center-mounted control actuator. The
goals of this study are to construct and study a prototype smart trim panel and to
experimentally demonstrate the e!ectiveness of smart trim panels in a real-time
active noise control system. The incorporation of the smart trim panel into an
ASTC system is not studied; the results of studies by Sharp, St. Pierre, and
Lieshman suggest that the smart trim panel design would be an e!ective
implementation for ASTC [21, 22, 25].

Section 2 presents the design, construction, and preliminary testing of the smart
trim panels. The piston mode resonant frequency of a smart trim panel is measured
and compared with the predicted value based on static modelling. Tests are
performed to verify that the low-frequency vibration of a smart trim panel is in the
e$ciently radiating piston mode. The smart trim panels are used as control sources
in a real-time active noise control system in a laboratory-scale fuselage model.
Section 3 presents the experimental con"guration used for the real-time active noise
control implementation. A summary of the results of the noise control experiments
is presented in section 4. Sound-"eld distributions in the cylindrical enclosure are
presented which compare the pressure levels before and after real-time active
control is applied. The performance of smart trim panels and traditional
loudspeakers as control sources is compared. The paper is concluded in section 5.
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2. CONSTRUCTION AND PRELIMINARY TESTING

This section outlines the design, construction, and preliminary testing of the
smart trim panels. A particular emphasis is placed on identifying the low-frequency
vibration behavior. There are potentially three low-frequency modes of vibration
for the smart trim panel: the piston mode (translation) and two rocking modes
(rotation). For the smart trim panel to be an e$cient acoustic radiator at low
frequencies, it should vibrate in the piston mode. Rocking modes of a rigid panel
correspond to an acoustic dipole, and do not radiate as e$ciently as the piston
mode at low frequencies.

2.1. SMART TRIM PANEL DESIGN

Three 0)165 m square segments are formed within a 0)635 m square section of
a #at aircraft trim panel (Figure 1). A detailed lay-up view of the trim panel is shown
in Figure 2. The trim panel has an e!ective Young's modulus of 8)25]1010 Pa,
density of 335 kg/m3, and thickness of 6)4 mm. The partition is created by carving
grooves into the trim panel around each segment, leaving only the outer layer of
"berglass and Kevlar to connect the segment to the rest of the trim panel. This
outer layer serves as a #exible support to the segment. The e!ects of groove widths
on the support sti!ness and on the vibration response of the segments are studied.
The results reported in this section are based on the tests of a representative
segment of actual dimension 0)162 m]0)168 m. Note that in a real implementation,
Figure 1. Schematic of a smart trim panel.



Figure 2. A typical lay-up of aircraft interior trim panel.
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the #exible support of a segment should be created by a proper selection of material
so that the resulting panel is smooth and continuous.

2.2. STATIC COMPUTATION OF SUPPORT STIFFNESS AND PISTON MODE RESONANT
FREQUENCY

Static tests are performed to calculate the e!ective sti!ness of the #exible support
of the smart trim panel. This value is used, along with the known panel mass, to
predict the resonant frequency of the piston mode, assuming that the trim panel
behaves as a single degree-of-freedom harmonic oscillator. Static testing is
performed with the trim panel assembly mounted vertically on a frame. A weight
tray is hung from a string which is threaded through a small hole in the center of
a panel segment and passed over a pulley. De#ection due to the addition of weight
to the tray is measured with a Kanetec MB-BV dial indicator.

The panel de#ection is measured as a function of applied force. The
force}de#ection curves for 6)4, 12)7, and 25)4 mm groove widths are presented in
Figure 3. The e!ective support sti!ness is computed with a "rst order curve "t.
These values, along with the predicted piston-mode resonant frequencies, are also
presented in Figure 3.

2.3. LOW-FREQUENCY VIBRATION RESPONSE CHARACTERISTICS

Dynamic tests are performed to measure the piston-mode resonant frequency.
A force generator (Wilcoxon Research F5B electromagnetic mini shaker) is tightly
screwed into a small hole in the center of the segment.

To determine its frequency response characteristics, the trim panel segment is
structurally excited at its center with 1 kHz band-limited white noise.
A piezoelectric accelerometer is placed at one of the three locations on the panel
(marked by a, b, and c in Figure 1). The transfer function between the shaker input
and the accelerometer output is recorded. The accelerometer response, normalized
to the peak level at the lowest resonant frequency, is shown in Figure 4. Three
curves are shown for each groove width: these are measured at the three locations.
The predicted and measured resonant frequencies for the piston mode di!er by
about 5 per cent for the two smaller groove widths, but only one percent for the
25)4 mm groove.



Figure 3. Force}de#ection curves for segmented trim panel with di!erent groove widths: }L},
groove width 6)4 mm, the predicted sti!ness is 14)7 kN/m, and the predicted piston-mode resonant
frequency is 41)25 Hz; }K}, groove width 12)7 mm, the predicted sti!ness is 13)57 kN/m, and the
predicted piston-mode resonant frequency is 40 Hz; }*}, groove width 25)4 mm, the predicted sti!ness
is 7)8 kN/m, and the predicted piston-mode resonant frequency is 30 Hz.
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Further analysis is performed on the accelerometer data measured with the
25)4 mm groove width, to determine if the piston-mode vibration of the panel
segment occurs over a greater frequency bandwidth. The magnitude and phase of
the sensor output, relative to the shaker input, are shown in Figure 5. Each plot
contains three curves: these represent measurements taken at sensor locations a, b,
and c. The sharp jumps in the phase data indicate phase wrapping between $1803.

The strong similarity between the three curves in each "gure indicates that the
panel segment is vibrating primarily in a piston mode over the entire frequency
range presented. In particular, the result that the phase di!erence is mostly less than
453 is a strong indication that the rocking modes do not contribute signi"cantly to
the low frequency vibration. Presence of the two rocking modes would result in
approximately 1803 phase di!erences between measurement points b and c and/or
a and b.

Assuming uniform support sti!ness, the rocking modes are predicted to occur at
resonant frequencies of 63)2 and 68)0 Hz. A peak in the vibration response is
observed at 64 Hz. It is believed that this is due to a resonance of the shaker, not the
rocking modes of the segmented trim panel, since the phase response at all three
measurement locations undergoes nearly identical 1803 phase shifts. The greatest
disparity between the phase measurements occurs just below this frequency range,
which is possibly due to the in#uence of rocking modes.



Figure 4. Identi"cation of the piston-mode resonant frequency. For each panel, there are three
measurements at locations a, b, and c as marked in Figure 1. (a) 25)4 mm groove (b) 12)7 mm groove
(c) 6)35 mm groove; d, indicates the predicted resonant frequency of the piston mode based on the
static analysis.

Figure 5. Vibration response of the segmented trim with a groove width 25)4 mm at multiple sensor
locations: (a) Magnitude, (b) Phase; **, location a; } ) } ) }, location b; } } } location c.
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Furthermore, a ballpark estimate of the lowest resonant frequency for transverse
vibration ((1,0) or (0,1) mode), obtained by modelling the smart trim panel as
a simply supported square plate, is 1658 Hz, well above the frequency range of
interest. These results suggest that the simple harmonic oscillator assumption
should be valid for low frequencies. It should be noted that the frequency range for
the targeted application is approximately 75}500 Hz.

3. ANC EXPERIMENTAL CONFIGURATION

3.1. SYSTEM GEOMETRY

Real-time active noise control experiments are conducted in a laboratory-scale
fuselage model. The model, a cylindrical aluminum shell with closed ends, is shown
in Figures 6 and 7. The end cap at z"¸ is made of 38 mm thick pine; the end cap
s

Figure 6. Geometry of experimental apparatus.

Figure 7. Exterior view of experimental apparatus.
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at z"0 is a #at sheet of aircraft trim panel with three smart trim panel segments for
use as control sources (Figure 1). Each segment is excited by a center-mounted
shaker (Wilcoxon Research F5B). The primary excitation of the system is either
a shaker (also the F5B) glued to the shell at h"1803 and z"1)128 m (structural
excitation) or a 10 cm diameter woofer mounted on the z"¸

s
end cap centered at

h"03 and r"0)23 m (acoustic excitation). The woofer is replaced by a wooden
plug for the tests when structural excitation only is considered, to preserve the
approximately rigid boundary condition. The disturbance signal is generated with
a digital signal generator. Four error microphones are placed in a horizontal plane
inside the shell. The co-ordinates are r"0)18 m and (z, h)"(0)30 m, 453),
(0)61 m, !453), (0)90 m, 453), (1)24 m, !453). A boom with two radially oriented
arrays of six microphones each is supported by the two end caps. The microphone
boom can be translated axially and rotated to allow for pressure measurements
throughout the enclosure. Measurements are made every 1803 circumferentially,
5 cm axially, and 4 cm radially, for a total of 3240 measurement points.

The normalized frequency response characteristics of the structure and of the
acoustic "eld are indicated in Figure 8. The structural response data are presented
as the sum of the squared measurements of four accelerometers placed on the shell,
given broad-band excitation by disturbance shaker. The acoustic response data are
the sum of the squared measurements of the four error microphones, given
broad-band excitation by the disturbance loudspeaker. The sharp spikes in the
acoustic response are 60 Hz measurement noise, not system resonances. The points
Figure 8. Frequency response of the cylindrical shell system. The sharp spikes at 60 Hz and its
multiple are measurement noise } ) } ) }, Acoustic response;**, structural response. Letters A1 and
A2 represent the acoustic resonances. Letter S represents the structural resonance.
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labelled A1, A2, and S are the "rst and second axial acoustic resonant frequencies
and a dominant structural resonant frequency.

3.2. ACTIVE NOISE CONTROL SYSTEM

Active noise control is implemented using the leaky "ltered-x LMS algorithm
[33, 34]. The transfer functions from each actuator to each error sensor are
represented at a given frequency as FIR "lters with two coe$cients. These
coe$cients are computed with an o!-line system identi"cation using the classical
LMS adaptive digital "lter. Each "lter for the adaptive controller is implemented
with two coe$cients. The adaptive algorithm is computed with a sampling rate of
2200 Hz. A copy of the disturbance signal is used as a reference signal for the
"ltered-x algorithm. Control hardware limitations restrict the control system to
two actuators and three error sensors.

The complete ANC experimental system is shown schematically in Figure 9. The
adaptive controller is implemented on a dSPACE Digital Signal Processing Board
(DS1102) interfaced with the MATLAB and Simulink programming environments.
The r.m.s. values of the measurement microphone signals are acquired and
computed with LabView. These measurements are used to generate the pressure
maps and to compute global attenuation levels.

4. ANC EXPERIMENTAL RESULTS

Experiments focus on the ability of the smart trim panels to reduce interior
sound pressure levels at 123 Hz, the "rst axial acoustic resonance. Both acoustic
and structural disturbance sources are considered. Additionally, experiments are
performed with standard 15 mm loudspeakers (Radio Shack Acoustic Suspension
d40-1285D) replacing the smart trim panels as control sources. These experiments
are performed to identify possible performance degradation resulting from the use
of smart trim panels as control sources.
Figure 9. Schematic of control system con"guration.
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4.1. ACOUSTIC EXCITATION

We "rst present the control performance at 123 Hz, the "rst axial acoustic
resonance, with the loudspeaker as the disturbance source (acoustic excitation). As
numbered in Figure 6, control actuators d1 and d3, and error microphones d2,
d3, and d4 are used. The mean attenuation at the three error microphones is
14 dB; the global attenuation is 14)9 dB. The global attenuation is computed as the
average attenuation observed at all 3240 measurement locations.

Figure 10 shows the pressure before and after control is applied at a radius of
0)12 m. The curve with smooth interpolated shading is the data before control.
Recall that the disturbance source is at z"¸

s
and the control actuators are at

z"0. This data demonstrates that the smart trim panels behave as required to
signi"cantly reduce the interior sound pressure levels. These results are typical for
tonal control of a modal system at resonance: pressure levels at the loudest
locations are greatly reduced, while levels at the quietest locations are increased
slightly. The e!ect of the controller is to reduce the amplitude of the dominant
mode. Additionally, we observe that the location of the pressure nodes is shifted, as
a result of di!erent impedance conditions at the end caps after control is applied.

4.2. STRUCTURAL EXCITATION

To simulate the challenges experienced in controlling a more complex sound
"eld, we now consider the control performance when the primary sound "eld is
Figure 10. The r.m.s. pressure at a radius of 0)12 m before and after control is applied at 123 Hz
(acoustic resonance). Acoustic excitation.
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generated by structural excitation of the shell. Experimental results are again
presented at the "rst axial acoustic resonant frequency. The actuator and
microphone combinations are as before.

The sound "eld at 123 Hz and a radius of 0)12 m is shown in Figure 11. The mean
attenuation at the three error microphones is 18 dB; the global attenuation is
10)1 dB. While the mode shape of the "rst axial acoustic resonance still dominates
the uncontrolled pressure distribution, slight in#uences on the sound "eld of the
structural vibration patterns are evident via the increased circumferential variation.
As anticipated, the increased complexity in the sound "eld due to the structural
excitation leads to a decrease in control performance. The sound "eld after control
does not retain the modal characteristics of the sound "eld before control. While
the controller reduces the amplitude of the dominant acoustic mode, it does not
control the other acoustic modes which are excited by the structural vibration.
Since this frequency is an acoustic resonance, the e!ects of the structural vibration
are small.

The results of additional experiments are now reported. Control performance,
given both structural and acoustic excitation of the second axial acoustic resonance
(232 Hz) is studied. The global attenuation is 12 dB in both cases. The ability of this
control system to reduce global pressure given structural excitation at a dominant
structural resonant frequency (282 Hz) is also tested. While the pressure at the error
microphones is reduced by an average of 5)7 dB, the global pressure increases by
Figure 11. The r.m.s. pressure at a radius of 0)12 m before and after control is applied at 123 Hz
(acoustic resonance). Structural excitation. Compare with Figure 10.
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1)2 dB. This is due to the complexity of the sound "eld at this frequency relative to
the dimension of the control system. To improve control performance in such
a situation, it is suggested to consider either the use of a larger control system or
ASAC.

4.3. CONTROL WITH TRADITIONAL LOUDSPEAKERS

The results of the previous sections demonstrate that smart trim panels can be
used as control sources in an active noise control system. Since a goal of this
research is to develop a new actuator which behaves as a loudspeaker, but with
many additional desirable characteristics, it is necessary to demonstrate that the
control performance with this actuator is comparable to that with loudspeakers. To
this end, the "rst experiment is repeated, with 15 mm loudspeakers replacing the
smart trim panels as control actuators.

The loudspeakers are mounted in the positions of control actuators d1 and d3.
A sheet of trim panel is layered between the wooden end cap and an aluminum
frame. The loudspeakers are mounted directly to the aluminium frame, aligned with
holes in the trim panel. This con"guration is employed to mimic the boundary
(impedance) conditions of the original experiment to the greatest extent possible.

Results of this experiment are presented in Figure 12. The mean attenuation at
the three error microphones is 16)3 dB; the mean attenuation observed throughout
Figure 12. The r.m.s. pressure at a radius of 0)12 m before and after control is applied at a frequency
of 123 Hz (acoustic resonance). Acoustic excitation. Loudspeakers used as control sources. Compare
with Figure 10.
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the enclosure is 15)53 dB. Comparison of Figure 12 with Figure 10 shows that the
performance of smart trim panels is similar to that of conventional loudspeakers.

4.4. DISCUSSION OF EXPERIMENTAL RESULTS

The results presented in the previous sections indicate that the smart trim panels
can be used instead of loudspeakers as acoustic sources in an active noise control
system. A few further comparisons of these control sources are now made.
A signi"cant weight savings can be realized by replacing loudspeakers with smart
trim panels. The weight of a single smart trim panel segment is 218 g, including the
160 g shaker. The weight of each loudspeaker used in these experiments is
approximately 800 g.

Measurements of the acoustic e$ciency indicate that the smart trim panel is
approximately 1/100th as e$cient as a loudspeaker. Despite this result, we were able
to drive the smart trim panels with the same standard 100 W per channel power
supply (Radio Shack MAP-200) used to drive the loudspeakers. It is also important
to note that the smart trim panel design has not been optimized, while commercial
speakers are highly optimized. Using a proper elastomeric mount to support the trim
panel segments, and choosing a more e$cient (and possibly lighter) shaker would
drastically improve the acoustic e$ciency of the smart trim panel.

5. CONCLUSION

A smart segmented trim panel for use in active noise control systems on aircraft
has been developed and tested. It has been shown that the smart segmented trim
panel is an e!ective, low-pro"le, low-mass acoustic source over the frequency range
required of typical active noise control systems. Real-time active noise control is
successfully implemented in a small cylindrical shell using the smart trim panels as
secondary sources. The result of this work yields a novel acoustic actuator design
for use with the acoustic boundary control method for reducing the sound pressure
levels in aircraft. Two advantages of this design over traditional loudspeakers are
its smaller mass and lower pro"le. Additionally, the installation of smart trim
panels requires only a slight modi"cation to existing materials on the aircraft.
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